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ABSTRACT 
 

The world is undoubtedly being threatened by the negative impacts of climate change. The degradation 

of the ecosystem, the loss of species and the endangerment of human health, livelihood and wellbeing 

are the main consequences of this ever-growing pressure. Coastal communities, particularly Small 

Island Developing States (SIDS), require extra attention due to their increased vulnerability and 

dependency on ecosystem services. Services provide by coral reefs are among the most fragile 

ecosystems that provide essential services to local SIDS communities.  

Adaptation is a commonly accepted method by both international and local governments and authorities 

to tackle this phenomenon; adaptation refers to moderating the adverse effects of climate change 

through a wide range of actions to protect, accommodate or retreat. However, some adaptation actions 

and policies are not being adopted in a comprehensive approach, causing negative impacts on each other 

or possibly resulting in the failure of the desired and designed effectiveness. Thus, it is essential to use 

a holistic approach to identify adaptation solutions that are economically and practically feasible and 

realistic without compounding additional pressures on natural systems. The ecosystem-based approach 

is the key to dealing with common adaptation challenges and to addressing the needs of SIDS local 

communities.  

However, planning for SIDS communities under rapidly changing, uncertain non-climatic and climatic 

conditions requires following a practical approach capable of fulfilling the general adaptation planning 

requirements as well as specific characteristics of SIDS traditional communities. Thus, the needs and 

features of successful adaptation planning were studied through a systematic literature review to create 

a practical and effective planning approach. A total of 650 relevant papers were initially nominated and 

reviewed; however, this number was reduced to 116 papers for thorough revision and detailed analysis. 

First, it was found that an integrative stepwise planning approach is required to integrate the results of 

multidisciplinary analyses and assessments and stakeholders' knowledge and opinions. Next, three 

crucial dimensions of a fully integrated climate change adaptation planning process—integration in 

assessment, modelling and adaptive responses—were identified. Adopting this novel approach, the 

multi-layered integrative climate change adaptation planning approach, is more likely to yield better 

climate change adaptation planning outcomes over the long-term. 

In accordance with the proposed multi-layered integrative climate change adaptation planning 

approach, a hybrid dynamic modelling framework was developed to assess the health and resilience of 

coral reefs under different climate change scenarios and their consequential impacts on human 

wellbeing in Port Resolution, Tanna Island, Vanuatu. This framework follows a structured process and 

employs suitable techniques capable of dealing with different challenges, including the complexity and 

dynamicity of socioeconomic and environmental systems and impacts of trans-discipline variables. This 
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multi-layered integrative approach employed structural analysis, fuzzy cognitive mapping (FCM), 

Bayesian networks (BN) and system dynamics (SD) techniques. Each of these techniques features its 

own benefits and limitations, and integrating these modelling tools can maximise their respective 

advantages by compensating for another's limitations.  

First, the principal influential factors in coral reef health and ecosystem services were identified, and 

their causal relationships were subsequently mapped using the participatory FCM technique. As a result 

of structural and FCM analyses, the following outcomes were achieved: (i) system variables were 

identified and grouped under different categories including marine ecology, climatic, community and 

socioeconomic variables; (ii) all variables were assessed based on their level of influence on other 

variables; (iii) the interrelationships of all variables were mapped based on expert knowledge; and (iv) 

a preliminary scenario-based analysis was performed, and the role and significance of the factors in the 

time horizon of the study were determined. Next, the long-term perspective of the future health and 

resilience condition of coral reefs under different sets of management interventions was explored using 

the BN technique. The BN model was conceptualised using the results of the previously completed step 

(i.e., FCM). The BN technique was used to incorporate existing data and experts' knowledge and to 

predict the future conditions of coral reefs under different scenario settings. Finally, the SD modelling 

step investigated the nexus between environmental and economic values under different combinations 

of management or adaptation strategies over a long-term period, which is 50 years or by 2070. As an 

innovative approach, the SD model was parameterised from the outcome of the BN modellings, in 

which the existing data and information were insufficient to quantify the model. Furthermore, 

comparing the results of modelling outcomes and their respective sensitivity analyses supported the 

model behaviour testing process of the final SD model. 

While each research stage has its own specific practical, methodological and scientific contribution, the 

main findings of this PhD research are: (1) sustainable management or adaptation planning of coastal 

coral reefs should be studied from a multidisciplinary socio-ecological lens; (2) identifying, assessing 

and prioritising all potential adaptive responses, including engineering, social and regulatory, through 

an integrated vulnerability assessment and decision-making process with all of their subsets is the key 

to success; (3) immediate actions to preserve coral reef health and resilience are required to protect the 

current flow of ecosystem services; (4) local management interventions are not likely to protect coral 

reefs under the worst-case climate change scenario; and (5) the steady and integrated implementation 

of management strategies alongside global mitigation efforts to minimise the impacts of climate change 

could protect the long-term flow of economic benefits and maintain functional coral cover despite 

economic loss over a short-term period. The predominant output of this study is a novel hybrid BN-SD 

modelling framework to support ecosystem-based climate change adaptation planning. 
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CHAPTER ONE: INTRODUCTION 
   

This chapter provides an overview and the background of this research report. Section 1.1 introduces 

the background of the research, and Section 1.2 clarifies the research questions, goals, and objectives. 

The overarching goal of this research is developing a modelling framework to support holistic 

adaptation planning for Small Island Developing States (SIDS) and coastal communities. Section 1.3 

defines the research scope, and the last section, Section 1.4, presents an overview of the organisation 

of the thesis.  

1.1. Research background 

The climate system has been increasingly experiencing an unprecedented warming trend 

since the 20th century, which has come to be known as the phenomenon of climate change (IPCC, 

2014). The unprecedented global warming trend has directly impacted the atmosphere and ocean 

temperature (IPCC, 2014). However, the consequences of this global warming are not limited to these 

initial impacts. For example, as a result of ocean heat, a considerable amount of the global reserves 

of ice and snow are being converted into additional water flows into the oceans, which has caused the 

phenomenon of Sea-Level Rise (SLR) in conjunction with ocean water expansion (Seinfeld and 

Pandis, 2016). Nonetheless, SLR itself is known as the primary cause of a wide range of interrelated 

socioeconomic and environmental risks. Thus, climate change-induced risks and threats must be 

studied as continuous sequences of causes and effects (Crate and Nuttall, 2016).  

Climate change has imposed various risks and concerns. As a result, and with the rise of public 

awareness about climate change-induced risks, responses to the changing climate condition needs to 

be transitioned from the theoretical phase to the adoption of practical strategies and practices (Doherty 

et al., 2016). Mitigation and adaptation are two immediate and indispensable actions recognised 

internationally to deal with climate change (Keskitalo et al., 2016). Mitigation practices aim to limit 

deforestation and reduce greenhouse gas (GHG) emissions; adaptation refers to moderating and 

adapting to the adverse effects of climate change through a wide range of actions (IPCC, 2014). All 

systems on the global scale benefit from mitigation actions; however, adaptation planning aims to 

benefit systems on the local to regional scale of impact (Fussel and Klein, 2006). Both adaptation and 

mitigation need to be implemented through a holistic approach that considers their different aspects 

and a range of variables and their interrelationships (Zanuttigh et al., 2014). However, some 

adaptation or mitigation actions and policies are not being adopted through a comprehensive 

approach, which causes negative impacts on each other or may result in the failure of the desired and 

designed effectiveness (Rogers et al., 2014). Specifically, SIDS, more than other territories, are 

suffering from the adverse impacts of climate change despite their lesser contributions to global 

warming (Albert et al., 2013). The instability of marine ecosystems under climatic and human-related 

impacts threaten the vulnerable coastal communities of SIDS due to the unpredictable impediment or 
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changes to the flow of the primary ecosystem services (Harvey et al., 2018). Thus, adaptive responses 

to climate change play a pivotal role in SIDS and need to be implemented immediately.  

For SIDS, adopting appropriate adaptation strategies through a holistic approach, to minimise the 

risks imposed by climate change without additional compounding pressure on natural systems, is 

critical in adaptation planning. For this purpose, ecosystem-based adaptations (EbA) can fulfil 

adaptation needs by utilising natural capacities through a range of activities that may include the 

restoration and protection of marine ecosystems, coastal vegetation and springs through sustainable 

management by preventing unsupervised harvesting, fishing, urbanisation and deforestation; 

reforestation and rehabilitation; community-based marine protection; and sustainable tourism 

management plans (Chong, 2014). Consequently, considering the vulnerability of SIDS and since 

ecosystem-based processes will possibly be determined as a proper approach, this PhD research study 

is dedicated to this critical process. 

As the first step, both a broad background and systematic literature review are necessary to understand 

the trend of past studies and to identify the gap in the knowledge. Therefore, the review portions of 

this report (Chapter Two and Chapter Three) are undertaken to answer the following questions: 

• What adaptation modelling approaches, processes and policies are being considered or 

recommended the most? What is the advantage of modelling practices? 

• What impacts of climate change and adaptation policies have been noticed in the review of 

the literature? 

• Which modelling methods and approaches are being adopted in climate change adaptation? 

• How does one choose an appropriate approach to climate change adaptation, and which tools 

and methodologies most fit this goal? 

 

Once the gap in the knowledge is identified through an extensive literature review, the development 

of a stepwise research framework is required, and an efficient and appropriate modelling approach 

needs to be selected and examined.  

1.2. Research Questions, Goals and Objectives  

The primary aim of this PhD research project is to develop an integrated modelling 

framework to support holistic climate change adaptation planning to maintain the health and 

resilience of the main ecosystem services with the focus on SIDS communities. This study also 

delivers practical recommendations based on scenario-based analyses of potential management and 

adaptation interventions to help integrate ecosystem-based approaches into policy and decision-

making by governments and local communities. In accordance with the primary goal of the project, 

the following research questions (RQs) have been formulated and must be addressed: 

RQ1: What are the essential modelling requirements for adaptation planning for SIDS?  
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RQ2: What are the key factors impacting on the flow of the main ecosystems in SIDS over the long 

term under changing climate conditions? 

RQ3: How should the necessary modelling approaches, processes and policies be employed 

effectively for adaptation planning? 

RQ4: What are the most effective responses to the climate change-imposed risks to preserve the flow 

of ecosystem services? 

To adequately address the RQs, the concluding target of the research is to propose a framework for 

EbA processes for SIDS by addressing the following research objectives: 

• Investigate the characteristics, needs and requirements for successful and effective climate 

change adaptation planning, specifically for the coastal communities of SIDS  

• Develop and employ a practical modelling framework using suitable techniques and 

modelling tools in the process of climate change adaptation to quantify, understand, analyse 

and respond to all aspects and necessities of  the envisioned complex system (e.g., temporal, 

spatial, multidisciplinary, etc.)  

• Identify the main factors impacting the health and resilience of the primary case-specific 

ecosystem services and conceptualise them as a system 

• Quantify and comprehend the capabilities and abilities of EbA to maintain the flow of the 

primary case-specific ecosystem services for SIDS communities 

• Explore and simulate the efficacy of potential adaptation or management options and the 

consequential economic and ecological impacts through scenario-based analyses in support 

of adaptation planning for SIDS communities 

1.3. Research scope  

This research study was planned and conducted within the following scope: 

1. The research case study is Port Resolution, Tanna Island, in the Tafea Province of Vanuatu 

within the Pacific region (from Melanesian and Polynesian Pacific islands).  

2. The core multidisciplinary teams are limited to the GU-affiliated experts and researchers. 

However, experts and academics from other Environmental Non-Governmental Organization 

(ENGO)s, institutes or universities were involved in the structural analysis phase. 

3. Structural analysis followed by Bayesian networks (BNs) and System Dynamics (SD) are the 

main modelling approaches that were employed coupled in this research study. 

4. The research and associated assessments and modellings are focused on variables identified 

in the project’s multidisciplinary workshops.  

5. The modelling framework was developed in support of EbA planning for SIDS and 

developing coastal communities. 
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1.4. Report outline 

This report consists of eight main chapters as follows: 

Chapter One: This chapter briefly describes the background, goals and objectives, scope and 

direction of the research study.  

Chapter Two: This chapter reports the findings of a broad literature review of the background on the 

phenomenon of climate change and the implications, drivers and global impacts of climate change 

and presents a brief description of mitigation and adaptation as the two primary responses to the 

changing climate conditions. 

Chapter Three: The third chapter aims to present the results of a targeted and extensive systematic 

literature review. The undertaken systematic literature review led to discovering a novel multi-layered 

integrative climate change adaptation planning approach. This chapter contains a published peer-

reviewed journal paper.  

Chapter Four: This chapter describes the research design of this study, which includes the 

framework of this research through a stepwise procedure, the employed tools and methods, the 

research boundaries including the scope of the research, the geographical boundaries, the time horizon 

of the research and the limitations and resources.   

Chapter Five: The fifth chapter of this report covers the results of the conceptual modelling and 

reports on the structural analysis, variable identification and construction of a causal loop diagram 

using the FCM approach. This chapter contains a published peer-reviewed journal paper. 

Chapter Six: The sixth chapter reports on a novel probabilistic modelling framework that was 

followed in a stepwise manner to integrate local and long-term climate change pressures by coupling 

the structural analysis (i.e., FCM as explained in Chapter Five) and the BN techniques. This chapter 

contains a published peer-reviewed journal paper. 

Chapter Seven: This chapter presents an integrated dynamic modelling framework under different 

climate change scenarios and their consequential impacts on human well-being using the system 

dynamics (SD) approach coupled with the results of the FCM (i.e., Chapter Five) and BN (i.e., 

Chapter Six) modelling techniques. This chapter contains a submitted peer-reviewed journal paper. 

Chapter Eight: The last chapter summarises the primary outcomes, contributions and highlights of 

the PhD research reported in this paper in the field of ecosystem-based climate change adaptation 

planning for SIDS. Moreover, the chapter describes the limitations of this research with respect to 

methodology, data collection and scope and presents the implications for further research. 

Supplementary materials and information are provided in an independent section (i.e., Appendices). 

 



 
 

 

CHAPTER TWO: LITERATURE REVIEW AND 

PROBLEM STATEMENT 
 

This chapter reports the findings of a broad literature review of the background of climate change, 

which is summarised in Section 1.1. Similarly, Section 2.2 lists the implications, drivers and global 

impacts of climate change. Furthermore, Section 2.3 explains the implications of the changing climate 

condition on coastal communities, Pacific Small Island Developing States (SIDS) in particular. The 

need for adaptation planning and the requirements and dimensions of such a plan for socioeconomic 

and environmental systems are clarified in this chapter as well. The findings of this chapter are the 

basis for further assessments and gap identification by the goals and objectives of this research. 

2.1. Introduction  

Abundant evidence and scientific indications provide most scientists and climate experts with 

a high degree of confidence about climate change (IPCC, 2014). This widespread acknowledgement 

of the change of the world’s climatic conditions has urged researchers and policymakers to move 

towards identifying real and meaningful solutions to deal with the potential and actual impacts of 

climate change (IPCC, 2014). However, despite this collective agreement, there is no mutual belief 

among researchers about the causes, impacts and implications of climate change for several reasons 

(Robins et al., 2016). First, future climate conditions, as well as their scale, timing and spatial 

distribution of impacts, are uncertain (Meah, 2019). In addition, uncertain feedback and interactions 

of socioeconomic and natural systems in response to the causes and impacts of climate change are 

other reasons for this uncertainty (Hafezi et al., 2018). Therefore, technical and scientific efforts are 

required for the treatment of this uncertainty to achieve more realistic and feasible solutions to address 

this phenomenon. As the initial step, it is essential to have a deep understanding of the current 

situation by observing the changes due to climate variability, to accurately identify the human and 

natural drivers of climate change and to obtain a realistic projection and evaluation of the impacts and 

consequences. Next, appropriate responses should be recommended, employed and supervised 

through a comprehensive procedure of assessment, modelling and decision-making. Nevertheless, 

each of these phases requires the application of experts’ knowledge, expertise and science.  

This study is not planned to focus on climatic or atmospheric sciences or to investigate the scientific 

reasons or causes for the changes in the world’s climate. However, an overview of the observed 

changes and leading drivers and actors in the emergence of climate change is implicitly cited in this 

section to enhance the understanding of the implications and consequences of climate change. On the 

other hand, mitigation and adaptation, as essential internationally accepted methods of addressing 

climate change, are acknowledged and reviewed in this chapter. Then, the research questions, 

characteristics and status quo of Small Island Developing States (SIDS) and coastal communities in 
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the face of climate change are reviewed as well. Finally, the modelling methodologies and techniques 

which have been employed in the context of climate change are studied and organised. The literature 

review is followed by a systematic review of an independent chapter in this report to identify and 

clarify a gap in the subject of this PhD research.  

Section 2.2 reviews the phenomenon of climate change to clarify its implications, drivers, projections 

and consequences. Then, responses to climate change, including adaptation and mitigation practices, 

are reviewed in Section 2.3, and finally, this literature review is concluded by a review of the 

approaches used for planning and their dimensions and requirements in the context of climate change 

adaptation. 

2.2. Implications and Drivers of The Phenomenon of Climate Change  

2.2.1. Observed changes 

The impacts of climate change are important because of the significant role in the planet’s 

natural systems, associated socioeconomic systems and other related subsystems (Yan et al., 2016). 

Earth's climatic system has been experiencing unprecedented changes since the emergence of the 

phenomenon of climate change (Srivastav et al., 2019). Although worldwide changes in temperature 

were the initial indication of climate change, its impacts are not limited to this (Hafezi et al., 2018). 

Climate change may cause a broad range of risks due to an interconnected chain of variables in which 

this imposed risk can be directly or indirectly related to each variable (Boyd, 2017). Therefore, it is 

essential to observe, identify and forecast the initial impacts of climate change as well as other related 

or associated impacts before undertaking any further actions to cope with its imposed risks.   

The trend of the warming of climate systems has been unprecedentedly increasing, in the past 70 

years in particular, as far as human knowledge allows for observing and interpreting data and evidence 

(IPCC, 2014). As a consequence of ocean and atmosphere warming, ice sheets and snow have melted 

into oceans, and the sea level has risen notably since the 1950s (Barry and Chorley, 2009). This Sea-

Level Rise (SLR) itself has caused different issues, including saltwater intrusion and coastal 

inundation. In coastal regions and small islands, as the main geographical or spatial focus of this 

research, SLR, its associated tidal surges and flooding (Richards et al., 2016), saltwater intrusion 

(Dang et al., 2019) and anomalies of ocean temperature and ocean acidification (Wilson et al., 2020) 

are considered the primary and most severe impacts of climate change. Subsequently, these impacts 

have the potential to cause a series of social, environmental, health and economic issues. The 

Intergovernmental Panel on Climate Change (IPCC) the physical science basis report (2013) contend 

that the temperature of the earth has warmed an average of 0.85 °C over the period 1880 to 2012 based 

on averaged combined ocean surface and land temperature data. Table 1 demonstrates average 

temperature fluctuations (anomaly) for the period of 1850 to 2011 (IPCC, 2013). These graphs were 

developed based on three studies using different datasets presented by IPCC 2013. 
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Figure 1. Average global temperature anomalies  

based on combined land and ocean surface temperature inconsistency or fluctuations (IPCC, 2013) 

– line colours represent different datasets 

In a later study, Foster and Rahmstorf (2011) analysed five different records including two lower-

troposphere temperature datasets (RSS and UAH) and three surface temperatures (known as GISS, 

NCDC and CRU) for their typical time intervals for the period from 1980 to 2010. The results 

illustrate a similar increasing trend ranging from 0.014 to 0.018 K yr-1, as depicted in Figure 2.  

 

Figure 2. Temperature records from five major global sources   

(adopted from Foster and Rahmstorf, 2011) 

As a result of global warming, the level of the sea has been rising notably in recent decades. This 

phenomenon acknowledged as SLR has become a severe threat, specifically for SIDS and coastal 

communities (Betzold, 2015). According to the satellite sea level observation updates from the 

American National Aeronautics and Space Administration (NASA), the rate of global SLR in 

November 2019 is currently 3.3 mm/year with a margin of ±0.4 mm (NASA online, 2019). 

Furthermore, NASA has updated the current mean variation of global sea level, as illustrated in Figure 

3, indicating that the current sea level is 96 (±0.4) mm higher than the recorded level in January 1993.  
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Figure 3. Sea level variations since 1993 (NASA, 2019) 

In addition, the IPCC (2014) has confirmed these changes in its fifth edition report over the past 

decades since using different datasets. Global sea level anomalies are shown in Figure 4. based on 

annual average records using six datasets was presented by IPCC (2013) over the period of 1870 to 

2011 in which different lines are presenting data extractions and analysis of different datasets, and 

also uncertainties are shown by using a shading margin around each line  

 

Figure 4. Averaged global sea-level anomalies for the period of 1870 to 2011 (IPCC, 2013) 

(line colours represent different datasets) 

The European Environment Agency has confirmed the global mean SLR from 1900 to 2013 at the 

rate of 1.7 mm per year (EEA, 2016). As regional examples, the western Mediterranean and the Black 

Sea levels have risen by 1.5 and 2.5 mm per year since the 1990s (Sánchez-Arcilla et al., 2016). 

Therefore, it can be concluded that climate change has significantly impacted the global climate 

system, and SLR in particular, which has led to a series of impacts such as ocean warming and 

acidification.  

2.2.2. Drivers of climate change 

Although understanding the drivers of climate change and mitigation planning is not the focus 

of this PhD research, these factors should be considered in the modelling for adaptation planning 

procedure to avoid any further devastating or negative impacts on the global climate system. At this 

point, recognition of the causes of this global warming trend can support realistic predictions and 

develop effective mitigation plans along with adaptation plans. A group of multinational and 

independent research groups consisting of more than 1,000 climate and other related experts and 

scientists, known as the IPCC, have worked on this issue. Based on their findings, with a probability 

of more than 95%, human activities and interferences in natural systems are the primary reasons for 
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global warming (IPCC, 2014). To date, deforestation and urban and industrial greenhouse gas (GHG) 

emissions are the main human-based destructive activities and are counted as the leading drivers of 

climate change (Mayer and Smith, 2019). The increased industrialisation of societies and population 

growth and its consequent urban development in recent decades have caused a drastic change in 

atmospheric carbon dioxide (CO2) levels, increasing them from 280 ppm in the mid-18th century to 

400 ppm in 2005 (Lamarque et al., 2010). Furthermore, GHGs are being emitted at an average rate of 

around 30 Gigatons (Gt) of CO2 per year as a result of human activities that mostly include CO2, 

methane (CH4) and nitrous oxide (N2O). Cumulative human GHG emissions from 1751 to 2012 

caused the addition of 880 (± 35) GtCO2 to the atmosphere (Sugiyama, 2015). Various economic 

sectors are responsible for these anthropogenic greenhouse carbon equivalent emissions including the 

following: (1) electricity and heat production, known as the most polluting economic sector and 

causing almost 25% of all emissions; (2) The Agriculture, Forestry And Other Land Use (AFOLU) 

sector; (3) transport such as the aviation industry and local private or public systems; (4) the building 

sector,; and (5) industries other than those mentioned that are responsible for approximately 21% of 

all emissions (Seto et al., 2015). Figure 5 depicts the share of each economic activities in the global 

greenhouse gas emissions trend. 

 

Figure 5.  The share of each economic activities in the global greenhouse gas emissions  

Nevertheless, the drivers of climate change can be beyond the factors mentioned above despite the 

key role of anthropogenic activities in the emergence and intensification of climate change. The 

earth’s cooling system works based on releasing back the absorbed energy of the sun. Changes or 

variations in some factors, both anthropogenic and non-anthropogenic, can impede the proper 

functioning of the earth’s cooling cycle system (Sanderson and Knutti, 2012), which includes the 

following: 

• The amount of heat retained or reflected in the earth’s atmosphere as a result of GHGs and 

aerosol accumulation, 

• Earth’s reflectivity (both land and atmosphere) and 
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• The energy reaching the Earth from outside of the Earth’s atmosphere (solar shortwave 

radiation [SWR]).  

Nevertheless, these significant factors must be perceived within the carbon cycle and climate systems 

of the Earth. The earth’s climate system is a highly complex system consisting of four major 

components, as depicted in Figure 6, including the hydrosphere, atmosphere, lithosphere and 

biosphere (Shikazono, 2012).  

 

Figure 6. Main components of Earth’s climate system  

According to the latest studies, these components, in addition to their internal relationships, are in 

constant interaction with each other (Eyring et al., 2019). The amount of O3 and aerosol particles can 

be impacted as a result of changes in atmospheric chemical reactions from an increase in GHG 

emissions causing reflection, scattering and absorption of SWR (Sukumara-Pillai et al., 2019).  Figure 

7 depicts the drivers of climate change within the energy cycle with the different components of 

Earth’s climate.  

 
Figure 7. Main drivers of climate change (IPCC, 2014) 
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2.2.3. Climate change trajectories 

The extent of future climate change depends on a wide range of factors. Notably, future GHG 

emissions play a pivotal role. The IPCC released a report called the Special Report on Emissions 

Scenarios (SRES) to present the latest assessments and projections of the future climate based on 

different emission scenarios (IPCC, 2007). The SRES scenarios were introduced as the emissions 

baselines for projections and are used for assessments and the study of future climate-related 

conditions in the IPCC Third Assessment Report (TAR) and the IPCC Fourth Assessment Report 

(AR4; McCarthy, 2001, Solomon, 2007). The SRES scenarios were designed as an improvement and 

replacement of IPCC Scenarios in 1992 (IS92) scenarios that were introduced in the IPCC Second 

Assessment Report (AR2) and serve as a reference or baseline that does not consider climate change 

initiatives or international agreements such as the Kyoto Protocol or the Paris Agreement (Van Der 

Gaast, 2017). A more advanced concept was recently adopted in the Fifth Assessment Report (AR5) 

in 2014 (IPCC, 2014), which represents the pathway of four primary GHG concentrations that are 

called Representative Concentration Pathways (RCPs). The RCP scenarios in AR5 supersede the 

emission scenarios adopted in TAR and previous IPCC reports and are required for climate modelling 

and research describing four possible climate futures called RCP 2.6, RCP 4.5, RCP 6.0 and RCP 8.5 

(Figure 8). As the latest introduced climate change trajectories, RCPs are considered the basis of any 

scenario-based modelling in this research. 

 
Figure 8. GHG emission pathways 2000–2100  

scenarios based on the Fifth Assessment Report (AR5; IPCC, 2014) 

Presently, the global warming trend and future temperature are projected based on the RCPs, as 

demonstrated in Table 1. The projections are relative to temperatures for the mid- and late-21st 

century, which can be converted into a reference period for the mid- to late-19th century by adding 

0.61°C (Allen et al., 2019). 
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Table 1.  Global temperature increase (°C) based on AR5 (Allen et al., 2019) 

Period 2046–2065 2081–2100 

Scenarios Mean (range) Mean (range) 

RCP 2.6 1.0 (0.4 to 1.6) °C 1.0 (0.3 to 1.7) °C 

RCP 4.5 1.4 (0.9 to 2.0) °C 1.8 (1.1 to 2.6) °C 

RCP 6.0 1.3 (0.8 to 1.8) °C 2.2 (1.4 to 3.1) °C 

RCP 8.5 2.0 (1.4 to 2.6) °C 3.7 (2.6 to 4.8) °C 

According to the IPCC AR5, the global mean temperature for all RCP scenarios is projected to 

increase by 0.3 to 4.8°C by the end of the 21st century. The sea level is also expected to rise by a range 

of 0.25 to 0.81 m according to all the RCP scenarios and temperature projections (Table 2) (Allen et 

al., 2019). 

 Table 2. AR5 global sea-level rise (SLR) projections in metres (Allen et al., 2019) 

Period 2046–2065 2081–2100 

Scenarios Mean (range) Mean (range) 

RCP 2.6 0.24 (0.17 to 0.32) m 0.40 (0.26 to 0.55) m 

RCP 4.5 0.26 (0.19 to 0.33) m 0.47 (0.32 to 0.63) m 

RCP 6.0 0.25 (0.18 to 0.32) m 0.48 (0.33 to 0.63) m 

RCP 8.5 0.30 (0.22 to 0.38) m 0.63 (0.45 to 0.82) m 

 

2.3. Small Island Developing States (SIDS) and coastal communities  

Fifty-seven SIDS have been globally recognised as being particularly vulnerable to global 

climate change (Hay, 2013). Despite their distinct cultural and geographical differences, they share 

similar sustainable development challenges, including remoteness, limited available funds for 

adaptation measures, institutional barriers, limited public awareness, foreign aid dependence (Smith 

et al., 2011a) and more exposure to natural disasters and extreme events (Betzold, 2015, Robinson, 

2015). Although the contribution of SIDS to the world's total GHG emissions is less than 1%, they 

are significantly more vulnerable to the impacts of climate change and have a high potential of 

suffering more than the developed countries that are more responsible for climate change (Albert et 

al., 2013). SIDS often have no choice but to urgently prepare for climate change impacts by 

integrating adaptation strategies into their policies and plans to reduce their vulnerability and enhance 

resilience. In addition to socio-economic systems, SIDS are currently being significantly impacted by 

climatic variations directly linked to the phenomena of climate change. 

2.3.1. Climatic systems and SIDS 

Climate-related hazards, for SIDS specifically, mainly include flash floods, inundation, 

droughts, extreme events related to increasing sea surface temperatures, SLR and coastal erosion 
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which cause significant hazards to local communities and marine ecosystems. For instance, the 

Solomon Islands in the Pacific are one of the most vulnerable cases, frequently experiencing such 

hazards over the past decades (Rasmussen et al., 2009). According to the disaster risk reduction 

profile for the Solomon Islands (Milen et al., 2016), storm-related hazards have been recorded as the 

most significant climatic concern in the Solomon Islands for the period of 1982–2010 (Figure 9). 

 

 

Figure 9. An example of the distribution of the main climatic and non-climatic hazards for a Pacific 

SIDS for the period of 1983–2015 

An extensive review and comprehension of related non-climate and climate-induced risks are 

essential prior to any decision-making process. More severe hazards for coastal communities and 

SIDS are summarised and explained below: 

Extreme events: Critical habitats and nutrient sources for coral reef ecosystems have been severely 

negatively affected mostly due to increased sea surface temperatures, specifically in the warm-phase 

(ENSO) episodes, which have caused coral bleaching (Mcleod et al., 2019). Coral reefs, as well as 

mangroves, are vital supports for a diverse range of species by providing habitats and primary sources 

of food, and damage to this ecosystem threatens all dependent species (Alexander et al., 2018). 

Besides different emission trajectories and climate predictions, an increase in sea surface temperature 

that exceeds 29.5o C, which is coral’s critical health threshold, could catastrophically endanger the 

survival of corals (Rasmussen et al., 2009). Figure 10 displays the observed and projected future 

increasing trend (rate) of near-surface sea temperature change according to three different RCPs that 

were reported based on the Coupled Model Intercomparison Project Phase 5 (CMIP5) by Jones et al. 

(2013). These imposed impacts of climate change on the ecosystem have had catastrophic results on 

the vulnerability of coastal communities, which are highly dependent on marine ecosystems and the 

fishing industry (Wilson et al., 2020).  

Tropical cyclones: Strong winds associated with cyclones have caused the loss of human life, habitat 

loss and significant economic losses due to the phenomena of climate change, causing the deaths of 
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more than 100 locals and a direct financial loss of over US$20 million for the period of 1982 to 2007 

(Milen et al., 2016). This natural disaster is considered the most devastating climate threat for SIDS 

and coastal communities. For instance, Cyclone Zoe caused economic damage of around US$1 

million through the severe destruction of the urban system, infrastructure and food supply system 

across the southern provinces of Vanuatu in 2002 (Rasmussen et al., 2009). In addition, an increase 

in cyclones could make the fishing zones unsafe for locals who are heavily dependent on fishing 

(Hobday et al., 2016). According to the IPCC’s Fourth Assessment Report (AR4), the future of the 

seawater surface and, accordingly, the regional distribution of cyclone changes is unpredictable. 

However, the frequency and intensity of tropical cyclones can increase considerably due to climate 

change-induced impacts such as sea surface temperature and overall SLR (Hansen, 2010).  

Floods and drought: Due to the increasing rate of deforestation, lack of appropriate flood protection 

and water management systems, and technological deficiencies of meteorological stations, flooding 

has caused severe damages in SIDS (Kuruppu and Liverman, 2011). Although flooding may occur as 

a result of a combination of factors such as coastal flooding, inundation and heavy rainfalls, floods 

from extreme cyclones are the main reason for flooding in most Pacific SIDS. Although drought is 

not considered a significant threat to Pacific SIDS, the state of Vanuatu severely suffered from this 

natural disaster during the warm phase of the El Niño Southern Oscillation in 2003 (Richmond and 

Sovacool, 2012). 

Ocean acidification: The reduction of the pH level of the oceans over an extended period of time is 

called ocean acidification which is caused by the increasing concentration of GHG in the atmosphere 

and the consequential uptake of carbon dioxide (CO2) This phenomena has imposed severe threats to 

marine ecosystems, coral reefs in particular (Hughes et al. 2018). The growth and recolonise ability 

of coral reef ecosystems is highly being compromised by ocean acidification. Barkley et al. (2018) 

contend that more than 25% of coral reefs in the Southern Pacific region were bleached since the 

beginning of the last century. The possible future average levels of the ocean surface pH levels; in 

other words, ocean acidification trends and possible trajectories are shown in Figure 10. 

 

Figure 10. Pacific Ocean acidification trends and possible trajectories (IPCC (2014), synthesis 

report) 
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SLR: SIDS are highly vulnerable to the adverse impacts of SLR because most infrastructures, local 

settlements and economic activities are spread across coastal areas (Nurse, 2014). According to the 

IPCC AR5, the understanding and predictions of sea-level changes using newly developed methods 

are more reliable than traditional approaches, which confirms the continually increasing rate of SLR 

over the next decades of the 21st century, which is expected to be faster than the observed rate from 

1971 to 2010 (IPCC, 2014). Figure 11 depicts a range of the projections of sea-level changes 

according to different potential emission scenarios. 

 

Figure 11. Projections of the global mean SLR based on different emission scenarios to 2100 (IPCC 

(2014), synthesis report) 

According to this analysis, ranges of 0.26 to 0.55 m and 0.45 to 0.82 m are projected based on RCP 

2.6 and RCP 8.5 scenarios for the period 2080–2100 relative to 1985–2005. Although SLR will not 

occur in a uniform pattern for all regions across the globe, at least 95% of the level of the ocean area 

is expected to increase by these rates, and more than two-thirds of all coastal zones are expected to 

be impacted by the phenomenon of SLR within ±20% of the projected global mean (Hansen, 2010). 

Assessment of the adverse impacts of SLR, particularly for SIDS due to the lack of reliable data and 

information, at different levels is a complicated and complex process to undertake (Sahin and 

Mohamed, 2009). Infrastructure damage, aquatic ecosystem losses and coastal erosion are a limited 

number of impacts according to anecdotal evidence (Milen et al., 2011). Further region-specific socio-

economic impacts must be thoroughly assessed according to social, economic, demographic, 

geographical, environmental and other related dimensions of each region (Hinkel et al., 2014).  

2.3.2. Socio-ecological systems of SIDS 

SIDS have comparable physical and societal subsystems that are intrinsically linked to 

increasingly variable coastal processes and marine ecosystems. SIDS communities are highly 

dependent on coastal and marine ecosystems, particular coral reefs and fish ecosystems.  Specifically, 

coral reefs provide ecosystem services and livelihoods for SIDS communities that are the key for their 

societal wellbeing (Hughes et al. 2017) including fisheries, sand production, marine ecosystems 

habitat, cultural services, tourism attraction, and lastly together with mangroves, important for coastal 

protection against extreme weather events (Hughes et al. 2017).  
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Importantly, Coral reefs are being threatened and degraded due to multiple contributing factors, 

including land-based pollutions, human-based marine activities in addition to global climatic 

disturbances (Hoegh-Guldberg et al., 2018; Hughes et al., 2017). Changes of land use and cover 

condition, local and tourism population growth and subsequent unsupervised fishing and marine-

based recreational activities, increasing trend of nutrient loading and wastewater dump into the ocean 

bay, and uncontrolled subsistence gardening are among the main non-climatic pressures on the marine 

ecosystems (Robles-Zavala and Reynoso, 2018; Hoegh-Guldberg et al., 2018). Reef degradation can 

significantly threaten vital ecosystem services provided by them such as fisheries, coastal protection 

and tourism benefits (Robles-Zavala and Reynoso, 2018; Arkema et al., 2015; Koehn et al., 2011). 

Water pollution, unsustainable fishing, invasive species, anthropogenic overuse and physical damage, 

coral mining and coastal development along with algal blooms and other local-based biological 

stressors are among the threats that can be managed locally (Delevaux et al., 2018; Salik et al., 2015). 

On the other hand, environmental disturbances as discussed above, including ocean acidification, sea 

surface temperature, changing of rainfall and runoff patterns, extreme events and natural disasters, 

are still broader global threats all being impacted by changing climate conditions (Chung et al., 2019). 

Therefore, exploring the factors affecting the regime shift of coral reefs under different climate change 

scenarios and in response to different adaptation and management interventions is of paramount 

importance in managing system pressures; enhancing resilience; aiding regeneration and recovery 

processes; mitigating vulnerability; restoring habitat complexity. 

Thus, evaluating and assessing the critical factors as well as the most vulnerable ecosystems for SIDS 

communities is important in any adaptation plan. In addition to the universal and standard 

requirements, case-specific characteristics and needs of planning are also essential to be studied 

throughout any adaptation planning procedure (Hafezi et al. 2018). For Pacific SIDS in particular, 

maximising the benefits of ecosystem-based approaches must be quantified and understood in any 

climate change adaptation plans (Zari et al., 2019). Adaptation plans should also develop practical 

guidelines to help ensure that ecosystem-based approaches can be integrated into policies and 

decision-making by governments and local communities (Mackey et al., 2017). Thus, the critical 

dimensions of a successful climate change adaptation planning process must be studied, and a 

practical planning approach capable of addressing all requirements and case-specific must be 

developed. This issue is scrutinised and discussed in the next chapter. 
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Chapter 3:  Creating a novel multi-layered integrative climate change adaptation planning 

approach using a systematic literature review 

Abstract: Climate change adaptation planning requires the integration of disciplines, stakeholders, 

different modelling approaches, treatment options, and scales of analysis. An integrated stepwise 

planning approach is a critical requirement for effective climate change adaptation in the context of 

small island developing states and coastal communities. To address this need, this manuscript reports 

on a systematic review of 116 research papers from an initial set of around 650 academic peer-

reviewed papers. These papers were assessed and categorised based on their planning framework or 

approach utilised, measured climate change impacts, employed methods and tools, and 

recommended adaptation strategies or options. This study identified three important dimensions of 

a fully integrated climate change adaptation planning process, namely, integration in assessment, 

integration in modelling, and integration in adaptive responses. Moreover, it resulted in the 

formulation of a novel multi-layered integrative climate change adaptation planning approach. 

Adopting this holistic and integrative approach is more likely to yield better climate change 

adaptation planning outcomes over the long term. 

Keywords: climate change adaptation; integrated modelling approach; small island developing 

states; adaptation planning; ecosystem-based adaptation 

 

3.1. Introduction 

Climate change adaptation considering local to global scales as defined by the IPCC Fifth 

Assessment Report (AR5) refers to activities aimed at adjusting to actual or expected climate and its 

effects (IPCC, 2014). Moderating the adverse effects of specific climate change impacts can be 

achieved through a wide range of actions to protect, accommodate or retreat from the hazards 

associated with a rapidly changing climate (Füssel, 2007). Meanwhile, some projected climate change 

impacts may provide opportunities that can be harnessed to generate positive outcomes through the 

employment of appropriate adaptation strategies (Michailidou et al., 2016). A well-designed climate 

change adaptation planning process and plan, combined with its successful implementation, will 

enhance local community wellbeing under a changing climate condition (Conway and Mustelin, 

2014). 

Generally, assessment of the quality of a plan is complex and difficult, which requires the 

consideration of some general and case-specific criteria (Connell and Daoust-Filiatrault, 2017, 

Woodruff and Regan, 2018). Specifically, the degree of success of a climate change adaptation plan 

requires assessment criteria approach incorporating multiple factors such as legitimacy, equity, and 

efficiency, as well as the unified capacity to adapt (Adger et al., 2005). Yet, the capability of 

addressing different needs according to the various characteristics of a region-specific (geographical, 
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ecological, environmental, and socio-economic), as well as other common adaptation considerations 

is an essential component of a high-quality adaptation plan (Schwebel, 2018). While plan assessment 

frameworks have traditionally had some criteria focused on the planning process, the complexity of 

long-term climate change adaptation planning requires more evaluation emphasis on the design of the 

planning process since plan performance can often not be evaluated until many decades after 

implementation (Ramm et al., 2017).  

Furthermore, to move beyond a technical exercise and to achieve an effective adaptation plan, 

identification of region-specific characteristics, opportunities, and limitations requires the elicitation 

of local and stakeholders’ knowledge, using appropriate participatory tools and methods alongside 

other required assessments and modelling outcomes (Schmitt et al., 2013, Turner et al., 2016, IPCC, 

2014, Burton and Mustelin, 2013, Feola and Nunes, 2014). The assessment of the causes and impacts 

of climate change is beyond a single component, sector, field or discipline (Nicholls et al., 2008, 

Zanuttigh et al., 2014). The processes of mitigating and managing the concerns raised by climate 

change, particularly for Small Island Developing State (SIDS) and coastal communities and, have to 

be considered as a whole system with the inclusion of its wide range of components across social, 

environmental, organisational and conceptual boundaries (Nay et al., 2014). Integrated approaches in 

the process of climate change adaptation planning promote incorporating and considering a spectrum 

of concerns as well as region-specific aspects and fulfilling all requirements of planning (Voinov and 

Shugart, 2013, Kelly et al., 2013). By the same token, AR5 emphasises the importance of an 

integrated approach, specifically in the process of climate change adaptation planning and 

implementation. Relevant AR5 chapters included those titled: the integrated resources management, 

integrated coastal zone management (Mimura, 2014); integration in assessment with a range of 

planning practices and approaches (Noble, 2014); integration of planning, including policy design 

and decision-making; and integration of community knowledge in adaptation planning (IPCC, 2014). 

Sections 2 and 3 detail the persuasion for adopting an integrative approach in the process of adaptation 

planning. 

Other recent works highlight the need for both an integrated and holistic approach to climate change 

adaptation planning (UNDESA, 2015, Boyd, 2017). To date, adaptation strategies and actions are not 

generally developed through an integrated and holistic approach and are unable to fully satisfy 

adaptation and sustainable development goals, often having unintended negative impacts on other 

plans, strategies, processes, or other systems (Rogers et al., 2014). A holistic approach for adaptation 

transcends technological solutions and encourages the employment of social, organisational, 

technical, and infrastructural opportunities which respects uncertainties (Boyd, 2017, Mach and Field, 

2017). Preston et al. (2011) evaluated adaptation plans from a number of developed countries and 

contended that the majority of them were largely under-developed, had insufficient assessments of 

impacting factors, or lacked consideration for the nation’s adaptive capacity (Preston et al., 2011). A 
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growing body of work argues for both greater integration and holistic approaches for adaptation 

planning to yield better climate change adaptation planning outcomes over the long term (Wamsler 

and Brink, 2014, Yulandhika and Nugrahanti, 2014, Rivera and Wamsler, 2014, Kim and Suh, 2016). 

SIDS are highly vulnerable to the impacts of climate change (IPCC, 2014, Spector et al., 1994). 

Although the contribution of SIDS to the world’s total greenhouse gas (GHG) emissions is less than 

one percent, they are acknowledged as being significantly vulnerable to the impacts of climate change 

(Albert et al., 2013). In particular, SIDS are often characterised by rapidly growing populations, 

fragile environments, poor economic growth and high exposure to natural hazards (Mycoo et al., 

2017). 57 SIDS have been globally recognised as being particularly vulnerable to global climate 

change (Hay, 2013). Twenty-three of SIDS are located in the Caribbean region (such as Haiti, Puerto 

Rico, Saint Lucia, etc.,), twenty in the Pacific region (such as Vanuatu, Cooks Island, Fiji, etc.), and 

the rest in the African region, Indian Ocean, Mediterranean and the South China Sea. Despite their 

specific cultural and geographical differences, they have similar sustainable development challenges, 

including remoteness; limited available funds for adaptation works; institutional barriers; limited 

public awareness; international aid dependence; and exposure to identical natural disasters and 

extreme events (Betzold, 2015, Robinson, 2015). SIDS often have no choice but to urgently prepare 

for climate change impacts by integrating adaptation into their policies and strategic plans in order to 

reduce their vulnerability and enhance resilience. 

In light of the above discussion, the overarching goal of this research was to conduct a comprehensive 

systematic literature review of the following aspects in the context of SIDS: (1) climate change 

impacts; (2) adaptation planning framework and analysis approaches; (3) adaptation policies and 

strategies; and (4) modelling tools and methodologies used in the process of adaptation planning. A 

multilayered integrative approach was formulated that was founded on the findings of the following 

literature-mining research procedure: (1) Specifying and describing the process of climate change 

adaptation and discussing the primary drivers for the exploitation of an integrative planning approach; 

(2) Systematically identifying recent research literature covering various aspects of climate change 

adaptation planning for SIDS and other coastal communities with similar challenges; (3) Investigating 

and critique of different planning procedures advocated in the reviewed papers; and (4) Grouping and 

defining different aspects of climate change adaptation planning for SIDS and coastal communities. 

3.2. The Process of Adaptation Planning 

The process of adaptation can be divided into four core stages. The first stage involves the 

scoping and designing of an adaptation project and includes the identification of project boundaries, 

establishment of project teams and resources, sourcing and synthesising available data, and designing 

the initial adaptation policy framework (Lim et al., 2005). The second stage is focused on project 

planning which can follow the process set out in the UK Climate Impacts Programme (UKCIP) 

https://en.wikipedia.org/wiki/Puerto_Rico
https://en.wikipedia.org/wiki/Puerto_Rico
https://en.wikipedia.org/wiki/Saint_Lucia
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technical report (Willows et al., 2003). The third and fourth stages are focused on project 

implementation, monitoring, and evaluation (Moser and Ekstrom, 2010). Therefore, the whole 

process of climate change adaptation can be conceptualised as a continuous planning cycle to deal 

with the uncertainties inherent to future projections, the interdependencies within and between sectors 

and level, and complex interactions between system components including feedbacks.  

Fussel and Klein (2006) argued that adaptation strategies must answer the two key question of ‘what 

to adapt to?’ and ‘how to adapt?’ Sahin and Mohamed (2013) suggested the addition of a temporal 

dimension by adding a third question, namely, ‘when to adapt?’ Based on these perspectives, the 

development of adaptation plans comprises two major sequential planning phases. The first step is a 

vulnerability assessment (VA) that seeks to answer the question of what to adapt to. The second step 

involves the decision-making process that answers the remaining two questions of how and when to 

adapt. Despite the differences in approaches and methodologies that constitute the details of the 

planning procedure, these two common phases are recognised in numerous related technical reports 

and reviewed papers (Fussel and Klein, 2006, Sahin and Mohamed, 2009, IPCC, 2014, Gray et al., 

2014, Okey et al., 2015, Sano et al., 2015, Torresan et al., 2016, Nguyen et al., 2016). Figure 12 

illustrates both of these phases with their specific components and sub-systems. 

First, vulnerability is commonly assessed through (1) assessing the climate change impacts on the 

components of the scoped system (i.e. impact assessment) and (2) the evaluation of the target 

population, community or organisation’s capacity to adapt (i.e. adaptive capacity evaluation). Impact 

assessment is defined explicitly as a function of exposure and sensitivity to specific hazards arising 

from climate change-related stressors or impacts. Applying the outcomes of the vulnerability 

assessment, the process of decision making requires the inclusion of different steps comprising 

adaptive options and opportunities identification, adaptation options assessment and analysis, and 

adaptation performance analysis. As the first step, all potential adaptation opportunities and options 

are to be identified, followed by the selection of the most applicable and realistic options. This 

identification and selection process was achieved through the utilisation of different evaluation 

approaches and must include the involvement of a range of stakeholders to ensure that objectives are 

suitably defined and met. All nominated actions have to be prioritised and embedded in a final action 

plan.  
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Figure 12 Conceptual framework for the process of adaptation planning. (Adapted from Sahin and 

Mohamed (2014) and Nguyen et al., (2016)). 

The framework and steps outlined in Figure 12 follow a rational planning approach. A missing 

element to this approach is the emphasis on the integration of disciplines, stakeholders, planning and 

modelling approaches, treatment options and scales of analysis. The complexity of climate change 

adaptation planning necessitates a further emphasis on integration, particularly related to assessment, 

modelling and adaptive responses. The drivers for an integrative approach are argued below, which 

provided the context for the systematic literature review research design conducted in this study.  

3.3. Drivers For Integrative Approach 

The term ‘integration’ or ‘integrated modelling or assessment’ has been defined and 

addressed differently in academic and scientific reports. Nguyen et al., (2016) (Nguyen et al., 2016) 

and Wiek and Walter (2009) (Wiek and Walter, 2009) suggest that a fully integrated planning 

approach for complex systems with transdisciplinary challenges includes a spectrum of related 

assessments, analysis, modelling and methods of strategy derivation that are framed in a multi-

methodological sequential plan. Accordingly, the quality of climate change adaptation plans can be 

enhanced by an effective integration of stakeholders’ knowledge with all the various modelling, 

technical and management assessments in the planning stage, in which different tools, methodologies, 

and expertise from different disciplines are exploited as a whole (Adger et al., 2005, Burton and 

Mustelin, 2013, Schwebel, 2018). Specifically, Nicholls et al., (2008) (Nicholls et al., 2008) are also 

proponents of the integration of multidisciplinary engineering, natural and social science evaluations 

for any coastal vulnerability assessments. Similarly, Kelly et al., (2013) (Kelly et al., 2013) have 

addressed integration in environmental assessment and management as a process rather than an 

outcome that can be referred to in terms of five main considerations: treatment of issues, stakeholders, 

disciplines, process and scales of the planning. Similarly, Hamilton et al., (2015) (Hamilton et al., 

2015) have identified ten dimensions of integration in assessment and modelling of such a planning 

procedure that relate to the key drivers, methodological and systems requirements of integration. 
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The review identified 15 key dimensions of climate change adaptation planning. These dimensions 

have been categorised into four main categories, consisting of the main factors or drivers for 

developing a high-quality climate change adaptation plan (Figure 13). As illustrated in Figure 13, 

these four categories are (i) System characteristics; (ii) Fundamental requirements of adaptation 

planning; (iii) Technical and methodological considerations; and (iv) Adaptation planning specific 

considerations. 

 

Figure 13. Drivers for an integrative approach for holistic adaptation planning. 

3.3.1. System Characteristics 

System characteristics need to be understood comprehensively as a necessary precursor for 

the development of appropriate planning for environmental and other related systems and associated 

policy adoption (Kelly et al., 2013). SIDS and coastal areas, in general as socio-ecological systems, 

are complex and dynamic systems with dependencies and multiple interactions, as well as feedbacks 

between systems and sectors within a diverse range of economic, biophysical, social, and natural 

aspects (Sahin and Mohamed, 2013). Furthermore, the global system comprises a series of 

interconnected economic, environmental and social sub-systems that are under constant pressure from 

climatic impacts (Nay et al., 2014). Moreover, the spatial scales needed for adaptation planning can 

vary from the local community to national levels, and may also be influenced by other factors. The 

process of selecting appropriate spatial scale requires keeping a balance between the stakeholders’ 

scale of interest, data availability and limitations, different scales of system components, and the scale 

in which the planning is likely to be impacted (McIntosh et al., 2011, Kelly et al., 2013). Furthermore, 

heterogeneity and complexity were highlighted in AR5 as the main neglected aspects of small islands 

in the past literature (Nurse, 2014), although more considerations have been given to these aspects 

since this criticism. Modelling temporal changes of all system’s components and their impact on each 
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other, in both vulnerability assessment and decision-making analysis phases is requisite. Assessing 

the modelling and assessment concerns raised by a system’s characteristics (including complexity, 

temporal and spatial aspects) will determine the chosen methods and modelling tools.  

3.3.2. Fundamental Requirements of Planning 

Approaches supporting the participation of stakeholders in all stages of the adaptation 

process, from planning to monitoring and implementation, can increase the likelihood of its success, 

specifically in developing societies (Few et al., 2007, Sherman and Ford, 2014, Tompkins et al., 2008, 

Wamsler and Brink, 2014, Wamsler, 2017, Burton and Mustelin, 2013). In the planning process, 

communication between stakeholders, modellers and researchers from different fields is crucial due 

to the multidisciplinary nature of adaptation. In recent times, stakeholder engagement, taking many 

forms such as collaboration, participation and shared learning, has become a necessity in the process 

of environmental assessments or modelling (Voinov and Bousquet, 2010). Chapter 15 of the AR5 

recommended the participation of a broad range of stakeholders as a critical component in any 

adaptation planning in order to avoid mal-adaptation and promote the linkage between different levels 

of government (Mimura, 2014). An example of the significance of stakeholder engagement in 

planning processes is demonstrated by its ability to enhance equity, flexibility, legitimacy, and 

governance capacity through the linking of different governance levels (Sherman and Ford, 2014).  

A second fundamental requirement is the utilisation of probabilistic or scenario-based modelling tools 

in the process of adaptation planning in order to treat embedded uncertainties. Suitable treatment of 

uncertainty can be achieved through careful description and quantification of uncertainty in both the 

modelling and assessment phases and by the exploitation of applicable tools and methodologies 

(Maier et al., 2016).  

A third consideration is that individual climate change impacts and appropriate treatments must not 

be considered in isolation (Hamilton et al., 2015). Adaptation action plans are more effective when 

they consider an optimal combination of different strategies such as protection, accommodate and 

retreat (Khan et al., 2012). Accordingly, the integrated utilisation of adaptation options significantly 

promotes the effectiveness of adaptation plans by employing all adaptive capacities of environmental 

and social systems of a particular region. Assessment of interactions between adaptation options in 

an action plan is also significant in conjunction with independent assessments of single options.  

3.3.3. Technical and Methodological Considerations 

Coastal and SIDS systems comprise of environmental, geophysical, biological and socio-

economic subsystems that need to be studied within a multidisciplinary lens (Ostrom, 2009, Catenacci 

and Giupponi, 2013, Schwebel, 2018). Integrating the different modelling and assessment outcomes 

of the various disciplines involved in adaptation planning is a challenging but essential requirement 

if the goal of a holistic approach is to be achieved. When a multidisciplinary holistic approach is 
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taken, each field of study has its specific conceptual frameworks and tools which are selected and 

employed in the adaptation planning process and which can address important features of the system’s 

dynamics. All tools and methods have their own range of applications with their characteristic, 

limitations, complications and caveats. Best practice suggests that all applicable methods and tools 

be drawn upon and coupled using an integration strategy in the process of modelling and assessment. 

For this purpose, there are two main approaches for fulfilling the need for integration in the process 

of planning recognised by Nicholls et al., (2008) (Voinov and Shugart, 2013): different modelling 

tools within an integrative methodology (assemblage approach); and one comprehensive modelling 

methodology covering the whole system’s requirements (integral approach). Therefore, choosing 

appropriate tools through an appropriate integration strategy is a crucial decision point in the 

adaptation planning process.  

Accordingly, to achieve an effective integration of multidisciplinary studies involved in the planning 

process, a series of meetings with multidisciplinary experts should be conducted in order to 

accomplish the following objectives: to provide team members with initial information and data; to 

share outputs; to discuss and understand how output data from one assessment feeds in as input data 

to another; and finally to integrate all output in a single platform and finalise the outcomes of their 

research (Zanuttigh, 2011). In another study, Serrao-Neumann et al., (2015) (Serrao-Neumann et al., 

2015) have suggested an integrated multidisciplinary approach to climate change adaptation research 

which supports the design of a stakeholder engagement process to increase the role of the 

stakeholders’ participation in the decision-making process.  

Additionally, the selection of tools and approaches is often dictated by the reliability and types of 

available data. To consider some specific instances, exploratory tools are needed for additional 

statistical analysis and pattern recognition in order to provide researchers and modellers with 

sufficient data on key system variables (Bennett et al., 2013); scenario-based, participatory or 

probabilistic tools may be required when there is high uncertainty around available data (Maier et al., 

2016); and process-based approaches can be exploited for knowledge and data integrating and 

encoding (Nay et al., 2014). 

3.3.4. Adaptation Planning Specific Considerations 

An adaptation plan is developed in conjunction with other policies and plans, including future 

and in-progress ones (e.g., development plan, mitigation plan, disaster risk management plans 

(DRMP), coastal management plan). Disregarding the integration of current ongoing policies and 

DRMP into the planning process may result in parallel actions, duplicated resources, potential 

conflicts of actions, increased vulnerability at other locations, and inefficiency of action plans 

(Mimura, 2014).  
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Additional determinative elements of adaptation planning are governance, institutional arrangements 

and resource mobilisation (Khan et al., 2012). While a detailed analysis of these elements is beyond 

the scope of this paper, two aspects that warrant some comment here are governance and scope of 

planning and the direction of implementation. Regarding the former, the boundaries of land (or sea) 

at risk from climate change-related impact threats may not conveniently lay within a recognised 

geographical, political institutional or organisational borders. Furthermore, the targeted levels of 

actions may require coordinated responses across sectors (private, government, civil society), levels 

of government (national, provincial, local) and internationally. Regarding the direction of 

implementation, both top-down and bottom-up approaches are accepted and also needed in the 

process of planning (Nay et al., 2014).  

3.3.5. Summary 

A strategic and planned integrative approach for climate change adaptation planning, capable 

of transcending technocratic boundaries through stakeholder engagement and integration of public 

knowledge, as well as being capable of fulfilling the requirements of adaptation planning, is the key 

to delivering an effective and holistic adaptation action plan. However, current frameworks do not 

sufficiently integrate the above-mentioned planning dimensions and requirements. Accordingly, a 

systematic review of recently published climate change adaptation literature has been undertaken, 

which led to the creation of an integrated approach and its associated layers and components in the 

context of SIDS and coastal communities. 

3.4. Systematic Review Methodology 

The concept of a systematic literature review originated in the early 1970’s for the purpose 

of a social science study (Berrang-Ford et al., 2015, Glass, 1976). In recent years, it is becoming more 

commonly used in the environmental and engineering sciences (Brink et al., 2016, Lwasa, 2015, 

Kuruppu and Willie, 2015, Berrang-Ford et al., 2015, Biesbroek et al., 2013, Sherman et al., 2016, 

Hinkel and Bisaro, 2015, Sierra-Correa and Kintz, 2015). Generally, a systematic review is used to 

address specific questions, through a carefully designed and systematic process for categorising and 

synthesising literature (Gough et al., 2012). Berrang-Ford et al., (2015) (Berrang-Ford et al., 2015) 

explain a systematic review of climate change adaptation research and advocate following a stepwise 

process in a systematic review of environmental-related studies generally and climate change 

adaptation research in particular. Systematic literature review steps include scope definition and 

research questions, defining the selection criteria, critically assessing selected documents using a 

systematic pathway, qualitatively and/or quantitatively synthesising and analysing paper contents, 

and finally presenting assessments in a chosen system to adequately respond to the designed study 

questions. Other authors propose a similar stepwise approach (Brink et al., 2016, Kuruppu and Willie, 

2015, Lwasa, 2015). 
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An important preliminary stage of this study was to identify and review leading internationally 

recognised literature reports and documents, including Chapters 14 to 17, 19 and 29 of AR5, UK 

Climate Impacts Programme (UKCIP) technical report of adaptation (Willows et al., 2003), and the 

United Nations Development Programme Adaptation Policy Framework (APF) (Lim et al., 2005). 

This was completed in order to formulate robust research questions as well as practical and tangible 

literature selection criteria (i.e., inclusions and exclusions). Specifically, in accordance with the 

objectives of the research, this systematic review aimed to address the following questions in the 

context of SIDS and coastal communities: 

• What climate change impacts and adaptation policies have been reported in the reviewed 

literature? (Section 5.2)  

• Which modelling methods and tools are being adopted in the process of climate change 

adaptation? (Section 5.3) 

• What adaptation planning framework and analysis approaches have been adopted? (Section 

5.4) 

• What adaptation strategies have been considered, recommended, or implemented? (Section 

5.5) 

These four research questions helped to frame the systematic review exclusion and inclusion criteria. 

The reviewing process has been accomplished by searching through respectable peer-reviewed papers 

only. For conducting the systematic literature review methodically, a stepwise procedure with four 

main steps was designed for this comprehensive collection of papers (Figure 14). In the first and 

second steps, the authors agreed on the design of the systematic review process and searching criteria, 

and as a result, an initial database was established using the Scopus and the ISI Web of Knowledge 

(WoK) search engines and the terms “planning”, “climate change”, ” adaptation”, and “coastal” or 

“Small Island”, then the terms “model*” or “assess*” in the topic field of literature; a total of 650 

papers were identified from this search. A number of papers were excluded gradually in step 3.1, step 

3.2, and step 3.3, and by the completion of the third step, the number of papers was decreased to 132 

based on the inclusion and exclusion criteria. Conducting a thorough review and comprehensive 

assessment in step 4, another 16 papers were excluded, and finally, 116 papers were selected for more 

in-depth content synthesis. The literature selection inclusion criteria included: (a) peer-reviewed 

papers; (b) papers that are directly relevant to the research scope; (c) papers that are focused on SIDS 

and coastal zones; (d) published between 2003 and 2016; and (e) papers that have employed original 

evaluation, assessment or modelling methods in the climate change adaptation planning process 

which is focused on a specific region(s). The last inclusion criterion was set to ensure that the included 

papers recommended an adaptation solution that was supported by both literature and some form of 

scientific methodology. These methods and tools were classified in different groups as described in 

Section 5.3. In addition, apart from the exclusion criteria, shown in step 3 in Figure 14, papers that 
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cannot be considered in support of any steps in the process of climate change adaptation planning 

were also excluded.  

Following the identification of 116 relevant papers through this stepwise process, these papers were 

assessed carefully and organised by applying a set of specific criteria. These criteria were mainly 

designed in accordance with the primary research questions in order to address the bibliography, 

location of study, methodological or modelling approach, climate change risk assessment approach, 

recommended adaptation option(s) categories, framework and analysis approach, and other non-

typical elements of each paper. 

Each categories grouping description was based on well-established literature or a procedure 

developed for the purpose of this study, as described below:  

• Climate change-induced impacts on SIDS and coastal communities (Section 5.2) were 

grouped according to the mentioned impacts on small islands provided in Chapter 29.5 of 

AR5. 

• The classification of commonly used climate change adaptation tools and methods (Section 

5.3) were initially developed according to the main drivers for an integrative approach for 

holistic adaptation planning, as discussed in Section 3. This initial grouping was 

progressively refined throughout the systematic review process. 

• Adaptation planning framework and analysis (Section 5.4) were classified into groups based 

on the general adaptation planning procedure, as discussed in Section 2, which was founded 

on the guidelines and discussions in UKCIP (Willows et al., 2003) as well as Chapters 14 and 

15 of AR5. 

• The categorisation of adaptation options and opportunities (Section 5.5) was based on general 

adaptation planning requirements stemming from climate risks and vulnerabilities as 

described in Chapter 14.3 of AR5. 
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Figure 14. Stepwise procedure of the systematic review  

The outcomes of this systematic analytical review and assessment are detailed in the next section.  

3.5. Systematic Review Results 

3.5.1. Geographical and chronological distribution of reviewed paper 

A total of 116 peer-reviewed papers were finally selected to be analytically reviewed and 

scrutinised. These selected papers are published in different types of journals based on their main 

subject area, focus and scope according to Web of science-InCites categorization: (a) 87 papers in 

Environmental Sciences and Studies; (b) 21 papers in Management and Social Sciences; (c) 52 papers 

with a spectrum of categories including agriculture, Meteorology and atmospheric sciences, 

geoscience, water sciences, urban planning, marine and freshwater biology, ecology, and computer 

sciences & software engineering; (d) 45 papers in different types of interdisciplinary subjects; and 

finally (e) only 31 papers in journals designated explicitly to the climate change-related issues. It 

should be mentioned that journals can be categorised under multiple types according to Web of 

science-InCites categorization. Figure 15 demonstrates the chronological distribution of reviewed 

papers based on their year of publication. There is an increasing trend of published papers over the 

14 year period examined, particularly in recent years with years 2014–2016 accounting for 

approximately 58% of all reviewed publications, in which 11 have focused specifically on SIDS. This 

increasing tendency towards adaptation in the coastal zone, of small islands in particular, may 
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possibly stem from the AR5 call for adaptation planning future scenario development, in-depth 

vulnerability assessment.  

 

Figure 15. The chronological distribution and trend of reviewed papers over the 14 years (2003–2016). 

Figure 16 shows the geographical distribution and coverage of the reviewed papers. A total number 

of 29 papers have focused on coastal zones and SIDS in the middle east and Asia, 26 papers on 

Oceania and Pacific region, 20 papers on European coastal zones, and the rest on the American and 

African case studies. Meanwhile, only a total number of 25 papers have specifically been dedicated 

to SIDS across the globe, 65% of which are located in Oceania and Pacific region.   

 

 

 

Figure 16. The geographical distribution of the reviewed papers’ case studies 

3.5.2. Climate change impacts 

The induced risks of climate change to coastal zones and small islands are not limited to these 

primary threats, with a number of interrelated secondary threats that need to be holistically 

considered. Our systematic review process categorised these primary and secondary impacts into four 

0

10

20

30

40

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

N
u

m
b

er
 o

f 
p

ap
er

s 

Year of publication

Asia 

25%

Oceania and 

Pacific region

22%
Europe

20%

South and 

Central America

8%

North America

11%

Africa

14%



Chapter 3 - Systematic Literature Review and Gap Identification 

| P a g e  49 
 

main groups as shown in Table 3. It is to be noted that this grouping is adopted from AR5 (i.e. Chapter 

29.5 of AR5) (Nurse, 2014). 

Table 3. Grouped categories of climate change-induced impacts on SIDS and coastal communities 

No. Group Title Group Description 

G1 
Impacts on morphology 

and ecosystem 

Coastal and/or island erosion, impacts on coastal ecosystems and natural 

resources, deltas, rivers, estuaries, mangroves, coral reefs, soil salinity etc. 

G2 

Hazards to 

coastal/island 

livelihood and tourism 

Any climate change induced risks which are related to the quality of living, 

including direct damage from changing rainfall intensity and patterns, clean 

water accessibility, impacts on tourism attractions, food security, bushfire, and 

heat waves. This also relates to studies of social impacts leading to migration 

due to climate change impacts. 

G3 

Threats from sea-level 

rise to human 

settlement and 

infrastructure 

Damage as a direct result of extreme events including storm surges or resulted 

coastal flooding and intense precipitation, inundation due to sea-level rise, etc. 

G4 
Impacts on agriculture 

and fisheries 

Impacts on coastal agriculture and fishery industries including indigenous to 

large-scale. 

The four main groupings of climate change impacts do not mean that particular impacts cannot be 

evaluated across multiple groups and are not interrelated. For instance, assessment of the causes of 

risks to both the ecosystem and agriculture could possibly be approached with similar methodologies. 

However, they should be organised in different groups of climate change induced risks due to their 

dissimilar range of socioeconomic and biophysical impacts. As another example, inundation threats 

located in group three may be one of the causal factors leading to salinization of water supply systems, 

which falls into group two. 

Specifically, twelve specific climate change threats contained with these four groups have been 

emphasised in the reviewed literature: (1) damage as a result of extreme events including cyclones, 

coastal flooding and storm surges; (2) inundation caused by sea-level rise; (3) agriculture and fishery 

hazards due to diverse causes; (4) damage to the environment and ecosystem; (5) direct damages from 

changing rainfall intensity and patterns; (6) coastal erosion; (7) potable water accessibility; (8) 

impacts to the tourism industry; (9) migration between countries or displacement within a country 

due to localised climate change impacts; (10) food security; (11) bushfire; and (12) heat waves. This 

grouping shows that threats from sea-level rise to human settlement and infrastructure are the centre 

of researchers’ attention for climate change adaptation planning. Besides, because the identified 

climate change impacts and threats categorized within a group are likely to have interrelated 
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characteristics, considering all of these four groups of impacts in the process of adaptation planning 

can pave the way to achieve a holistic plan. To illustrate that there is a trend to conduct multiple 

combined impact assessments in recent literature, the top bar in Figure 17 identifies the number of 

papers considering two or more group of climate change impacts. 

 

Figure 17. The domain of identified climate change-induced impacts in the reviewed literature 

 

Damage to urban infrastructure and other properties caused by coastal flooding and storm surge 

events has been the most studied climate change impact, followed by inundation and then coastal 

erosion impacts. As a systems approach to climate change adaptation planning begins to take hold, it 

is expected that the majority of future peer-reviewed documents will report on integrative climate 

change assessments addressing multiple impacts and remedy portfolios, rather than the single-

dimensional assessments predominately reported in the current literature. 

3.5.3. Adaptation planning methods and tools 

Various different approaches, employing a wide range of modelling tools and methods, have 

been applied to the climate change adaptation planning process. The most commonly used formal 

modelling methods and tools used in planning procedures, based on their specific features and 

capabilities in fulfilling adaptation planning requirements, can be classified into six main groups as 

shown in Table 4.  
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Table 4. Classification of commonly used climate change adaptation tools and methods. 

No. Group Title Group Description 

1 Temporal 

Approaches or tools that are able to capture the complexity or dynamic changes over 

time and complex interactions between system components, such as system dynamics, 

Cellular automata, Agent-based modelling. Note that scenario-based approaches are 

not included in this category. 

2 
Participation-

based 

Approaches or tools that are based on the participation of different stakeholders 

and/or are capable of integrating the stakeholder’s knowledge in the process of 

planning, including Bayesian belief networks, fuzzy mapping, Delphi survey, 

interviews, workshops, cross-sectional survey, expert-derived modelling, analytical 

hierarchy process (AHP). 

3 Spatial 

Approaches or tools that are capable of considering spatial or topographical features 

of the study zone including satellite imaging, GIS-based analysis (e.g., DEM or raster-

based modelling). 

4 
Multi-criteria 

analysis (MCA) 

Approaches or tools in different stages of climate change adaptation planning in 

which options are evaluated through multiple conflicting criteria.  

5 

Process 

simulation 

models  

Approaches or tools that rely mainly upon empirical, mathematical or engineering 

equations or rules and computations such as general circulation model (GCM), impact 

downscaling methods, hydrologic or flooding models (e.g., using MIKE software), 

storm surge simulations. 

6 
Indexing and 

prioritisation 

Approaches or tools that do not fall into the other groups and are capable of assessing 

and prioritising alternatives that may include coastal vulnerability indexing (CVI), 

social vulnerability index (CSoVi), or other indices methods, decision-making 

indicators, cost-effectiveness, cost-benefit analysis, matrix-based analysis, etc. 

Given the complexity of climate change adaptation planning, a number of the methods and tools 

described in Table 4 would need to be deployed in order to fulfil the objectives of a holistic planning 

process so as to include coverage of: (1) temporal and spatial dimensions; (2) stakeholder 

engagement; (3) engineering computations; (4) inherent uncertainty; and (5) prioritisation criteria 

among other things.  

The number of reviewed papers using different methods/tools across the entire climate change 

adaptation planning procedure is shown in Figure 18. Spatial and participation-based methods were 

identified as being the most commonly employed. This is a promising trend which demonstrates that 

a considerable number of papers have considered a form of stakeholder engagement in their planning 

procedure. However, this mandate still requires more attention due to the key role of stakeholder 

engagement in the success of any adaptation plan. Moreover, almost 65% of the reviewed papers have 

exploited a partially integrated approach by using two or more groups of tools in their planning 

process, which is encouraging.  
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Figure 18. The number for each category of method and tools found in the reviewed literature to 

have been used in climate change adaptation planning. 

3.5.4. Adaptation planning framework and analysis approach 

Recommendations of effective adaptive responses to adverse impacts of climate change are 

best analysed and developed through the two major steps and their subsets of adaptation planning: 

vulnerability assessment and decision-making process, as discussed in Section 2. However, different 

strategies were employed to support adaptive solutions and opportunities by researchers. Considering 

the reviewed papers, climate change adaptation planning framework and analysis approaches or 

strategies were classified into four categories: (1) stand-alone vulnerability assessment-led planning 

approach; (2) integrated vulnerability assessment-led planning approach; (3) decision-making 

process-led planning approach; and (4) integrated vulnerability assessment/decision-making-led 

planning approach.  

Figure 19 shows the number of papers that used these different approaches in their planning 

framework and analysis. One-third of papers have adopted a framework that included both 

vulnerability assessment and decision-making processes. Only a few papers (5%) have undertaken 

vulnerability assessment through a single element, either being exposure, sensitivity or adaptive 

capacity analysis. More than half of the reviewed papers have followed an integrated approach 

applying vulnerability assessment only. This widely-used approach for vulnerability assessment 

integration is acknowledged as a hybrid vulnerability assessment in which two or all three 

components of vulnerability, as described previously, are addressed in the process of planning (Bruno 

Soares et al., 2012).  
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Figure 19. The number of papers using four categories of the adaptation planning framework and 

analysis approaches used in reviewed papers. 

(VA: vulnerability assessment; DM: decision-making). 

3.5.5. Adaptation Strategies 

It is unlikely that a single strategy will address all of the diverse climate change impacts in 

SIDS and coastal communities. According to the IPCC (2014) (IPCC, 2014) categorization, 

adaptation plans can include a wide range of adaptive responses such as exploitation of social capital 

or ecological assets, infrastructure development, technological process optimization, integrated 

natural resources management, regulatory changes, educational and behavioural change or 

reinforcement, information systems to support early warning, and proactive plans. All of these choices 

can be categorised into different broad groupings according to different issues such as their spatial 

scale of action, resources for the implementation of adaptation strategies (e.g., natural, human or 

capital resources), and the timescale of execution and completion. The following four broad 

categories were adopted for this study: (i) structural; (ii) social; (iii) regulatory; and (iv) ecosystem-

based.  

Structural options imply physical actions and engineering-based solutions such as building seawalls 

and breakwater arms, water recycling systems, water waste treatment plant development, and beach 

nourishment sand pumping. Examples of the Regulatory/institutional category include improvement 

and reinforcement of management plans and restrictions in decision-making, such as the creation of 

a coastal buffer zone or the revision of land use plans. Social adaptive options employ social capital 

for educational and behavioural reforms or change (Petzold and Ratter, 2015). Ecosystem-based 

adaptation (EbA) interventions aim to maintain or restore ecosystem condition and services while 

ensuring community resilience is enhanced by accessing ecosystem services (Rizvi et al., 2015). 
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Ecosystem-based adaptation offers a strategy to increase resilience to both climatic and non-climatic 

pressures.  

Ecosystem-based adaptation offers an integrated adaptation approach that can be applied to all types 

of ecosystems at different geographical scales. Ecosystem-based adaptation has been shown to enable 

communities to adapt to the adverse impacts of global climate change through the integrated 

management of biodiversity and ecosystem (Colls et al., 2009). However, the benefits of ecosystem-

based adaptation approach have yet to be reflected sufficiently in the reviewed papers, despite its 

increasing popularity in recent years. As shown in Figure 20, only 16 papers included ecosystem-

based interventions (e.g., planting mangrove belts for coastal protection from flooding and erosion). 

Figure 20 shows the number of papers that recommended the four categories of adaptation strategies. 

In the context of SIDS and coastal communities, regulatory strategies were the most recommended, 

followed by structural and then social strategies, with ecosystem-based adaptation being the least 

referenced strategy. Almost 60% of the reviewed papers considered a portfolio of strategies covered 

within two or three of the suggested broad categories which is labelled as the integration of more than 

one category in Figure 20. 

 

Figure 20. Categories of adaptation strategies and the number of papers focusing on each category. 

(Structural options include physical actions and engineering-based solutions; Social category 

include employment of social capital for educational and behavioural reforms; Regulatory category 

include improvement and reinforcement of management plans and restrictions in decision-making). 

3.6. Discussion 

3.6.1. The need for multi-layered adaptation planning 

In this study, recently published papers were systematically selected and then studied in order to 

identify key trends and approaches taken for the assessment, modelling and analysis stages of climate 

change adaptation planning. Table 5  summarises the results of this systematic review, based on the 

previously discussed categorization of approaches used in the reviewed papers. There is a welcomed 

trend in the literature towards climate change planning involving a more holistic approach reflecting 

three major elements:  
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1. Identification, quantification and assessment of all key system components, their interactions 

including feedbacks, and relevant climate change-related concerns and risks. 

2. Employment of tools and methodologies capable of addressing all of the relevant temporal 

aspects, spatial dimensions, stakeholder participation requirements, simulation of adaptation 

interventions, assessment of associated risks, and prioritisation and decision support concerns 

in the planning process. 

3. Enhancement of resilience and adaptive capacity, and mitigation of vulnerability through the 

evaluation of the all potential efficacy of a range of potential and feasible adaptation options. 
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Table 5. Systematic literature review categorisation summary. 

No. 

Groups of Concerns Raised by 

Climate Change 1 
Tools and Methods 2 Adaptive Options 3 Analysis Approach 4 Authors 

Group. 

1 

Group.

2 

Group.

3 

Group.

4 
Tem. Par. Spt. MCA PSM IP Str. Soc. Reg. EbA  

 

1 * * * *   * *   * * *  HI-DM-VA Torresan et al., (2016) 

2  * *   *      * *  VA Richards et al., (2016) 

3  * * *      *  * *  DM Rosegrant et al., (2016) 

4    *  *  *   *  *  DM Michailidou et al., (2016) 

5  *     *   * * * *  IVA Hoque et al., (2016) 

6   *    *  * * *  *  IVA Yan et al., (2016) 

7    *   *  *   * *  HI-DM-VA Maina et al., (2016) 

8   *   * *   * * * *  IVA Margles Weis et al., (2016) 

9  *  *     * * *  *  HI-DM-VA Elshennawy et al., (2016) 

10   *       *   *  DM Withey et al., (2016) 

11   *   * *  *  *  *  IVA Nardini and Miguez, (2016) 

12  * *   *    *  *   DM Ung et al., (2016) 

13   *  *    * * *   * IVA Marzloff et al., (2016) 

14    *     * * * * *  IVA Dey et al., (2016) 

15   *    * *  *   *  HI-DM-VA Rizzi et al., (2016) 

16   *     * *  *   * IVA Stark et al., (2016) 

17  * *   * *  * * * * *  IVA Sperotto et al., (2016) 

18   *      * * *    HI-DM-VA Hoshino et al., (2016) 

19 * * *       *   *  IVA Zanetti et al., (2016) 

20   *   * *   *  *   HI-DM-VA Codjoe and Issah, (2016) 

21   *    *    * * *  DM Butler et al., (2016) 

22  *   *     *  * *  IVA Bin Kashem et al., (2016) 

23 *  *  *  * *  *  * *  HI-DM-VA Spirandelli et al., (2016) 

24 * * * *   *   *  * * * HI-DM-VA Turner et al., (2016) 

25 * * *    *   *  *   HI-DM-VA Bennett et al., (2016) 

26  *  *     * * * * *  IVA Salinas et al., (2016) 

27   *      * *   * * IVA Vogiatzakis et al., (2016) 

28    *   * *  * *  *  HI-DM-VA Freire et al., (2016) 

29   *         * *  DM Ojomo and Bartram, (2016) 

30   *  *    * * * * *  IVA Mellor et al., (2016) 

31 *  *    * *  *   *  IVA Satta et al., (2016) 
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32   *   * *     *   HI-DM-VA Leon et al., (2015) 

33   *    *  *    *  DM Knight et al., (2015) 

34   *    *   * * * *  HI-DM-VA Sano et al., (2015) 

35   *    *  * * * * *  HI-DM-VA Genovese and Green, (2015) 

36    * * *       *  HI-DM-VA Joffre et al., (2015) 

37  *    *   * *   *  HI-DM-VA Bujosa et al., (2015) 

38  *    *      *   DM Henly-Shepard et al., (2015) 

39   *  *  *      *  IVA Sekovski et al., (2015) 

40   *    *  *  *  *  IVA Muis et al., (2015) 

41  * *   *  *  *  * *  DM Broto et al., (2015) 

42  * *   *     *  *  DM Batisha, (2015) 

43 * * *   *    * *  *  DM Mostofi Camare and Lane, (2015) 

44 *     *    * *  * * HI-DM-VA Khan and Amelie, (2015) 

45 * * * *  *      * *  IVA Salik et al., (2015) 

46 *     *  *  *   *  IVA Okey et al., (2015) 

47 *  *   * *   * *    IVA Kane et al., (2015) 

48 *      *    *  * * IVA Geselbracht et al., (2015) 

49  * *   *    *  * *  IVA Ajibade et al., (2015) 

50 * * *   *     *    IVA Thomas et al., (2015) 

51   *  *  *  *  *    IVA Hauer et al., (2015) 

52 * * * *  *    * *    DM Armah et al., (2015) 

53  *   *  *     * *  IVA Lin and Chi, (2014) 

54  *   *       * * * HI-DM-VA Lee and Lin, (2014) 

55    * * *      * * * DM Metcalf et al., (2014) 

56   *    *      *  IVA Hansen and Fuglsang, (2014) 

57 *  *   *      *   IVA Gray et al., (2014) 

58   *      * * *  *  HI-DM-VA Koks et al., (2014) 

59   *   * *   * *  *  HI-DM-VA Lasage et al., (2014) 

60 * * *   *    * *  * * IVA Langridge et al., (2014) 

61   *   * *     * *  DM Stokke, (2014) 

62 * * *   *      * *  IVA Hiwasaki et al., (2014) 

63   * * * *     * * *  IVA Birk, (2014) 

64 * * *   * *    * * *  VA Grasso et al., (2014) 

65  * *      *    *  DM Rogers et al., (2014) 

66   *    *    *    VA Lacerda et al., (2014) 

67   * *   * * *  * * *  HI-DM-VA Lamon et al., (2014) 

68    * *   *  *  * *  HI-DM-VA Hardy et al., (2013) 
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69 * * * *  *     * * *  HI-DM-VA Jopp et al., (2013) 

70 *   * * * *    *  * * HI-DM-VA Forsius et al., (2013) 

71 *  *  * * * *   * * *  HI-DM-VA Sahin and Mohamed, (2013) 

72 *  *   * *  *  *  * * HI-DM-VA Schmitt et al., (2013) 

73 *  *   *     *  *  HI-DM-VA Santoro et al., (2013) 

74 *  *   *  *     *  IVA Le Cozannet et al., (2013) 

75 * * *   * * *   * * * * IVA Lan et al., (2013) 

76 *  *    *     *   IVA Albert et al., (2013) 

77   *    *  *  *    IVA Suroso et al., (2013) 

78    *     * * *  *  IVA Ruane et al., (2013) 

79 * *  *  *     *  * * DM Catenacci and Giupponi, (2013) 

80 *  *   * *    * * *  HI-DM-VA Sano et al., (2012) 

81 *    *   *   *  *  HI-DM-VA Ko and Chang, (2012) 

82  * * *   *    *  *  HI-DM-VA Boateng, (2012) 

83  * *   *   * * *    HI-DM-VA Bormann et al., (2012) 

84 *  *   *  *   *  *  IVA Torresan et al., (2012) 

85 * * *   *       * * IVA Reyes and Blanco, (2012) 

86 *  *   *      *   IVA Richmond and Sovacool, (2012) 

87   *    * *   *    IVA Friedrich and Kretzinger, (2012) 

88 *  * *   *     * * * IVA Khan et al., (2012) 

89 *  *   *      *   IVA Smith et al., (2011b) 

90  * *   * * *   * * *  IVA Yoo et al., (2011) 

91 *     * * *     *  IVA Omo-Irabor et al., (2011) 

92   *       *  * *  IVA Sano et al., (2011) 

93  * * *   *   * *    IVA Hallegatte et al., (2011) 

94   *       * *    HI-DM-VA Bjarnadottir et al., (2011) 

95   * *  * *    *    IVA Ward et al., (2011) 

96  * * *   *   *  * *  IVA Kumar et al., (2011) 

97   *   * *  * * *  *  HI-DM-VA Smith et al., (2011a) 

98   *    *    *    IVA Addo et al., (2011) 

99   *  *   *     *  HI-DM-VA Hansen, (2010) 

100 * *  *  *      * *  DM Dumaru, (2010) 

101 * * * *  *     * * *  IVA Bunce et al., (2010) 

102  * * *   *  * * * * *  IVA Niang et al., (2010) 

103 *  *  *  *    * * *  IVA Sahin and Mohamed, (2009) 

104  * * * *  *    * * *  IVA Angus et al., (2009) 

105   *    *     * *  IVA Rodríguez et al., (2009) 
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106  *    *    *  *   HI-DM-VA Kuruppu, (2009) 

107 * * *   *      * *  IVA Ozyurt and Ergin, (2009) 

108   *  *  *      *  VA Henriques and Tenedorio, (2009) 

109 *  *    *    *    IVA Snoussi et al., (2009) 

110 *    *        * * HI-DM-VA Chang et al., (2008) 

111   *      *  *  *  IVA Purvis et al., (2008) 

112 * * * *   *    * * *  VA Al-Jeneid et al., (2008) 

113 *  *    *      *  IVA Cooper et al., (2008) 

114 * * * * *       * *  HI-DM-VA Leal Neto et al., (2006) 

115   *  *  *  * * *  *  IVA Warrick et al., (2005) 

116 *  *    *  *  *    IVA Kont et al., (2003) 

1 Groups of climate change induced impacts (Table 2). 2 Groups of methods/tools: Tem. = Temporal; Par. = Participatory; Spt. = Spatial; MCA = Multi-Criteria Analysis PSM = 

Process Simulation Models; IP = Indexing and Prioritisation methods (Table 3). 3 Three categories of adaptation strategies: Str. = structural; Soc. = Social; Reg. = Regulatory; EbA 

= Ecosystem-based approach. 4 Climate Change adaptation framework and analysis approach: DM: Decision Making; VA: Vulnerability Assessment; IVA: Integrated Vulnerability 

Assessment; and HI-DM-VA: Hybrid Integrated DM and VA assessment. 
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A number of effective practices can be recommended to help promote a more holistic approach to 

adaptation planning. First, planning for coastal systems and associated socio-economic and 

environmental systems requires assessments that are inclusive of all climatic and as well as non-climatic 

factors. Specifically, adaptation planning for SIDS and coastal communities needs the integrated 

assessment of climate change impacts on coastal processes, risks to coastal ecosystem condition and 

services, impacts on human settlements and implications for activities such as coastal agriculture and 

fisheries. According to the interrelationships of climate change imposed impacts and also their 

feedbacks on themselves and each other, inclusive assessment of all these issues could be an appropriate 

guide to check whether planning is undertaken in a holistic manner. In addition, climate change may 

impose dissimilar socioeconomic and environmental impacts on different locations and territories that 

result in different region-based elements of impact and risk categories which should be defined and 

studied specifically through an integrated approach. As an empirical illustration, Torresan et al. (2016) 

have developed a GIS-based risk assessment framework so-called DESYCO to assess the impacts of 

climate change including a wide range of climatic and non-climatic. This platform can be exploited to 

operationalize a comprehensive adaptation planning procedure inclusive of all of the essential steps of 

adaptation planning framework from vulnerability assessment to the decision-making process (Torresan 

et al., 2016).   

Second, ensuring that the employed tools and methodologies are capable of addressing all the required 

elements, processes assessment will greatly facilitate the development of a holistic adaptation action 

plan. In our review, six categories of methods and tools were identified relevant to adaptation planning 

for SIDS and coastal communities. In other words, a holistic adaptation planning process should employ 

all six categories of methods and tools identified in this study, starting with a vulnerability assessment 

including all of its critical components (i.e., exposure, sensitivity and impact assessments, as well as 

adaptive capacity evaluation) and finishing with a well-informed decision-making process. To mention 

a practical example, Sahin and Mohamed (2013) have proposed a spatial-temporal decision framework 

for climate change adaptation focusing on the sea level rise. This framework employs the system 

dynamics modelling approach as a platform to integrate process simulations results, GIS analysis and 

stakeholders' views to better predict and understand the temporal and spatial impacts of climate change 

(Sahin and Mohamed, 2013). Accordingly to Sahin and Mohamed (2014), the results of scenario 

analyses of system dynamics modelling are to be assessed using MCA technique to conclude with the 

best available options for planning. 

Third, adaptation solutions should be proposed based on the outcomes of identifying, modelling and 

assessing climate change-related impacts inclusive of their interactions with other pressures risks. 

Adaptation interventions are more effective and successful when the full suite of potential and feasible 

strategies are evaluated and integrated into the planning process. The multiple benefits of eco-system 

based approaches offer the potential to integrate adaptation priorities with development processes 
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tackling many issues threatening the most vulnerable countries and communities (Colls et al., 2009). It 

is important to identify all potential opportunities and to consider them integratively when deciding on 

the optimal portfolio of adaptation strategies. For instance, Stark et al. (2016) have conducted a process 

simulation-based analysis (i.e. hydrodynamic model) for coastal flood and inundation modelling using 

different climate change scenarios to predict the future conditions and potential adaptation options for 

a case study location in the Netherlands. As a result, a combination of coastal structures (i.e. structural 

category), retreating strategies (i.e. regulatory category), and ecosystem-based solutions are found as 

the best combination to adapt to the adverse impact of climate change (Stark et al., 2016). Therefore, 

applying an integrative approach to the assessment and modelling of adaptive strategies will increase 

the likelihood that adaptation plans will be successfully implemented.  

Our review identified three critical dimensions of the climate change adaptation planning process 

requiring integration, namely: (1) assessment, (2) modelling and (3) adaptive responses that can be 

visualised as a three-sided pyramid, with the pyramid base representing the integrated policy (Figure 

21). In other words, multi-layered integration is an urgent necessity for development and 

implementation of an effective and successful adaptation to climate change in which; all climatic 

concerns are addressed/acknowledged (integration in assessment); all requirements and aspects of a 

socio-environmental system are appropriately addressed (integration in modelling); and all potential 

adaptive solution and strategies including structural, social, regulatory, and ecosystem-based are 

considered (integration in adaptive responses).  

 

Figure 21. Dimensions of the multi-layered integration approach for climate change adaptation planning. 

3.6.2. Managing the integration process 

A manageable degree of multi-layered integration is necessary for holistic climate change 

adaptation planning as suggested in this paper. On the other hand, an uncontrolled extension of an 

integrated approach may lead to unintended over-complexity of the whole process (Voinov and Shugart, 

2013). An explicit definition of the necessary dimensions of integration for planning is essential to keep 

the complexity of the process under control, as is the determination of the minimum requirements for 
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the integrative approach. Therefore, an integrative adaptation planning procedure is needed in which all 

necessary aspects are addressed satisfactorily as well as any further complexity or unintended 

malfunctions are prevented. For this purpose, an optimum point is defined based on the necessary 

requirements for adaptation planning for the exploitation of the integration approach: the nearer the 

level of integration to this optimum point, the higher confidence in the development of a holistic action 

plan. On the other hand, going beyond this point does not necessarily imply the development of a more 

realistic and feasible action plan. Figure 22 constitutes a three-dimensional graph expressing the concept 

of multi-layered integration, making explicit this optimum point. As illustrated in Figure 22, this plan 

should seek to identify the optimal point of integration where all essential planning objectives and 

requirements are achieved, but without creating excessive complexity that impedes action plan’ 

feasibility. Commonly, this point is to be specifically defined based on each system’s socioeconomic 

and environmental factors. For SIDS and coastal communities in particular, the outcomes of the 

systematic review in this study can be used in identifying the minimum requirements for planning, 

establishing a planning framework, and defining an optimal point accordingly as discussed. For 

instance, to ensure that an appropriate level of assessment integration is being achieved (axis Z in Figure 

22), the four identified groupings of climate change impacts (Section 5.2.) have to be addressed in the 

process of both the vulnerability and risk assessment stages of adaptation planning for SIDS. 

 

 

Figure 22. The three-dimensional graph for multi-layered integration. 
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3.6.3. Practical implications 

The concept of the multi-layered integrative approach in the process of planning for climate 

change adaptation has significant implications for practitioners. Planners and specialist consultants are 

at the centre of this approach, which can pave the way for framing a holistic adaptation planning 

procedure, inclusive of all required components, to enhance the successfulness of the planned 

adaptation. The three main layers of integration explained above should be addressed appropriately, 

specifically in the design of the intended adaptation planning framework. This consideration can 

facilitate the development of a holistic planning procedure likely to address all requirements of 

planning. In other words, employment of the multi-layered integration approach can support developing 

a holistic adaptation planning framework; this framework should include a process to ensure all 

assessments and modelling requirements, as well as potential adaptive responses and opportunities, are 

measured appropriately. This paper reports on an extensive systematic review of papers that make 

adaptation recommendations for SIDS and other coastal communities sharing similar risks and 

opportunities. Thus, this paper can provide practitioners with useful categorized information on a range 

of important topics including (a) a list of climate change impacts on SIDS communities that are 

categorized in four different groups (Section 5.2); (b) a list of all required adaptation planning methods 

and tools categorized in six different groups (Section 5.3); (c) classification of the various adaptation 

planning framework and analysis approaches into four main groupings (Section 5.4); (d) four main 

categories of potential adaptive responses (Section 5.5). Planning teams initiating a climate change 

adaptation planning process with SIDS can employ this synthesis of information. Firstly, the 

categorization and comprehensive listing of climate change impacts will ensure that the planning team 

consider all relevant impacts on SIDS. Secondly, a team planning a climate change adaptation plan for 

a SIDS may have a predetermined familiar set of methods and tools for undertaking their analysis; this 

study will hopefully broaden their perspective through providing a comprehensive suite of methods and 

tools available and facilitate them adopting multiple approaches in their planning process. Thirdly, 

planning teams may not have previously had a great awareness of the broader framework category they 

have adopted; the herein categorization of planning framework may influence them to combine VA and 

DM-led approaches more often. Lastly, most planners would be aware of the categories of adaptive 

responses available but the herein categorization exercise and repository of demonstration papers will 

hopefully emphasize the importance of integrating structural, regulatory and social responses together 

in one integrated response strategy, and to also consider ecosystem-based approaches which are often 

overlooked.  

This paper explains the importance of a holistic and integrated adaptation planning process for SIDS. 

For instance, an integrated assessment of climate change-induced risks including impacts on 

morphology and ecosystem, threats from sea-level rise to human settlement and infrastructure, impacts 

on agriculture and fisheries, and also hazards to coastal livelihood and tourism, are all required to be 

able to address different aspects of socio-economic and environmental issues. For another example of 
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the importance of integrating different tools and methods in the adaptation process, the integrated 

employment of participation-based and process simulation models binds the integration of public 

participation and local knowledge with scientific assessment and modelling. Specifically, this latter 

example shows how integration in employing tools and methods, can improve the degree of success of 

adaptation planning through stakeholder engagement and securing future support, as noted previously 

in AR5 as being a crucial factor of any effective adaptation plan. 

3.7. Conclusions 

While this systematic review shows an increasing trend towards climate change adaptation 

planning for vulnerable SIDS and coastal communities, most of the reviewed papers lack a thorough 

multi-layered integrative procedure to satisfy the requirements of holistic adaptation plan.. The use of 

a holistic, multi-layered integration approach ensures that major induced risks and interrelated variables 

and mechanisms of the studied system are not ignored unintentionally, all of a systems’ characteristics 

and methodological considerations are adequately addressed, and that all relevant and feasible 

adaptation opportunities are considered.  

According to the reviewed papers in the process of adaptation planning for SIDS and coastal 

communities, the impacts on coastal processes, hazards to coastal/island livelihoods and tourism, 

infrastructure and human settlement threats from sea-level rise, and impacts on agriculture and fisheries, 

are identified as significant climate change-related risks that must be addressed explicitly. Moreover, 

the modelling tools and methodologies used should be capable of capturing temporal, spatial and other 

specific dimensions of the target system and sub-systems, the range of adaptation strategies, and enable 

the participation of key stakeholders. Furthermore, achieving public support for data collection 

requirements as well as effective integration of multidisciplinary models and assessments is 

challenging; nonetheless, this challenge highlights the importance of a communication and stakeholder 

engagement plan in the procedure of planning for climate change adaptation.  

In conclusion, a climate change adaptation plan must encompass an array of climate change-related 

risks and consider multiple factors in ways that extend beyond the reach of a single discipline (Zanuttigh 

et al., 2014). Adaptation plans need to provide an integration of different assessments and modelling 

outcomes across a holistic approach that spans engineering, ecological and social discipline, among 

many others. Therefore, the inclusion of multidisciplinary teams in the process of planning for climate 

change adaptation is essential. Specifically for SIDS and coastal communities, these multidisciplinary 

teams should include experts on: (i) regional ocean and coastal processes; (ii) engineering; (iii) 

ecological and ecosystems dynamics; (iv) climate impact analysis; (v) economic valuation; (vi) the 

social sciences; and importantly(vii) integrative system modelling, scenario analysis and decision 

support. A well-considered organisation of transdisciplinary teams and sub-projects based on the herein 

explained multi-layered integration dimensions can significantly enhance the efficiency and 

effectiveness of the climate change adaptation planning procedure. 
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CHAPTER FOUR: RESEARCH DESIGN AND 

METHODOLOGY 
 

This chapter describes the design of this research study, which includes a stepwise research framework 

and research boundaries, including the scope, geographical boundaries and time horizon of the research.  

Sections 4.1 and 4.2 discuss critical issues associated with the modelling and planning dimensions,  

spatial scope of the study, source and methods of data collection, expert team arrangement and the 

participatory and transdisciplinary methodology of this research. Section 4.3 briefly justifies the 

approach for conceptualisation through structural analysis (i.e., Fuzzy Cognitive Mapping [FCM]) and 

conceptual model development processes, which are thoroughly explained in Chapter Five. The 

fundamentals of modelling processes and approaches are outlined in Section 4.4, including the systems 

approach stepwise project’s modelling framework through the integration of System Dynamics (SD) 

and Bayesian Network (BN) approaches and the processes of sensitivity analysis, the verification and 

the validation of modelling outcomes. The procedure and outcomes of BN and hybrid BN-SD modelling 

approaches are detailed in Chapters Six and Seven. The last section denotes the benefits of the proposed 

sequential integration framework in this study.  

4.1. Research Framework  

There is presently no agreed-upon a comprehensive standard for the modelling process within 

the planning procedure (Sterman, 2000). However, some researchers have proposed different flowcharts 

for general modelling purposes. For instance, Ballé-Béganton et al. (2010) have proposed the 

construction of a holistic and integrated model system, specifically for socioeconomic and 

environmental systems, through the inclusion of three general main steps comprising (1) cognitive 

system representation, (2) the development of model components and (3) construction of outputs (Ballé-

Béganton et al., 2010). The cognitive system representation step includes the comprehension of the 

system and the definition of modelling or research steps through an investigation into the ideal 

representation of the system and identification of system components. As the second step, the model 

components were formulated, organised and implemented in the model development stage. Finally, the 

modelling outcomes must be constructed, assembled and appropriately documented for exploratory 

study and communication purposes at the final stages.  

However, these major components of the systems’ modelling are considered and embedded in the 

stepwise modelling framework in this research. The flowchart for modelling and assessment in this 

project was developed with the systems approach, which was also adopted from frameworks proposed 

by Sterman (2000), Voinov (2010) and Suprun et al. (2016), as displayed in Figure 23. The formulated 

flowchart is stepwise, iterative and participatory based and commences from problem scoping, 

ultimately providing users or decision-makers with a holistic decision support tool (Figure 23). A 
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transdisciplinary methodology was used in this research, and this method drew upon different expertise 

at Griffith University in the fields of coastal process and management, climate change impact 

assessment, ecology, structural engineering, economics and social science. According to the findings 

of the systematic review reported in Chapter Three, employing transdisciplinary expertise is vital to 

achieving the assessment integration of the multi-layered integration pyramid.  

 

Figure 23. System approach stepwise modelling framework  

4.2. Research Definition and Scoping 

According to the systems approach stepwise research framework, prior to any decision-making 

or modelling phase, it is essential to accurately define the direction and scope of the research through 

the explicit definition of goals and objectives, the practical and operative arrangement of the expert 

teams and other stakeholders with clarified roles and responsibilities in the process of the research, and 

the appropriate selection of the case study with available data and information.  

4.2.1. Goals and objectives identification    

As a general and first step towards the commencement of a research study or project, goals and 

objectives must be explicitly defined (Gough et al., 2012). This research was initially introduced to 

propose a modelling framework for ecosystem-based adaptation (EbA) planning for Small Island 

Developing States (SIDS) and coastal communities needed to ensure that the climate change adaptation 

and mitigation benefits of ecosystem-based approaches are quantified, understood and maximised. 
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Given this primary goal, the recommendation of the adaptation planning approach for the socio-

ecological systems must be achieved through the assessment of risks resulting from climate change and 

supplementary adaptive strategies through the Sustainable Development Goals (SDGs) in the case study 

location. Thus, this research requires the inclusion of integrated tools and methodologies in the process 

to ensure that the risk assessment of climate change-induced risks and recommendation of adaptive 

strategies are undertaken appropriately, extensively and holistically.  

SDGs have been endorsed by the United Nations General Assembly, along with a set of targets and 

indicators that can be clustered into three main elements of sustainable well-being (Costanza et al., 

2016), as illustrated in Figure 24. 

 

Figure 24.  Three main elements of sustainable well-being  

SDGs simulate adequate and effective action in all areas of critical importance and are vital for 

humankind and the environment. These goals address risks that could threaten development and trigger 

humanitarian crises across the globe, such as ecosystem loss, extreme conditions (droughts and floods), 

pure water accessibility, failing conditions for food production and Sea-Level Rise (SLR) (Griggs et 

al., 2013).  

In accordance with the SDGs, EbA interventions aim to maintain (or restore) ecosystem conditions and 

services while ensuring that community resilience is enhanced by accessing ecosystem services 

(Ahammad et al., 2013). The key to dealing with climate change without compounding pressures on 

natural systems is taking an ecosystem-based approach: the ecosystem approach is a strategy for the 

integrated management of land, water and living resources that promotes conservation and sustainable 

use in an equitable way (Colls et al., 2009). By allowing natural ecosystem processes to unfold, 

preventing further damaging land use and restoring degraded habitats, the full mitigation and adaptation 

benefits of healthy ecosystems can be realised.  

Thus, in the light of the above discussions and findings of the systematic review, this research intends 

to propose and employ a multilayered integrated methodology capable of fulfilling all the requirements 

and dimensions of identified climate change adaptation planning in accordance with the SDGs through 

the exploitation of ecosystem-based approaches. The concluding target of the research is to propose a 

framework for EbA processes in SIDS in accordance with the research objectives mentioned in Section 

1.2, which are to be achieved through (1) designing the research procedure by arranging an expert team 

Equity and human well being
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and developing a practical modelling framework capable of addressing and fulfilling the identified 

planning requirements and case-specific needs; (2) assessing the health and resilience of the primary 

case-specific ecosystem services and their role in maintaining the flow of the primary ecosystem 

services; (3) identifying and conceptualising the main factors of the primary case-specific ecosystem 

services within a system; (4) quantifying EbA to maintain the flow of the primary case-specific 

ecosystem services; and (5) investigating the impact and efficacy of potential adaptation and 

management options through scenario-based analyses in support of adaptation planning for SIDS 

communities. 

4.2.2. Expert team arrangement 

A group of related multidisciplinary scientists and experts in fields was needed to support and 

deliver essential data and information on the research project until its final stages. For this purpose, a 

panel of climate change experts from the Griffith Climate Change Response Program (GCRP) was 

nominated to support the practical steps of this project’s framework. As mentioned, an agreement on 

the key variable requires the formation of a multidisciplinary panel of experts. There was an ongoing 

research project with similar aims and objectives led by the GCRP called ‘EcoAdapt’. The primary aim 

of the EcoAdapt research project was to develop the new knowledge and methods needed to ensure that 

the climate change adaptation and mitigation benefits of ecosystem-based approaches are quantified, 

understood and maximised based on the available science.  

Figure 25. Disciplines and expertise engaged in the ‘EcoAdapt’research project 

This PhD study was undertaken alongside the EcoAdapt research project, which minimised the risk of 

data collection delivery. A transdisciplinary team was formed under the EcoAdapt project, which was 

a beneficial opportunity for this PhD research. As a result, this PhD research was provided with a unique 

opportunity to access to five multidisciplinary expert teams, namely the (1) regional ocean and coastal 

process assessment team, (2) microeconomic analysis team, (3) health and social research team, (4) 

ecosystem and climate analysis team and (5) current and future climate modelling and prediction team. 

The next steps taken were association with multidisciplinary teams and identification and 

documentation of variables based on experts’ opinions and initial assessments. These teams provided 

this research with valuable data and information for the integration and risk assessment of adaptation 
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options and scenario modelling and with development for adaptation planning and decision-making. 

The integration and association of all the provided data and information by expert project teams in the 

most effective and appropriate way was the key to success in this research. Therefore, the outcomes and 

outputs of the studies and analysis of the expert teams were fed into the modelling processes as input 

or components for integration and further analysis in this PhD project. Figure 25 conceptually illustrates 

the disciplines and experts engaged in the integration throughout this PhD.  

Three critical dimensions of the multilayered integration modelling to support climate change 

adaptation planning processes—namely, integration in assessment, modelling and adaptive responses—

must be fulfilled for successful adaptation planning, as discussed in Chapter Three. The above-

mentioned multidisciplinary analysis, through a practical and meticulously designed modelling 

framework, can provide an apt ground to achieve the requirement of multilayered integration modelling. 

Therefore, the modelling framework of this PhD research (Figure 23) was designed to integrate the 

multidisciplinary inputs; to be participatory, to be temporal; to undertake scenario-based analyses and 

to be capable of treating the embedded uncertainties of the modelling system as schematically illustrated 

in Figure 26. 

 

Figure 26. Requirements of the modelling framework 

4.2.3. Case study selection 

There are a number of critical elements in the selection of the case study including having 

traditional communities with old-fashioned settlements and vulnerable natural ecosystems including 

terrestrial (e.g., forest), coastal (e.g., coral reefs) and near-coastal marine (e.g., seagrass and coral reefs); 

traditional agricultural and aquaculturally systems; and highly reliant on ecosystem services. Thus, the 

chosen case study location should represent significant Pacific geographical and settlement contexts: 

(1) a vulnerable coastal zone, (2) traditional village communities and (3) small, low-lying atolls or reefs, 

some of which support sizable human settlements. The selection of the case study location was followed 

by an initial scoping study reviewing the availability of data; the local interest in and demand for climate 
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change adaptation and ecosystem-based approaches; access to experts with adequate knowledge about 

the context of the case study; and field study logistical considerations, especially regarding access.  

Finally, Port Resolution, Tanna Island in Tafea Province of the state of Vanuatu (from the Melanesian 

and Polynesian Pacific islands) was selected as a case study in this research by taking the mentioned 

considerations into account (Figure 27). At the country level, the state of Vanuatu is listed among the 

SIDS with high vulnerability to the impacts of climate change and the development associated with 

rapid human population growth (Mackey et al., 2017). Tanna is a relatively small island at 550 km2, 

spanning 19 km wide and 40 km long (SPREP, 2016b). The location is highly vulnerable to natural 

hazards, specifically volcanic eruptions, extreme ocean events such as El Niño Southern Oscillation 

(ENSO), tsunamis and tropical cyclones, seasonal droughts, flooding and landslides (Clarke et al., 

2019). Further information about Port Resolution is provided in the following chapters.  

 

Figure 27. Location of Tanna Island, Vanuatu (WorldAtlas, 2017) 

 

4.2.4. Initial data collection 

Related documents to the case study site were reviewed, followed by the initial meetings with 

the expert team. It was essential to understand the cultural, socio-economic and environmental 

dimensions of Vanuatu, the selected case study, before the modelling phase. 

According to the Vanuatu government’s official web page (Vanuatu Government, 2017), Tanna Island, 

with a total area of 550 km2, is located in the southern part of the Vanuatu islands and is around 40 km 

long in its longest dimension and 20 km wide in its widest dimension. According to the latest population 

survey, Tanna is one of the most populous islands of Vanuatu with 32,280 people (UNDESA, 2017). 

Pressure caused by urbanisation and population growth in conjunction with the impacts of climate 

change has caused severe stress for Vanuatu about maintaining vital ecosystem services for local 

communities and tourists (Betzold, 2015). The Secretariat of the Pacific Regional Environment 

Programme (SPREP) updated the report (PEBACC, 2018) on Vanuatu’s current challenges on different 

issues such as the following:  
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• Regarding the marine ecosystems and fishing sector, ‘the fish habitats are diminishing due to 

degradation of coral reefs and mangroves, and fishing sites in the coastal waters are no longer 

as healthy and abundant as they once were. The size and the number of fish have decreased, 

and there has been a 10-year trend in the disappearance of green snail and trochus.’  

• Regarding freshwater, ‘pollution is higher than it was before, for instance in the Tagabe and 

Prima catchments, which are highly polluted with plastic, factory and human waste from 

upstream settlements, factories, riverside toilets, and washing…Water levels are lower than 

previously, and weeds are clogging up the channels, further slowing the water flow.’  

• Regarding forests, ‘the amount and quality of firewood and materials, like Natungura and 

pandanus, have reduced significantly. Many households now have to buy their firewood, which 

is an expense that can be difficult to afford.’  

• Regarding rapid urbanisation, ‘climate change will act to exacerbate the resilience challenges 

facing the city into the future.’ 

These issues in conjunction with common climate change impacts (such as SLR, coastal erosion, 

extreme events, ocean warming and acidification and storm surges) prove the need for immediate 

adaptive solutions. However, in addition to shared information and data (e.g., socioeconomic and 

environmental) from the case study region, different expert teams may need to support their sub-projects 

with other related technical data in the research procedure.  

4.3. Conceptualisation 

This research focuses on developing and utilising a hybrid modelling framework to support this 

adaptation planning process. A high-level model of climate change adaptation planning is shown in 

Figure 28 that was agreed on in a workshop by the panel of multidisciplinary researchers as explained 

in Section 4.2.2. Different approaches were used for the early steps of the systems modelling process, 

such as problem scoping and system conceptualisation represented by qualitative data. Researchers in 

the field have worked on the initial modelling steps by using mental and written databases (Sterman, 

2000), implementing group model building (Vennix, 1996) and coding textual data (Eker and 

Zimmermann, 2016). Finalising and studying the key variables were identified by the participation of 

the research teams in the structural analysis. Chapter Five of this report details the structural analysis 

and the conceptualisation procedure using the FCM approach. 
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Figure 28.  High-level model of climate change adaptation planning 

4.3.1. Structural analysis  

A structural analysis generally comprises two major phases: (1) the identification and 

description of the main interrelated elements (variables or factors) and (2) expert analysis and opinion 

about the relationships between the identified variables within a structural matrix group. All potential 

relationships of the identified variables must be understood and quantified in detail through the 

exploitation of a designed matrix, which links all the progressive elements (Suprun et al., 2016). The 

matrix aims to enable modellers or stakeholders to study the relationship of variables and to highlight 

the variables required for the comprehension of the dynamics of a system through the identification of 

the influence and dependence of each of the factors and the evolution of the proposed system (Nakamura 

and Chaim, 2014, Torres and Olaya, 2010). In other words, structural analysis is a research method to 

provide modellers with the proven experiences of experts and stakeholders in a particular area of 

knowledge—that is, areas of knowledge in this research requiring climate change adaptation—in a 

multi-phase process (Torres and Olaya, 2010). Structural analysis also supports participants in sharing 

their knowledge by describing the system and analysing aspects of the behaviour of the proposed system 

(Godet, 2006).  

Overall, according to Suprun et al. (2016), the structural analysis consists of the following four 

significant steps:   

• the identification and agreement on the principal elements and variables,  

• the documentation of the relationships between variables through elicitation of experts’ opinion 

using cross-matrix variables, 

• the arrangement of all identified and assessed variables and the investigation of the role of the 

variables within the system and 

• the mapping of the relationships between the variables. 

Many factors, including the type of variables and stakeholders’ opinions, are involved in the structural 

analysis of systems. The list of variables, as main components of systems, is approved by stakeholders, 

including scientists, experts and local authorities and communities. The involvement of different 
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stakeholders at different levels has provided modellers or researchers with high confidence (Torres and 

Olaya, 2010). 

Next, all interrelationships between the agreed set of variables were calculated based on the strength of 

their interactions and scaled for the identification of the variables with the most relevant direct impact 

(Suprun et al., 2016). The cross-impact matrix or Matrix of Direct Influences (MDI) was employed in 

this research to accomplish this necessity assessment. This matrix was completed through the 

participation of experts (refer to section 5.3 and 5.8 for further details about experts). The vertical and 

horizontal axes of the matrix and the numbers in the table to represent their relationships of variables. 

The direct influence I (i,j)—where i and j represent the variables and the row and column of the matrix, 

for all single pairs of variables—is studied and ranked by experts. As a typical example, the relationship 

evaluation can include the following intensities: no influence (0), weak influence (1), medium influence 

(2) and strong influence (3). Figure 29 demonstrates a general type of MDI for structural analysis.  

 

Figure 29. A general example of a cross-impact matrix: matrix of direct influences (MDI)  

To determine the potential direct interactions between a set of variables, an MDI was designed and built 

specifically for this research based on the identified variables for populating the matrix line by line. 

After the development of the MDI, the indirect influences were calculated using the cross-impact matrix 

multiplication technique. In populating the MDI, the expert teams were asked to rate direct influences 

using the following rules:   

• Rank 0: when a variable in the variable column has no direct influence on the other variable in 

the variable row of the matrix  

• Rank -1 or 1: when a variable in the variable column has a low direct influence on the other 

variable in the variable row of the matrix  

• Rank -2 or 2: when a variable in the variable column has a medium direct influence on the 

other variable in the variable row of the matrix 

• Rank -3 or 3: when a variable in the variable column has a strong direct influence on the other 

variable in the variable row of the matrix  
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For example, if one believes ‘Frequency of tropical cyclones has a high positive influence on ‘Flooding’ 

and ‘Storm Surges’ but no influence on ‘Volcanic Eruptions’, then +3 should be entered in the cell 

located at the intersection of ‘Frequency of TCs’ and  ‘Flooding’ and ‘Storm Surges’, and 0 should be 

entered at the intersection of ‘Frequency of TCs’ and ‘Volcanic Eruptions’. This ranking can also be 

undertaken in both ways to characterise both direct and indirect influences, and accordingly, both direct 

or indirect influences or dependencies can be derived. Nevertheless, the chosen Griffith academics 

alongside the expert team, as the study’s stakeholders, were asked to rank for direct impacts. Structural 

analysis with FCM is a useful technique to initially identify essential system variables and relationships 

between them that represent the system’s dynamics (Suprun et al., 2016). For modelling purposes, 

influence diagrams illustrate the dynamic behaviour of the entire system by linking the variables and 

thus function as a reference for the logical construction of the associated Causal Loop Diagram (CLD), 

which is explained next. The finalised qualitative model was subsequently built using a comprehensive 

analysis of the different components involved and using the identified influences and dependencies 

(interrelationships) of the variables.  

Graphical representation  

The intensity of the influence and dependency between the identified variables was calculated using 

an appropriate software based on the earlier outcomes of the structural analysis (i.e., defined variables 

and their associated relationships). The influence or dependence map is a useful tool to represent the 

intensity of the influence and dependency of variables, which are characterised by both direct and 

indirect influences and dependency, as a whole picture. Variables are to be located in the map’s four 

different quadrants based on their degree of influence and dependence. According to Suprun et. al. 

(2017), four different categories of the influence or dependence map can be labelled based on the 

location of each variable on the map as the following:   

• Autonomous variables do not have significant impacts on a system or other variables due to 

their low influence and dependence on other variables.  

• Dependent variables are the most sensitive variables; their dependencies on other variables 

are high. Thus, any independent changes of these variables have a minor impact on the overall 

system.  

• Relay variables have significant dependence and influence together and can act as input or 

output variables in different situations. They are considered the most important variables with 

the most impacts on the system.   

• Influential variables have less dependency on other variables but higher influence. Therefore, 

any changes in these variables are reflected in the whole system due to their direct or indirect 

influence on other variables.  
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4.3.2. Conceptual modelling 

Following the identification of the main variables as the key system’s actors, assessment of 

their relationship with each other, ranking of them based on their systemic roles, and formation of the 

influence and dependence map, this study tries to structure all the identified variables as a whole and to 

demonstrate how these variables impact each other according to their interrelationships. For this 

purpose, the CLD approach is employed in this research to demonstrate the relationship of all the socio-

economic and biophysical variables and to illustrate how flows of these variables are arranged and 

govern the system. The approach is important because the resulting CLD is also the basis for further 

modellings and assessments.  

Construction of the causal loop diagram (CLD) 

Qualitative models represented with a CLD in this study are practical tools for the evaluation 

of the outcomes of the structural analysis. The results of the FCM technique provided this study with a 

realistic comprehension of system components to identify key variables and their interrelations (Senge 

and Forrester, 1980). CLDs are developed in a similar manner as MDIs in terms of how variable i 

impacts and is influenced by variable j or which variables impact variable j or i. Thus, the logical 

construction of CLDs is developed based on the most important relationships of variables (Vennix, 

1996). However, transferring the outcomes of the FCM-based analysis into a CLD has several 

advantages, such as providing modellers with a systematised diagram to unequivocally measure the role 

and importance of variables and their relationships in a system, supporting the dynamic modelling steps, 

and improving the stakeholders’ comprehension of the system (Lane, 2008). Through the application 

of structured CLDs, modellers can specify which factors are stocks and which are flows or auxiliaries 

to develop stock and flow diagrams (Binder et al., 2004). CLDs are the preferred tools for the 

construction of dynamics models for further numerical simulations due to their capacity to map complex 

systems consisting of a set of different variables with different values (Sterman, 2000). Furthermore, 

CLDs deliver a visual understanding to reveal the systemic structure, which can affect the behaviour or 

outcomes of a system, including the key drivers or influential variables (Binder et al., 2004). Moreover, 

CLDs are employed as a useful tool for tracing the cause-effect relationships between variables or 

system components to clarify embedded causalities in the systems. Through the exploitation of these 

diagrams, both qualitative (known as soft or non-measurable) variables and quantitative (known as 

numerical or measurable) variables can be mapped.  

A CLD consists of two fundamental components: nodes and arrows. Nodes represent variables, and 

arrows (also known as edges) represent the interrelationship or hypothesised connection of the system’s 

nodes or variables (Hovmand, 2013). The direction and polarity of nodes’ relations are also significant 

and depicted by the direction of arrows and negative (-) or positive (+) signs directly above the arrows 

(illustrated in Figure 30),  where negative indicates a negative and positive indicates a positive relation. 
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A positive causality relation reveals that the changes of interconnected variables are in the same 

direction, and likewise, a negative link means the causal changes are in the opposite direction.  

 

(a)     (b)  

Figure 30. Example of causal relationships: (a) positive and (b) negative 

As a simple example, the ecosystem services model has four primary nodes: the health of ecosystems, 

Services provided by ecosystems, available funds and the Investments (Figure 31). As depicted in the 

diagram, the health of ecosystems has a positive direct impact on the services provided by ecosystems, 

and it is assumed that these services have a similar direct impact on the available funds and investments. 

This relationship means that as the health of ecosystems increases, the higher level of ecosystems is 

provided by ecosystems, and subsequently, the available fund increases. However, investments have a 

negative impact on available funds, meaning that as investments increases, available fund decreases.  

 

Figure 31. The labelled causal loop diagram (CLD) of the ecosystem services and investment system 

Only pocket money and spending variables have both influence and dependency relationships in both 

ways, which develops a loop feedback process.  

The combination of multiple tasks in a feedback process can create either reinforcing (R) or balancing 

(B) processes. If the system (a particular loop) is growing exponentially, then the loop is reinforcing 

(Figure 32a), and if the balancing loop drives the system, which can be a loop, towards the equilibrium 

condition, then the loop is called balancing (Figure 32b). 
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(a)    (b)  

Figure 32. Demonstration of reinforcing (a) and balancing (b) loops  

It is important to note that the polarity between two variables may shift as a result of changing the 

system’s conditions over time due to the nonlinearity and complexity of a system.  

Figure 33 presents a more complex CLD with different potential conditions of variables developed for 

representing the relationships between coral reefs’ health and resilience and the value economic of the 

provided services. As depicted in the diagram, a variable is a dependent variable only (i.e. fish habitat), 

some variables rely on other variables with both dependency and influence (such as coastal protection), 

and one influential variable that influences the system without being influenced in this example (i.e. 

ocean warming).  

 

Figure 33. An example of a CLD consisting of three balancing loops and three reinforcing loops  

The examples of CLDs of different sizes forming dissimilar disciplines are presented here to 

demonstrate the interdisciplinary application of the systems approach and CLD. 

4.4. Modelling Development and Testing  

At this step of the study and before the modelling stage, the aims and goals of the research have 

been specified, the expert teams have been formed and organised, the case study has been selected, the 
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variables and their interrelations have been identified, and a conceptual model has been developed. It is 

crucial to employ an applicable modelling approach capable of fulfilling all three core requirements of 

the concept of multilayered integration (assessment, methods and tools capabilities and adaptive 

responses). Based on the findings of the systematic review, a proper modelling approach should be able 

to (1) model and assessment of all the key system components, their interactions including feedback 

and relevant climate change-related concerns and risks; (2) address all of the relevant temporal aspects, 

spatial dimensions, stakeholder participation requirements, simulation of adaptation interventions, 

assessment of associated risks and prioritisation and decision support concerns in the planning process; 

and (3) consider all potential efficacy of a range of potential and feasible adaptation options.  

The success of this study relies on identifying the most appropriate approach capable of addressing all 

essential needs, as explained previously. Traditional approaches with a single modelling tool cannot 

adequately address the uncertain, complex and dynamic characteristics or the climate change adaptation 

needs of stakeholders’ knowledge integration. The key to success in the modelling phase is the 

integration of multidisciplinary assessments by coupling two approaches, BN and SD, in the context of 

climate change. Both BN and SD techniques have their benefits and limitations, and integrating these 

modelling tools can maximise their respective advantages by compensating for the other’s limitations. 

SD is an intelligent approach to understanding the nonlinear behaviour of complex systems, but it is not 

successful and effective in the treatment of uncertainty. Similarly, BNs are probabilistic and 

participatory tools capable of handling both quantitative and qualitative data, but conversely, BNs are 

unable to capture feedback within a dynamic system. Coupling BN and SD modelling tools ensures that 

the effective response to the complex climate change adaptation aspects and requirements are achieved. 

The underlying justifications, mechanisms and components of SD and BN techniques are listed next. 

4.4.1. Bayesian Networks (BN) 

BNs can be categorised as probabilistic types of based on decision and uncertainty rules, 

specifically, Bayes' theorem (Sušnik et al., 2013). Bayes' theorem is described below (Equation 1):  

        Equation 1 

  

where both P(A) and P(B) are the probabilities of observing A and B without regard to each other; 

P(AIB) is the conditional probability of A, given B; P (BIA) is the conditional probability of B, given A; 

and P(BIA)/P(B) is the likelihood ratio or Bayes factor. A BN model presents different events or 

variables with their dependencies (demonstrating their relationships and the associated conditional 

probabilities) to calculate the probabilities of different possible causes. For example, when the variable 

C is impacted by variables A and B, their relationship can be illustrated simply as in Figure 34. 
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Figure 34. A basic Bayesian network (BN) relationship model 

BNs are typically composed of three main elements: (1) a set of variables known as nodes, (2) arrows 

to represent the hierarchical relationships between the variables (i.e., Diagram of Acyclic Graph (DAG)) 

and (3) conditional probability tables (CPTs) or input functions or equations to calculate the state of the 

variables through the constructed probability distribution (Phan et al., 2016a). The DAG indicates the 

relationships between the system's variables by representing a set of nodes (variables of systems) and 

their corresponding arrows. Each system’s variable, known as a node in BNs, contains a set of 

continuous or discrete states, which in a BN, regarding these states, are represented as a probability 

distribution (Borsuk et al., 2004). To quantify the probability distributions, CTPs are exploited by the 

set states of the parent nodes.  

Approaches for training a BN model can be categorised into three main methods including manual, 

automatic or a combination of both the automatic and manual methods (Aguilera et al., 2013). The 

manual approach to training is often used in the case of a lack of sufficient training data, which requires 

the participation of stakeholders and experts to identify the related variables and their associated effects 

in the system according to the elicitation of stakeholders’ knowledge (Phan et al., 2016b). The second 

method, automatic, is based on the calculation of the set of training data to identify its optimal structure 

using an algorithm derived observationally or experimentally. This method uses algorithms for the 

development of the variable’s conditional property table in the model.   

There are different approaches for the construction of DAGs and populated CTPs, but stakeholders’ 

participation and empirical data analysis and simulations are two main approaches used in previous 

studies (Phan et al., 2016a). Stakeholder participation refers to extracting the experts’ judgement and 

knowledge using different approaches such as structural analysis, while empirical data includes all 

evidence or data realised and documented through observational or experimental efforts. Given this 

fact, the output of mechanistic or stochastic models using empirical data is referred to as model 

simulations.  

BN model testing 

Similar to the other modelling techniques within the systems approach and as a general mandate 

in the modelling stage, the validation of BN models is imperative (Phan et al., 2016a). Data-driven 

evaluation, sensitivity analysis and stakeholders’ and experts’ evaluations are the main approaches to 

validating the progression and outcome of a BN model, as explained in the following paragraphs. 
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Data-driven evaluation is based on cross-validation and measures of goodness of fit through 

comparison with previous studies and the field case of the ongoing study. However, according to Phan 

et al. (2016a), researchers and modellers have applied several approaches to validating a BN model. 

The selection of an applicable and appropriate validating approach is primarily governed by the 

available data, characteristics of typical applications, temporal and spatial dimensions and treatment 

and level of uncertainty.  

Sensitivity analysis examines the influences of uncertainties in the output of BN models by appointing 

different sources of uncertainties in the model inputs (Borsuk et al., 2004). A sensitivity analysis also 

aims to explore the impact and responses of the model to different ranges of changes in input data and 

to check the model’s behaviour and contribution to small changes in the state probability of a node.  

The stakeholders’ participation in model validation is to facilitate the evaluation of a BN model 

through the experience, knowledge and judgement of experts or those who have a ‘stake’ in the 

modelling process.  

4.4.2. System Dynamics (SD) 

Professor Jay Forrester of the Massachusetts Institute of Technology created and introduced 

dynamic approaches to systems understanding during the late 1950s (Forrester, 1961). The presented 

dynamic approach, known as SD, was initially developed to understand urban dynamics. SD modelling 

of the urban system was constructed to analyse the urban problems by forming a bridge between various 

aspects of engineering (including environmental engineering and other related engineering disciplines) 

and social sciences (Burdekin, 1979). The urban dynamic research program initially originated to 

integrate an urban perspective into the decision-making processes of urban areas (Alfeld and Graham, 

1976). In simple terms, the SD approach is a method of more deeply understanding the non-linear 

behaviour of a complex system, such as the urban area, to reflect on sustainable design and construction. 

The principle of accumulation is fundamentally the basis of the dynamic behaviour in SD modelling 

(Burdekin, 1979). Based on this principle, all dynamic behaviours are due to the accumulation of flows 

in stocks in SD modelling (Sterman, 2000). An example of a simple stock and flow structure is 

illustrated in Figure 35.  

Figure 35. An example of a simple stock and flow structure  

The dynamic behaviour of a system can be demonstrated based on the identified relationships of 

variables and their interconnections in CLDs. For this reason, stock and flow diagrams (SFDs) were 

developed; SFDs are also used to represent systems. In SFDs, accumulations or stocks are represented 
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as boxes, while flows or rates affecting the stocks are represented as ‘pipes’ or with double lines with 

triangles representing the valves controlling the rates. The clouds at the beginning end of the flows, or 

pipes, represent infinite sources and sinks. However, these shapes are based on Vensim software and 

different software, such as iThink or Stella, use different shapes. An example of the coral reefs’ health 

and resilience SFD model is presented in Figure 36. 

 

Figure 36. A specific example of stock and flow diagrams (SFDs) consisting of two stocks and flows  

 

One of the most prominent advantages of SFDs is their ability to explicitly present the stocks or 

accumulation in a dynamic system. Accordingly, SFDs are adequate for capturing the underlying 

mathematical representation by translating the system’s dynamic behaviour into equations for computer 

programming and computer simulations. However, CLDs are more capable of explicitly characterising 

and representing feedback loops than SFDs (Binder et al., 2004). Both noninformational and 

informational entities can be used in SD as flows accumulating in stocks. However, despite all the 

remarkable capabilities, inefficiency in the treatment of uncertainty and handling qualitative data are 

the main weaknesses of this approach. Furthermore, it is also important to note that while the SD 

approach of modelling is qualified for general and in-depth focal ranges, it does not cover focused and 

in-depth range of issues (Curtis et al. 2012). SFDs should include the following elements (as illustrated 

in Figure 35): 

• Stocks: to collect the inflows into the system or disperse the outflows out of the system. They 

refer to the dynamic behaviour of the system and value at a balanced time (the inflow minus 

the outflow). The stocks are represented by rectangles. 

• Inflows: to change the balance value at a time by adding to the stocks; these are represented by 

parallel lines or pipes pointing into a stock. 
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• Outflows: to change the balance value at a time by subtracting from a stock; these are 

represented by parallel lines or pipes pointing out from a stock. 

• Valves: to control the inflows and outflows into and from stocks; these are represented by 

triangles in the middle of inflows and outflows. 

• Clouds: to represent infinitive sources and sinks outside of the system for which outflows or 

inflows into and from them are within the boundary of the model 

In addition, as a common need in the modelling procedure, SD modelling requires the inclusion of 

validation and verification, which is an essential mandate before any further analysis or decision-

making based on the outcomes of SD modelling.  

SD model testing 

The validation of SD models, in contrast with the traditional statistical approach, is primarily 

confirmed through the validation of underlying processes in the system. According to Sterman (2000) 

and Cavana and Clifford (2006), validation and verification of the accuracy, consistency and 

applicability of SD modelling outcomes can be classified into the following categories: 

1. Model structure testing including the structure and parameter verification and dimensional 

consistency,  

2. Model behaviours testing including behavioural reproduction, integration error and behaviour 

anomaly through analysis of the results of modelling results and sensitivity analysis, 

3. Policy implications to ensure the relative responses are reflected throughout the modelling. 

Furthermore, Sterman (2000) has suggested using a sensitivity analysis as further investigation into the 

overall system structure and behaviour, which may lead to system improvement as well. Sensitivity 

analysis aims to identify any probable irrational behaviour when different parameters and variables 

within the range of analysis are tried, and system improvement targets the identification of any 

applicable policy or action in the real system. Model tests are primarily conducted to check whether the 

model appropriately addresses the problem the model was developed based on, while a sensitivity 

analysis is performed to check the effectiveness and accuracy of the temporal model behaviour to 

desired changes. Maani and Cavana (2007, p.75) expressed that ‘in system dynamics models, policy 

analysis is an imperative part of the modelling process. Usually, this involves performing a carefully 

planned range of policy experiments with the model, varying the policy parameters or changing the 

policy structure of the model (i.e., by adding or deleting linkages between variables). […] Strategies 

are combinations of policies intended to achieve strategic objectives”. Therefore, an SD model can be 

employed for further analysis and decision-making if the developed model and the corresponding 

system’s behaviour are appropriately tested and validated.   
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4.4.3. Coupling system dynamics and Bayesian networks approach 

Considering the aforementioned discussions, coupling SD and BN was identified in this study 

as an effective way of handling the requirements of socioeconomic and environmental system 

modelling to support climate change adaptation planning. Both BN and SD feature benefits and 

limitations, and integrating these modelling tools can maximise their respective advantages by 

compensating for the other’s limitations. BNs are participatory tools that can combine and utilise both 

quantitative and qualitative data (Phan et al., 2016b). BNs are also probabilistic graphical types of tools 

due to their theory of development, which is based on decision and uncertainty rules (Sušnik et al., 

2013). Aside from the above-mentioned capabilities of BN, Bertone et al. (2016) have indicated a 

number of additional advantages including their ability to (1) effectively integrate multi-disciplinary 

variables within one model; (2) provide modellers with quick simulations through instantaneous 

responses to changes within the whole model, which can significantly support decision-making 

processes, specifically in transdisciplinary workshops; and (3) identify any inconsistencies in 

stakeholders’ perceptions. However, the lack of an ability to adequately employ feedback loops and the 

hierarchical relationships of variables has restrained modellers and researchers from dynamic analysis 

using BN only (Kelly et al., 2013).  

Furthermore, the SD technique is considered a causal-descriptive approach capable of modelling 

feedbacks, delays and nonlinear effects within a dynamic system (Sahin and Mohamed, 2013). 

Modellers or researchers can also utilise SD for complex systems to enhance their comprehension of 

structures and dynamics (Sterman, 2000). However, SD’s deficiency in the treatment of uncertainty is 

its major limitation despite its many capabilities (Pruyt, 2007). Thus, exploiting the capabilities of SD 

and BN through the coupling strategy can adequately address all the mentioned requirements of 

adaptation planning and can provide an apt grounding to compensate the deficiencies of both methods 

when employed individually. This hybrid modelling strategy is beneficial due to the lack of quantitative 

(numerical) or experimental data. Table 6 summarises the capabilities of the coupling BN-SD approach 

and demonstrates the way in which BN and SD approaches compensate for each other’s limitations.   
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Table 6. Capabilities and limitations of SD, BN, and hybrid SD-BN modelling approaches 

Capabilities of a 

modelling approach 

System Dynamics 

(SD) 

Bayesian Networks 

(BN) 

Hybrid SD-BN 

Treatment of 

uncertainty 

effectively 

Limited 

 

 

(Sterman, 2000) 

Yes 

(probabilistic simulation) 

 

(Peng et al., 2018) 

Yes 

Application and 

multidisciplinary 

involvement 

A wide range of disciplines 

(engineering-based, social, 

economic, ecological and etc.) 

with systems usually interact 

with each to be mostly defined 

using mathematical 

relationships.  

(Cavana and Maani, 2000) 

Probabilistic and disciplines 

with assessments with linear 

analysis and systems with 

acyclic cause and effect 

relationships.  

 

 

(Das, 1999) 

All necessary disciplines 

and expertise require 

dynamic, complex and 

probabilistic analysis 

 

 

 

(Sušnik et al., 2013) 

Input data type Qualitative (range of 

formulations and using 

numerical, mathematical and 

experimental) and limited 

qualitative data 

 

 

(Sweeney and Sterman, 2000) 

Both qualitative and 

quantitative including expert 

/ stakeholder knowledge, 

simulations, empirical results 

and probability distribution 

functions 

 

(Phan et al., 2016a) 

Both qualitative and 

quantitative 

 

 

 

 

 

(Phan et al., 2016b) 

Stakeholder’s 

participation 

 

Limited  (such as group Model 

Building studies). 

 

(Sweeney and Sterman, 2000) 

Yes 

 

 

(Peng et al., 2018) 

Yes 

 

 

(Phan et al., 2016b) 

Model purpose Understanding the feedbacks 

of a system, forecasting, social 

learning, and policy analysis, 

strategies and scenarios 

 

 

(Cavana and Maani, 2000) 

Prediction, decision making, 

scenario-based analysis and 

social learning 

 

 

 

(Phan et al., 2016a) 

Prediction, decision 

making, social learning, 

system understanding, and 

forecasting 

 

Temporal modelling  

capability 

Yes 

Understanding nonlinear 

behaviour over time  

 

(Sweeney and Sterman, 2000) 

No 

 

 

 

(Das, 1999) 

Yes 

 

 

 

(Sušnik et al., 2013) 

Capturing the 

dynamic behaviour 

of complex systems 

Yes 

 

 

(Cavana and Maani, 2000) 

No 

 

 

(Phan et al., 2016a) 

Yes 

 

 

(Phan et al., 2016b) 

  

Coupling BN-SD approach warrants dynamic qualitative modelling, in which the BN approach is 

employed in order to provide SD with inputs from knowledge-based data. As the first step, relationships 

of variables or nodes are required to be quantified by stakeholders in BN modelling. Then, based on the 

defined states of each node that is to be decomposed into SD, that node is decomposed into its defined 

states as a different variable in SD. Subsequently, the final SD model is developed to dynamically assess 

the system, to undertake scenario-based analysis, and propose a climate change adaptation roadmap as 

the final step.  
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Chapter 5:  Mapping long-term coral reef ecosystems regime shifts: A small island 

developing state case study 

Abstract: Coral reefs are among the most fragile ecosystems that provide essential services to local 

Small Island Developing States (SIDS) communities. As such, exploring the characteristics and 

interactions shaping regime shifts of coral reefs is of paramount importance in managing system 

pressures; enhancing resilience; aiding their regeneration and recovery process; restoring habitat 

complexity. However, understanding the dynamics of coral reef ecosystems regime shift requires 

employing an approach capable of dealing with systems being affected by multiple climatic and socio-

economic non-climatic pressures as well as an effective treatment of systemic embedded uncertainties. 

This study applies Fuzzy Cognitive Mapping (FCM) in a participatory stepwise and systematic 

procedure to reflect dynamic casualties and temporal changes of coral reef ecosystem regime change 

over a long-time perspective. This mapping technique allows conceptualising dynamic models to 

represent causalities and modelling input values to simulate fluctuations within a complex temporal 

system. Port Resolution on Tanna Island in Vanuatu was selected as the case study region representative 

of Pacific-SIDS geography and human communities. As an initial outcome and an indicator of 

multidisciplinary of this study, twenty-seven principal influential factors and their corresponding causal 

relationships were identified. Subsequently, the coral reef regime shift was analysed under four main 

plausible scenarios representing major climatic and non-climatic trajectories. The results indicate that 

climate change factors play pivotal roles in the regime shift of the coral reef ecosystem globally. At the 

focal scale of this study, the tourism industry and coral fisheries are the most vulnerable services 

provided by coral reefs. As such, coupled local management interventions and global efforts in 

mitigating the adverse impacts of climate change is likely to yield better coral reef ecosystem services 

at a local community level. 

Keywords: Ecosystem-Based Adaptation (EBA); Marine Ecosystems; Tanna Island; Pacific Small 

Island Developing States (P-SIDS); Fuzzy Cognitive Mapping (FCM); Participatory Approach  

 

5.1. Introduction 

Dynamic variations of the functioning and composition of ecosystems can significantly impact 

human well-being on national and global scales (Hoegh-Guldberg et al., 2019; Selig et al., 2019; 

Barange et al., 2014). Globally, instability of ecosystems under climatic and human-related impacts 

threaten coastal communities by the unpredictable impediment or changes to the flow of ecosystem 

services, particularly in developing states (Harvey et al., 2018; Savo et al., 2016). The health and 

resilience of marine ecosystems are not exempt from this prevalent global trend which is being impacted 

by environmental, ecological, socioeconomic, and political systems (Ramachandra and Setturu, 2019). 

Understanding complex systems, such as marine ecosystems, requires integrated management plans and 
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assessments that incorporate complex, multiscale and interdisciplinary biological, socio-economic and 

climatic factors (Borja, 2014). This insight is key to deliver effective and sustainable management or 

adaptation plans over the long-term (Noble, 2014). The complexity and interdisciplinary characteristics 

of ecosystems require the engagement of stakeholders in different forms such as collaboration, 

participation and shared learning in the process of planning, modelling and assessments for coastal and 

small island communities (Hafezi et al., 2018; Mills et al., 2015). Ban et al. (2015) suggest that the role 

of stakeholders’ participation in the process of modelling becomes more critical when there is a high 

level of uncertainty, and scenario-based modelling is preferred. Marine ecosystems under climate 

change and human stressors fall into complex systems with a high level of uncertainty (Ban et al., 2015) 

which further emphasises the need to engage stakeholders in the process of socio-ecological systems 

assessment and modelling.  

Fifty-eight small island countries, namely Small Island Developing States (SIDS), have been listed by 

the United Nations Department of Economic and Social Affairs (UNDESA) that share similar 

sustainable development challenges including being highly reliant on ecosystem services, being 

exposed to natural disasters or extreme events, remoteness, limited funds, education and health services 

(Ali et al., 2018). The communities of SIDS are generally more vulnerable than other communities to 

climate change and unsustainable coastal and marine ecosystems management (Ali et al., 2018; Weis 

et al., 2016). Specifically, coral reefs are among the most economically valuable and biologically 

diverse ecosystems, with high functionality and a crucial role in supporting the wellbeing of coastal 

communities (Hoegh-Guldberg et al., 2019), but on the other hand, highly vulnerable to both climatic 

and non-climatic pressures (Satta et al., 2016). This encounter is particularly apparent in Pacific Island 

Nations such as Vanuatu, where climate variability, rapid population growth and dependence on coral 

reef ecosystems for subsistence and livelihoods is high (Buckwell et al., 2019; Rosegrant et al., 2016). 

According to estimations by the United Nations Environment Programme (UNEP), in at least a quarter 

of global and more than ten per-cent of the pacific islands, mostly SIDS, coral reefs have been degraded 

while the existing coral communities are at risk of collapse (UNEP, 2018). Thus, maintaining the health 

and resilience of the reef ecosystem is key to sustaining the livelihoods of SIDS communities (Hoegh-

Guldberg et al., 2019; Woodhead et al., 2019; Marzloff et al., 2016). Since coral reefs provide multiple 

ecosystem services for SIDS communities, understanding their weakness and strength points can 

significantly improve the quality and efficiency of managing and spatial planning human-based 

activities and the conservation of marine ecosystems surrounding SIDS.  

Understanding the dynamics of socio-ecological systems in the face of unprecedented changing climate 

conditions requires the adoption of an approach competent in dealing with the complexity, dynamicity 

and high level of uncertainties embedded in coral reef systems (Fairweather, 2010). An effective 

technique capable of contemplating the interactions of ecosystems with socio-ecological systems is the 

Fuzzy Cognitive Mapping (FCM) approach technique. This mapping technique is capable of 
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contemplating the interactions of ecosystems and socio-ecological systems that are being affected by 

human activities increasingly and dynamically; lack scientific evidence and data; are highly uncertain 

due to unpredictability of ecological processes and the lack of certainty about the future climate change 

trajectory; and where expert elicitation and stakeholders engagement in ecosystem management is 

highly desired (Gray et al., 2015; Özesmi and Özesmi, 2004). Specifically, the assessment of marine 

ecosystem health and resilience condition over long-term periods entails employing an approach 

adaptable for holistic and less-detailed concepts incorporated with qualitative, non-linear data. Gray et 

al. (2014) suggest that participatory FCM is among the best practices for marine ecosystem management 

in dealing with interactions of coastal, marine and human systems. This technique enables capturing 

the temporal and dynamic back and forth propagation of causalities within a nonlinear feedback system 

over time (Papageorgiou et al., 2017). Decision-making literature has seen increased use of FCM in a 

wide range of subject areas, including medicine (Papageorgiou & Froelich, 2012), social science (Osoba 

& Kosko, 2017; Devisscher, et al, 2016), fossil and renewable energies (Amer, Daim, & Jetter, 2016; 

Ziv et al., 2018; Alipour et al. 2019), regional planning (Kyriakarakos, et al, 2014), management 

(Papageorgiou, et al., 2017; Case & Stylios, 2016), environment (Solana-Gutiérrez, et al., 2017), 

agriculture (Christen, et al., 2015), economic (Kontogianni, et al., 2013), business (Glykas, 2013), and 

political science (Andreou, et al., 2005). In marine ecosystems, Vasslides and Jensen (2016) have 

employed the FCM method to assess the complex estuarine system based on expert elicitation. 

Similarly, Santoro et al. (2019) utilised this method for eliciting risk perception to promote ecosystem-

based management practices and Kontogianni et al. (2012a) to assess risks for the marine environment. 

As such, mapping of impacting factors as well as the conceptualisation of coral reef ecosystems in a 

systematic manner augmented by real-world narratives may considerably improve future adaptation 

policies and decision-making processes, such as ecosystem-based adaptation and marine spatial 

planning.  

Therefore, this study investigates the causal interrelationships between climatic and non-climatic 

pressures, and subsequently, anticipates the future condition of coral reefs under different plausible 

scenario settings to effectively assess coral reef ecosystem regime shifts for the time horizon of 2070. 

The employed multi-step FCM approach is used as a suitable platform to identify the leading impacting 

factors to coral reef ecosystems, to classify the type and degree of interactions and relationships, and to 

provide decision-makers and planners with a systematic prediction of the role of different factors on the 

future condition of reef communities in SIDS. Sustainable planning vastly benefits from conducting a 

holistic and systematic assessment of the key factors influencing the coral reef ecosystem, such as that 

assessed in this case study, as well as factor causal interrelationships. Hence, applying the approach 

presented in this study is more likely to derive better long-term planning outcomes for coral reefs and 

preserve the flow of their ecosystem services. 
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5.2. Method  

5.2.1. Case study  

Port Resolution, Tanna Island in Vanuatu was selected as a case study region that is 

representative of Pacific-SIDS geography and human communities that are highly reliant on ecosystem 

services (Selig et al., 2019). At the country level, Vauanutu’s Human Development Index (HDI) is 

relatively low (i.e. 0.597) according to the latest calculations (Buckwell et al., 2019). This HDI value 

ranks lower than 140 countries and territories, out of 189 in the world (UNDP, 2019). Particularly, 

Tanna is listed among the SIDS with high vulnerability to the impacts of climate change and 

development associated with rapid human population growth (Mackey et al., 2017). Tanna is a 

relatively small island at 550 km2  and spanning 19 km wide and 40 km in length (SPREP, 2016b). The 

location is highly vulnerable to natural hazards, specifically volcanic eruptions, ocean extreme events 

such as ENSO, tsunamis and tropical cyclones, seasonal droughts and flooding and landslides (Clarke 

et al. 2019). According to the latest population survey, the population of Tanna is one of the most 

populous islands of Vanuatu at 32,280 people (UNDESA, 2017). The population on the island is 

estimated to rise to around 78,000 by 2070 based on the current annual growth rate of 1.4% (Mackey 

et al., 2017). The island is mostly populated by Melanesians with traditional culture and lifestyle or 

Kastom (SPREP, 2016a), where Kastom refers to social, political and development processes in the 

Melanesian region, and Vanuatu in particular (Mackay et al., 2019). While the role of tourism is 

increasing on the island (Loehr, 2019), currently local wellbeing mainly relies on subsistence farming 

including kava, coffee, coconut, copra, and some tropical fruits and vegetables; local-scale fishing, and 

animal husbandry (Buckwell et al., 2019).  

Coral reefs provide Tanna’s local communities with services that are vital for socio-economic wellbeing 

(Buckwell et al., 2019). According to Mackey et al. (2017), more than 80% of Tanna Island’s ecosystem 

services are currently being provided by coral reefs. There are three main under threat reef sites around 

Tanna, including North-West Tanna, Lenakel, and Port Resolution (Figure 37). Latest surveys of 

Tanna’s coral reef sites show that the reefs generally have restrained levels of both coral cover and fish 

populations (SPREP, 2016a). Due to the projections of local and tourism growth rates (Government of 

Vanuatu, 2017), Port Resolution’s reef site is particularly at risk of a regime shift from coral-dominant 

to a degraded state if not managed sustainably (Figure 37). Recent gathered data using Geographical 

Information System (GIS)-based simulations show that Port Resolution’s shorelines are currently 

subject to changes ranging from -2.4m to +1.2m and the Port Resolution coastal coral reef site is 

250,000 m2 (Sahin et al., 2019). In addition, in Port Resolution development is increasing and fishing 

pressure is considered moderate and localised with reports of diminished stocks of harvested species of 

fish and invertebrates (Mackey et al. 2017). Adding to this development growth trend and increased 

human pressure is Vanuatu’s government plan to expand tourism capacity on Tanna Island 

https://en.wikipedia.org/wiki/Melanesians
https://en.wikipedia.org/wiki/Kava
https://en.wikipedia.org/wiki/Coffee
https://en.wikipedia.org/wiki/Coconut
https://en.wikipedia.org/wiki/Copra
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(Government of Vanuatu, 2017). As such, Port Resolution was selected as the focal case study site for 

our FCM.  

  

Figure 37. Tanna Island’s coral ecosystem map 

(Resource: Region’s Map from snazzy-map and Tanna Island inset from ArcGIS 8.1 software output 

by Mackey et al. (2017)). 

Currently, the primary ecosystem services delivered to the Tanna community are improving the local 

economy through tourist attraction (Buckwell et al., 2019) and fish habitat; fisheries and food supply 

(Ateweberhan et al., 2013; Hardy et al., 2013);  coastal protection from erosion (Gracia et al., 2018);  

and supporting local traditional culture or Kastom (Buckwell et al., 2019). Mackey et al. (2017) 

estimated that the annual monetary value of ecosystem services provided by coral reefs in 2015  in 

Vanuatu was around 22,000 million Vatu (~200 million USD). However, in the absence of effective 

management interventions and the current trend of human-induced impacts, coral reefs and their ability 

to provide these services for the Tanna community will be impacted considerably (Buckwell et al., 

2019). There are a number of local anthropogenic pressures such as overfishing, water pollution, 

physical damage, eutrophication and sedimentation which can be exacerbated by rapid population 

growth and coastal development (Hoegh-Guldberg et al., 2019). Specifically, Port Resolution is being 

promoted as a tourist spot which may exacerbate some of these threats to the coral reef community. 

Also, the current and predicted impacts from climate change within the Pacific region could result in a 

range of additional stressors to the reef system, including coral bleaching, increased incidence of coral 

disease and loss of quality fish habitat (Hoegh-Guldberg et al., 2019; Pratchett et al., 2018; Hughes et 

al., 2017), which to manage effectively will require global mitigation efforts. These local and global 

impacts can lead to regime-shifts in coral reef ecosystems that can provide uncertainty regarding 
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selecting appropriate management plans for long-term sustainability if ecosystem dynamics are not 

understood (Graham et al., 2015). It is therefore of paramount importance to identify site-specific 

threatening or controlling factors that are associated with detrimental coral reef regime shifts.  

5.2.2. Fuzzy Cognitive mapping 

Cognitive maps are used in the form of signed graphs consisting of nodes to represent variable 

concepts (nodes) and edges (causal links) to create causal connections between them (Axelrod, 1976). 

Causal chaining information and conceptual centrality are to be achieved from a matrix, labelled as 

adjacency matrix in cognitive mapping technique. Adjacency, cross-impact matrices or matrix of direct 

influence are squared asymmetric matrix that can be used to code the strongness of relationships 

between the concepts (Gray et al., 2014). Subesequently, Kosko (1986) has further enriched the 

cognitive mapping technique by introducing the FCM method to address the inherent ambiguity and 

unforeseen volatilities in the real-world problems by the utilisation of fuzzy logic or fuzzy casual 

functions. According to the FCM proposed by Kosko (1986), the type and strength of the causal 

relationship between two concepts can be characterised and coded through quantification of edges. 

Considering two concepts or nodes with causal relationship (e.g., A to B), a positive value link means 

the concept A causally increases the concept B, and a negative link shows the reduction of the concept 

B by means of the impacts from the concept A. Quantifying the strength of causal relationships between 

concepts, or in other words, weighting the links is undertaken by assigning any real numbers in [-1,1]. 

As a result of merging fuzzy theory and cognitive mapping, system modellers and decision-makers are 

provided with the level of impact and influence of concepts on each other and the whole system as well 

as the assessment of concepts with higher accuracy (Papageorgiou et al., 2015). To better illustrate the 

approach, Figure 38 provides an example of FCM with its correspondent adjacency matrix. While links 

or edges can take any real value between [-1,1] as inputs of the adjacency matrix (Figure 38), initial 

values should fall within the range of [0,1] which is distributed in a matrix known as an activation vector 

(Papageorgiou, 2011). 

 

Figure 38. Example of a fuzzy cognitive map (A) and its weighted adjacency matrices (B) 
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Three main ordinal scale or causality weights (Rij) in FCM to describe the causal relationship between 

two concepts (Ci and Cj) as below: 

• Rij>0: which means Ci has a direct increasing causal relationship with Cj, (positive causality) 

• Rij<0: which means Ci has a direct decreasing causal relationship with Cj, (negative causality), 

and 

• Rij=0: to represent no causality between Ci and Cj. 

Further calculations are undertaken using the assigned weight in the FCM’s corresponding adjacency 

matrix (Figure 38). All possible causal effects through different paths are required to be considered and 

summed up to measure the overall casual effect on the map. A combination of positive and negative 

effects can form a cognitive map with indeterminacy in which further analysis of FCM is inevitable to 

conclude with a thorough comprehension of the system’s behaviour and the roles of different model 

components and concepts (Kontogianni et al., 2012b). The affecting and affectibility strength of 

concepts can be measured using three indices including (1) indegree that is the cumulative absolute 

strength value of inbound links from a concept; (2) outdegree that is the cumulative absolute strength 

value of outbound links from a concept; and (3) centrality that is the absolute sum of total weights or 

strength values of both inbound and outbound connections weights.  

The dynamics of the mapped system can be simulated using forwarding iterations according to the 

feedbacks logic (Kontogianni et al., 2012a), where all components of the system are impacted or being 

impacted by others. Having all the concepts weighted and the adjacency matrix completed, 

interconnection weights need to be upgraded by referring to the previous iteration. The calculations of 

FCM should incorporate all of the forward and backward propagation of causalities (Amirkhani et al., 

2018). A map with n number of concepts requires an n × n adjacency matrix (Wij) to gather all the 

needed weights (edges), and an FCM is structured and modelled by converging all the assigned weights 

to an equilibrium point. This convergence is achieved through the simulation process based on the 

inference rule (Axelrod, 2015). Kosko (1986) has introduced an iterative equation to determine values 

of the concepts at each iteration (Equation. 1).  

Kosko interference: 𝐴𝑖
(𝜅+1)

= 𝑓 ( ∑ 𝑤𝑗𝑖 × 𝐴𝑗
𝜅

𝑛

𝑗=1,𝑗≠𝑖

) (1) 

where 𝜅 represents the simulation step or interaction index; i in  𝐴𝑖
(𝜅)

 represents the associated concept 

value (Ci)  is the value of the concept at the simulation step k; and 𝑤𝑖𝑗is derived from the adjacency 

matrix which represents the impact or connection value between two concepts 𝐶𝑖 and 𝐶𝑗.  

The Kosko is not the best choices in FCM modelling when dealing with scenarios with the lack of data 

and information about the initial state of concepts  (Felix et al., 2019). Subsequently, Papageorgiou 
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(2011) has further modified the Kosko’s equation and proposed the rescale equation/interference 

(Equation. 2) as below :  

Rescaled-Kosko 

interference: 

𝐴𝑖
(𝜅+1)

= 𝑓 ((2 × 𝐴𝑖
𝜅 − 1) + ∑ 𝑤𝑗𝑖 × (2 × 𝐴𝑗

𝜅 − 1)

𝑛

𝑗=1,𝑗≠𝑖

) 

 

(2) 

In FCM simulations, all concepts store numeric values that are initially derived from the assigned fuzzy 

values. For this purpose, transformation functions are to retain the values of the set range of the fuzzy 

causal edge function (i.e. between -1 and 1 in FCM). Among the transformation functions used to create 

FCM models, bivalent, trivalent, sigmoid and hyperbolic tangent are the most commonly used ones 

(Felix et al., 2019). Linear Sigmond (Equation. 3) and Hyperbolic Tangent (Equation. 4) functions are 

more popular than bivalent and trivalent functions (Amirkhani et al., 2018), mainly due to the more 

extensive range of their output values resulting in more in-depth and precise interpretation of the FCM 

outputs (Papageorgiou et al., 2015).  

Linear Sigmoid: 

 

𝑓(𝑥) =
1

1 + 𝑒−𝜆×𝑥
 

 

(3) 

Hyperbolic Tangent: 𝑓 =
𝑒𝜆𝑥 − 𝑒−𝜆𝑥

𝑒𝜆𝑥 + 𝑒−𝜆𝑥
  ;  𝜆 > 0 

(4) 

 

where λ is a real number greater than zero to govern the steepness of the function and x represents the 

𝐴𝑖
(𝜅)

 on the equilibrium point.  

The system convergence or simulation process is stopped when the values of concepts reach the steady-

state. The steady-state here is where the difference between two consecutive output values for all 

concepts is equal to or lower than epsilon (ϵ) which is a residual of the difference in the two successive 

steps (Kontogianni et al., 2012b). In summary, the FCM simulation process requires seven major input 

drivers and arguments including; (1) initial concepts values that are selected based on the modelling 

purpose, the governing conditions and the scenario set-up (Papageorgiou et al., 2017); (2) adjacency 

matrix or edges weight values; (3) the number of iterations to meet the simulation requirements such as 

accuracy, and system complexity and size  (Kontogianni et al., 2012b); (4) inference equation; (5) 

transformation function, (6) ϵ; and (7) lambda (depending on the selected function).   
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The dynamic modelling mechanism of the FCM allows running scenario-based simulations and 

sensitivity analysis effectively. Once the steady-state simulation is completed, scenario-based 

modelling can be initiated by clamping different concepts to a meaningful value and comparing with 

the baseline or steady-state scenario. This comparison can provide modellers and decision-makers with 

a systematic understanding of the role and impact of concepts on a single or group of target concepts. 

Clamping concepts to a real number should denote a factual circumstance that resembles a scene in the 

real world.  

Before running the simulations, three FCM evaluation metrics can help system modellers to validate 

the modelling procedure and to interpret the results. The primary specification or features metrics are 

detailed below: 

• Modularity: This metric, which is also known as community detection, shows the possible 

developed network’s decomposition level into modular communities.  

• Density: Density is used to measure the extensiveness of an FCM model. In other words, it 

shows how many links are missing in comparison with a model with all concepts linked to 

each other. The densest possible FCM model has all possible edges, and its density is equal to 

1. 

• Average clustering coefficient: This coefficient, also known as Watts-Strogatz, is used to 

measure how complete the average nodes’ neighbourhoods are in terms of having all possible 

inbound and outbound arrows. This coefficient compares the density and extensiveness of 

nodes’ relationships within a network. 

• Average path length: This metric measures the average length of feedback loops within a 

system. The complexity of a system can be measured using this metric. 

 5.3. Modelling Procedure  

The entire modelling procedure was led by a panel of experts including ecology, climate, 

modelling and SIDS experts. As a result of the first workshop, initial goals, objectives and key factors 

or concepts deemed relevant for the modelling were identified by this panel. A stepwise procedure was 

followed (see Figure 39). Importantly, this stepwise procedure was meticulously developed to be 

capable of satisfactorily fulfilling FCM quality management needs, including quality assurance and the 

quality control of the data. Details of the quality assurance and the quality control of the data are 

provided in Table S1 (See Appendix A1). 
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Figure 39. Colour-coded flowchart of the process FCM development and analysis 

(Blue cells: Actions or activities by modelling core team; Green cells: Actions or activities by 

engaging the stakeholders) 

5.3.1. Problem articulation and developing FCM 

Identification of stakeholders was followed by documentation of variables from the literature 

review and expert opinions, followed by initial assessments of local capacities and site-specific 

characteristics and potential management interventions. Afterwards, a group of stakeholders were 

invited to participate in the FCM modelling. From a list of potential expert candidates, 21 qualified 

stakeholders confirmed to be involved. All experts are affiliated with different academic institutes and 

centres, and organisations, including five from marine environmental-related NGOs, and 17 marine 

biologists and environmental scientists from academic or government organisations. All of the experts 

were selected from locals or experts with adequate experience and background knowledge about Pacific 

Island communities. Stakeholders were asked to evaluate the concepts and to provide the modelling 

team with their comments and revisions. Upon the completion of this step, the list of concepts was 

finalised (Table 7).  
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Table 7. Finalised concepts for FCM development  

Label Concept name Description 

C1 Climate change 

trajectory (RCPs) 

Representative Concentration Pathways (RCPs) are four 

greenhouse gas concentration trajectories adopted by the 

Intergovernmental Panel on Climate Change (IPCC, 2014) in the 

fifth Assessment Report (AR5). 

C2 Temperature  

(Land surface) 

Land surface temperature fluctuations due to global warming  

C3 Sea level rise 

(SLR) 

An increase in global mean sea level as a result of climate change.  

C4 Ocean warming - 

Sea Surface 

Temperature 

(SST) 

Increase in the ocean's surface and water temperature in the study 

area.  

C5 Ocean 

acidification 

The ongoing decrease in the pH of the Earth's oceans as a direct 

result of the phenomenon of climate change. 

C6 Rainfall on land Considerable changes in participation patterns leading to more 

runoff and water infiltration.  

C7 Local Population Population growth is the overall rise in the number of permanent 

residents and other settlers in the Island. 

C8 Storms and 

cyclones 

frequency and 

intensity 

Overall pressures from ocean extreme events including El Niño-

Southern Oscillation (ENSO), and predicted increase in the 

frequency of intense tropical storms and cyclones. 

C9 Catchment land 

use 

Subsistence agriculture is a self-sufficiency farming system 

within catchment areas in which farmers focus on growing 

enough food to feed themselves and their entire families.  

C10 Catchment land 

cover condition 

Land cover condition changes from intact to modified and then 

transferred conditions.  

C11 Fishing scale  Methods and scale of fishing and purposes of fishing at different 

levels including commercial, local or recreational. 

C12 Fishing intensity  Amount of fishing or fishing rate (i.e.high, medium, low). 

C13 Sediment load The amount of sediment that is delivered via catchment run-off, 

a lot of which usually remains suspended within the water 

column.  
C14 Nutrient load Quantity of nutrients entering a coastal reef site. 

C15 Bay water quality The quality of water within the coastal bay. Coastal water quality 

can be negatively impacted, mostly by waste discharge. 

C16 Capital works 

and infrastructure 

The extent of capital works and infrastructure within the coastal 

catchment. Coastal population growth exerts intense pressure 

on coastal land by increasing the need for both agriculture and 

housing, and land-use demands often come at the expense of 

natural habitats and native species. 

C17 Tourist activities 

or the number of 

tourists 

Tourism activities and the associated number of tourists 

occurring in the coastal area. Mostly ecotourism with a 

sustainable and primary focus on experiencing natural areas that 

foster environmental and cultural understanding, appreciation 

and conservation. 

C18 Coastal damage The impacts of coastal damage to inshore coral reefs such as 

coastal erosion etc.  

C19 Tourism income Funds obtained through a tourism activity that could be used to 

invest in tourism infrastructure, roads, transportation and access 

facilities such as, ports and airports. 
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C20 Fish stock A fish population that is defined as a group of individuals of the 

same species or subspecies that are spatially, genetically, or 

demographically separated from other groups. 

C21 Fishing income Local income from subsistence fishing. 

C22 Coastal 

protection 

Coastal protection from the coral reef for the coastal area which 

benefits local communities. 

C23 Bleaching Coral bleaching related to climate change occurs as a result of 

elevated sea surface temperatures causing coral polyps to expel 

the symbiotic algae that live inside their tissues and results in 

corals turning bleach white in colour.  
C24 Coral disease Impairments of coral reef’s structural, body functions, or organs 

is classified as a disease which may cause by protozoa, viruses, 

or fungal attack. It can involve an interaction between the coral 

host, a pathogen, and the reef environment or can cause 

significant changes in reproduction rates, diversity, or abundance 

of reef-associated organisms.   
C25 Physical damage Coral reef damage from direct damage to their physical structure 

(e.g. caused by humans stepping on coral, storms or boat 

anchoring).  

C26 Governance and 

customary 

stewardship 

Community-based approaches to governance, where traditional 

leaders and community representatives develop and implement 

their own forms of stewardship.  

C27 Coral reef cover Coral health can directly impact live coral cover, which is a 

measure of the proportion of reef surface covered by live hard 

coral.  

Once the list of concepts was agreed and classified, experts were invited to engage in the perception 

assessment phase and the next phase towards developing the final FCM and analysis. Therefore, as per 

the graph theory, the developed map was transformed into adjacency matrices with all of the concepts 

acting with Vi (on the vertical axis) as potential transmitters and Vj (on the horizontal axis) as receivers. 

This transformation is an accessible and practical approach that has typically been used in different 

forms to facilitate the expert engagement process since presented by Harary et al. (1965). Subsequently, 

to elicit the direct influential relationship between concepts, a package including the developed FCM 

and the blank adjacency matrix were presented to experts and stakeholders (See Appendices A-2 and 

A-3). They were asked to weight the relationships by coding with values within a specific weighting 

range. The weighting range was between -3 to represent the strongest negative and +3 to represent the 

strongest positive relationship as suggested by Penn et al. (2013) (see Table 8). The acquired individual 

coded matrices were aggregated to form the final model. Correspondingly, the final FCM was 

constructed based on this aggregated matrix.  

Consequently, 21 matrices were accumulated and then scaled from into the range of [-1,1]. The final 

adjacency matrix and FCM were developed by compiling and scaling individual responses. Further 

analyses were undertaken based on the outcomes of this final FCM and filled or coded matrix. The 

concepts’ characteristics and role, and the causal relationships of concepts, or system’s variables within 

the coral reefs’ regime shift system could be derived from the analysis of the final FCM results.  

Table 8. Interpretation of the causal relationships between concepts 
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Linguistic weight 

(implication of the assigned weights) 
Strength connection 

A strong negative direct impact -3 

A moderate negative direct impact -2 

A weak negative direct impact -1 

Negligible or no direct impact 0 

A weak positive direct impact 1 

A moderate positive direct impact 2 

A strong positive direct impact 3 

 

5.3.2. Perception assessment 

Once all the results are compiled, and the final adjacency matrix is transformed into the 

preliminary cognitive map, the FCM outcome needs to be verified. Although proving the FCM-based 

predictions of the future of coral reef health and resilience under different scenarios is challenging, 

testing the inconsistencies and logic is feasible and essential. There are five general areas identified by 

Argent et al. (2016) in FCMs to be examined to minimise the systemic biases or errors that include 

testing the (1) scope to make sure all of the essential linkages and key concepts have been considered; 

(2) logic of the map to ensure all the edges or connections creates a meaningful tie among the concepts; 

(3) connections to confirm the relevance and accuracy of links to connectors; (4) flows to ensure 

sequences of concepts are logical and meaningful; and (5) thresholds to verify the assumptions, 

concepts and connections are under the well-defined modelling criteria and are associated with the study 

location’s specific conditions. For this purpose, the causalities of the system were tracked with the built-

in functionality of the Vensim software package (Ver.8). The mapped relationships were transferred 

manually to the Vensim software package, and all causal loops and causalities of the final map were 

reported to the expert panel for final assessment and verification.   

The experts’ possible differences in problem understanding and framing were inspected through the 

ambiguity analysis. Although ambiguity is expected and needed in a collaborative modelling procedure 

as innovative leverage, it can also generate a failure point in the case of extreme divergence among 

experts leading to the incapacity of creating a joint basis (Santoro et al., 2019). Therefore, ambiguity 

analysis was undertaken to avoid any cognitive or motivational bias using the principles of graph theory. 

On this ground, centrality, in-degree and out-degree indices of concepts were calculated based on the 

coded adjacency matrices for each expert. Notably, the centrality index was used to identify the impacts 

of concepts on the whole system from the experts’ perception. For this aim, the centrality indices of all 

concepts were individually calculated from all experts coded adjacency matrices. Once all the indices 

were compared against each other, and the expert team’s arrangement was approved, the modelling 

procedure proceeded towards creating the final adjacency matrix and concluding mapping. All these 
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testing criteria were inspected and studied in two separate workshops with the panel of experts prior to 

maturing the cognitive map of concepts to causal and numerical relationships. 

5.3.3. FCM-based analysis  

The results of cognitive mapping were used to map the socio-ecological systems and to 

demonstrate the causality of concepts in the coral reef ecosystems in this research. The results of the 

final adjacency matrix were used to measure and map the causality between all concepts. Subsequently, 

it is required to develop and define scenarios prior to undertaking sensitivity and scenario-based 

analyses, as described below.  

5.3.3.1. Scenario assumptions  

Scenarios were developed using a spectrum of assumptions outlining possible futures of human 

activities and governance systems under different climate change trajectories. Scenario assumptions 

outline possible futures climatic and non-climatic impacts on coral reef cover and their corresponding 

values on key concepts of the FCM model. Scenario assumptions were founded using two main groups 

of concepts, including climatic and socio-economic as detailed below.  

The future states of climatic concepts (i.e. sea level rise, ocean acidification, and ocean warming) are 

projected based on the implications and impacts of climate change scenarios presented by IPCC (2014) 

namely Representative Concentration Pathways (RCPs) including RCP 2.6, RCP 4.5, RCP 6.0, and 

RCP 8.5. In view of these four main RCPs, the future variations and ranges of climatic concepts were 

projected based on the assumed RCP for the scenario development. Accordingly, the low condition of 

these concepts denotes the associated impacts of RCP 2.6, the medium condition denotes the associated 

impacts of RCP 4.5 and RCP 6.0, and the high condition denotes the associated impacts of RCP 8.5 on 

climatic concepts. The ranges of RCPs impacts represent the predictions based on interquartile range, 

90% intervals and mean values of the predicated climatic conditions according to Alexander et al. 

(2018), Australian Bureau of Meteorology and CSIRO (2014), and Walsh et al. (2012). (See Table S3 

in Appendix A-4 for further information).   

Different states of socio-economic concepts (i.e. fishing intensity, fishing scale, local population, 

tourism marine activities, customary stewardship and governance) were perceived in scenario 

development based on the different ranges of projections. Firstly, although the population of Tanna is 

projected to be between 70,000 and 80,000 based on a growth rate of 1.4% by 2070 (Mackey et al., 

2017), it can be limited to a lower or peak at a higher number by considering lowest and highest 

plausible population growth rates within the same time horizon. Therefore, thresholds of high, medium 

and low states of the population concept were high for more than 80,000, medium based on the current 

annual growth rate, and low for less than 70,000. Secondly, the tourism activities or the number of 

tourists based on different projections of the strategic tourism action plan of Vanuatu (VSTAP) 
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(Government of Vanuatu, 2014), where low means less than 25,000 tourists; medium means between 

25,000 and 32,000 tourists; and high means more than 32,000 annual tourists are expected to visit Tanna 

Island by 2070. Next, considering the current low-intensity subsistence fishing scale, the medium and 

high states indicate the growth in fishing activities which may lower the current balanced mean fish 

abundance of around 33 per 100 m2 (±25 SE) (unpublished data from recent coral reef surveys in the 

area). Fish abundance is expected to drop dramatically if the fishing scale changes from subsistence to 

an industrial level operationalised by international fishing companies or governments. Lastly, to manage 

and moderate the adverse impacts of capital works and local-based human activities, the efficacy of 

customary stewardship and governance were defined with three main levels including highly effective, 

partially effective, and ineffective.   

5.3.3.2. Scenario development  

Scenario assumptions were required to be reflected sensibly throughout the scenario-based 

modelling procedure. Therefore, to run different scenarios, nominated concepts values are clamped to 

a fixed value between 0 to 1 based on a set scenario and its associated characteristics. For example, 

concepts with high or an industrial state of fishing scale were clamped to 1 (C11=1) to maximise their 

impact in running the scenarios. Four scenarios were developed as summarized in Table 9 and detailed 

below. 

• Scenario Ⅰ: “Blue sky and average local awareness; Moderate human stressors and low 

climate impacts”  

This scenario expects that the human-based stressors will continue with the current trend without any 

changes in significant policies including fisheries, tourism and governance. Kastom was considered as 

the most effective governance system in traditional societies (C11, C12, C17 and C26 = 0.5). Therefore, 

this scenario can also be considered as a Kastom-oriented scenario. In addition, the local population is 

expected to grow at a modest projected rate (C7 = 0.5). With regard to climate change impacts, it is 

expected that under this scenario, the global efforts towards mitigating greenhouse gas (GHG) 

emissions are successful, and the RCP 2.6 is the most plausible setting (C3, C4 and C5 = 0.1).  

• Scenario Ⅱ: “Responsible locals in an irresponsible world; Low human stressors and extreme 

climate impacts” 

This scenario projects the highest efficiency of customary stewardship alongside federal government 

control, where regulatory efforts are successful in controlling the negative impacts of unsustainable 

fishing, capital works, and damaging marine-based recreational activities (C12, and C17 = 0 and C26=0.9). 

It is assumed that locals are equipped with modern and capable fishing vessels to focus on off-shore 

fishing without overexploiting the inshore coral reef ecosystems of Port resolution (C11=0). Mitigating 

the adverse impacts of capital works are expected to be achieved through water quality improvement 
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plans (WQIPs), sustainable land-based management strategies, including farming practices and 

adaptive urban development. The population is anticipated to be between 50,000 and 65,000 according 

to the lowest projected rates calculated by Mackey et al. (2017) (C7 = 0). However, the pressure 

associated with climate change impacts is expected to be the most extreme, comparable to RCP 8.5 

impacts (C3, C4 and C5 = 1).  

• Scenario Ⅲ: “Modest local and global responsibility; Moderate human stressors and 

moderate climate impacts” 

The human-based stressors at the local scale are considered as having the lowest possible impacts on 

the marine ecosystem under this scenario. Like scenario Ⅱ, it is projected that federal and customary 

stewardships are being taken place to maximise the efficacy of management plans, including sustainable 

fishing and tourism activities, WQIP and sustainable urban practices (C11, C12 and C17=0.5). 

Correspondingly, Kastom governance plays a sustained role in socio-economic and development 

processes (C26=1). The population is expected to grow with the current rate as per scenario Ⅰ (C7 = 0.5). 

Climate change-related impacts are considered to be modest based on the global emission trajectories 

(C3, C4 and C5 = 0.5).  

• Scenario Ⅳ: “Reckless world; Extreme human stressors and extreme climate impacts” 

This scenario assumes the lack of sufficient federal and local governance and supervision or a 

sustainable regulatory body (C26=0) in limiting the adverse impacts of unsustainable fishing, destructive 

harvesting and agricultural and urban run-off into the ocean (C11 and C12=1). The coastal settlement is 

also expected to grow under unsustainable management plans without competent supervision. The 

population is projected to peak at the highest rate and the negative impacts of capital works and 

recreational activities are not managed effectively (C7=1). Overall, the ongoing local and federal 

management strategies are assumed to be continuing without any fundamental modification, resulting 

in maximum human-induced pressure on the coral reef ecosystems (C17=1). The climate change 

trajectory is similar to scenario Ⅱ (C3, C4 and C5 = 1), where the anthropogenic and climatic pressures 

are expected to be at an extreme level. 
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Table 9. Implications on the scenario concepts of the FCM model 

Concepts Scenario Ⅰ 

 

Blue sky and average 

local awareness 

Scenario Ⅱ 

 

Responsible locals in an 

irresponsible world 

Scenario Ⅲ 

 

Modest local and 

global responsibility 

Scenario Ⅳ 

 

Reckless world 

 

Sea level rise (C3) Low High Moderate High 

Ocean acidification (C5) Low High Moderate High 

Ocean warming (C4) Low High Moderate High 

Fishing intensity (C12) Moderate Low Low High 

Fishing scale (C11) Village level 

commercial 

Subsistence Village level 

commercial 

Industrial 

Local population (C7) Moderate Low Moderate High 

Tourism marine 

activities (C17) 

Moderate Low Moderate High 

Customary stewardship 

and governance (C26) 

Partially effective Highly functional Highly functional Ineffective 

 

5.3.3.3. Scenario-based simulation 

There are a range of tools with different capacities and pros and cons available to generate and 

run the FCMs, such as MentalModeler (Gray et al., 2013), JFCM (De Franciscis, 2014), and ESQAPE 

Nikas et al. (2019), FCM Expert (Nápoles et al., 2017), and FCM-Analyst (Margaritis et al., 2002). This 

study uses the FCMapper v2.0 (FCMAPPERS, 2017) to build and evaluate the cognitive map, and 

subsequently, run different FCM-based scenarios. FCMapper enables investigating the concepts’ roles 

and characteristics within a system and converting the parametrised concepts into the simulation 

process. Two significant outcomes were extracted from this tool, including indices of the map and the 

concepts and results of scenario-based simulations. Simulations are undertaken for the steady-state 

condition in which all concepts are assigned a constant and equal value without any constraints, and for 

clamped condition based on the scenario settings. The sensitivity of critical concepts to the changes of 

the other concepts condition was also measured using the simulation function of the tool. The simulation 

process was set to use the rescaled-Kosko interference, and the hyperbolic tangent transformation 

function with the lambda value of zero was used to maximise the accuracy and to satisfy the modelling 

purpose of this study. Considering the epsilon value (ε = 0:001), the number of iterations were decided 

by trial and error to reach the steady-state. For this study, the steady-state condition of the concepts was 

reached after eleven iterations.  

5.4. Results and Discussion 

5.4.1. Concepts characteristics 

Based on the modelling outcomes, the scope of influencing stressors on coral reef cover in the 

case of Port Resolution’s reef sites have been identified in a close interrelationship with ten main 

climatic, socio-economic and human factors including sea surface temperature, ocean dynamics (i.e. 
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sea level rise and extreme events), fisheries, fish stocks and species diversity, population, cultural 

values, recreational activities, coastal development, food demand and marine water quality (Figure 40).  

 

Figure 40. Scope of influencing stressors on coral reef cover in the case of Port Resolution, Tanna 

Island 

The centrality, indegree and outdegree indices of concepts in the FCM model is demonstrated in Figure 

41 based on the final adjacency matrix. As shown, the concept representing the coral cover has the 

highest centrality index, followed by the total population and the tourism marine activity concepts. In 

terms of systems modelling approach, the centrality index results show that the coral cover and the 

human activities concepts are the most unstable variables due to their systemic changing character from 

the input to output and vice versa. Importantly, the climate change trajectory can be only affected by 

factors not governed by activities on the local scale; however, it has the strongest influence on the 

system. After climatic factors, the total population has the highest impact on the whole system. 

Therefore, a preliminary notion is that controlling climatic factors and human activities simultaneously 

can influence the system, and particularly impede a coral cover regime shift, over a long-term period.  
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Figure 41. Centrality, indegree and outdegree indices of concepts in the FCM model 

 

5.4.2. Mapping the causal relationship of concepts  

Concepts are linked with different types of arrows representing the causal strength of the 

connection (see Figure 42). The causal strengths of concepts were categorised in four different types 

including minor, weak, moderate and strong. The weights on the connections on the maps can then be 

used to measure the importance of the factors. To make the mapping more practical and comparable to 

real-world conditions, the minor connections were neglected and removed from the map as suggested 

by Fairweather (2010) in modelling and cognitive mapping of a socio-ecologic system.  

0 2 4 6 8 10 12 14 16 18

Climate change trajectories (RCPs)

Temperature (Land surface)

Sea level rise

Ocean warming - SST

Ocean acidification

Rainfall on land

Total population

Storms and cyclones frequency and…

Catchment land use

Catchment land cover condition

Fishing scale

Fishing intensity

Sediment load

Nutrient load

Bay water quality

Capital works and infrastructure

Tourist marine activities

Coastal damage

Tourism income

Fish stock

Fishing income

Bleaching

Coral health (disease)

Physical damage

Coastal protection

Customary stewardship and…

Coral cover

Centrality (CI)

In-degree

Out-degree



Chapter 5 - Model Conceptualization and Mapping 

| P a g e  106 

 

  

Figure 42. The finalised FCM demonstrating the causal relationship of concepts.  

The polarity marks (negative or positive) beside arrows shows the direction (positivity or negativity) 

impacts of one concept to another 

5.4.3. FCM structure 

The evaluation metrics are focused on the specification or features of the FCM model to 

determine the complexity and to comprehend the structure of the evaluated system regardless of the 

values, focus and purpose of the modelling. First, the average degree of 4.3, as well as the calculated 

density of around 0.7, labels the model as a dense FCM structure showing that the whole system is 

relatively complex. Next, the network incorporates sub-networks (i.e. sub-systems in this case) 

according to the modularity and average path length values. Furthermore, the low value of the average 

clustering coefficient indicates that the concepts are supposedly manageable in general despite the 

complexity of the model. FCM specification and structure metrics confirm that understanding the whole 

system requires the inclusion of complex and dynamics modelling capabilities in conjunction with 

multidisciplinary expertise. The calculated values in Table 10 fall within the acceptable range 

comparing with other similar FCM modelling of comparable social-ecological systems (for example 

Alipour et al., 2019; Alipour et al., 2017; Solana-Gutiérrez et al., 2017; Li et al., 2016).  
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Table 10.  FCM specification and structure metrics  

Index Value 

Positive (negative) connections 51 (46) 

Density 0.49 

Average degree 3.41 

Modularity 0.31 

Average clustering coefficient 0.31 

Average path length 5.10 

 

5.4.4. Scenario-based analysis  

The outcome of the steady-state with no intervention and starting state vectors from 1 is 

obtained after 11 iterations (see Figure S4, Appendix A-5 for the values of the concept after 

iterations).). The simulation results of four generated scenarios regarding the health and resilience of 

coral reefs are presented in Figure 43 and denote higher direct impacts of coral bleaching, disease, and 

physical damage concepts on coral cover across all scenarios. Therefore, these three concepts have 

been identified as the governing factors having a direct impact on the coral cover in this socio-ecological 

system (Figure 43). In addition, Scenario I shows that reef community health will be significantly 

greater under its conditions compared to the other three defined scenarios by the end of 2070. The 

results of this study particularly emphasise the high vulnerability and sensitivity of coral communities 

to the future climate change trajectory. This indication suggests that climate change can impose 

irreparable damage; that even adequate supervision on human activities and implementation of 

management options cannot guarantee healthier coral communities on a regional scale. Without 

successful global efforts in achieving the climate change superlative trajectory (i.e. RCP 2.6) coral reef 

cover is highly susceptible to being damaged irreversibly, which will have adverse impacts on 

ecosystem services, and dependent human wellbeing. In a similar manner, comparing scenarios show 

that despite the least local pressures in Scenario II, the coral cover is still expected to be impacted 

negatively (i.e. around -25.5%) due to the high climatic impacts compared to the Scenario III under 

both moderate human and climatic impacts. This comparison confirms the key role of climatic factors 

on declining the coral cover.  However, lower physical damage in Scenario II (i.e. around +21%) was 

identified despite being under the worst climatic impact conditions compared to Scenario I which has 

low local impacts. Therefore, the physical structures of Port Resolution reefs are potentially being 

threatened more by local stressors (e.g. boat damage) than extreme events. This higher local-based 

impact could be due to the ongoing trend of marine-based activities or the bathymetric and 

geomorphological characteristics of  Port Resolution. On the other hand, comparison of physical 

damage susceptibility in Scenarios II and III also indicate that a functional governance system supported 

locally by customary stewardship and lower fishing intensity can better protect reefs from physical 
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damages under a moderate climate change trajectory. This comparison shows that despite the lower 

impact, climatic pressures still can cause physical damage. While coral reefs could be protected against 

disease and physical damages through adaptive local and governmental level policies, preventing mass 

bleaching events will require global efforts. The simulation results confirm those of others (such as 

studies by Hoegh-Guldberg et al. (2019), Harvey et al. (2018), Hoegh-Guldberg et al. (2018), Becken 

et al. (2017), Brown et al. (2017), and Gilby et al. (2016)) that that resilient and healthy coral reef 

conditions can only be achieved under integrated global and local efforts in mitigating GHG emissions 

in combination with reducing human-induced stressors on coral reef ecosystems. 

 

Figure 43. The differences between the values of key concepts in the baseline steady-state and four 

developed scenarios from multiple FCM-based simulations 

5.4.5. Sensitivity analysis 

The results of scenario-based modelling reveal that the climate-related concepts, population 

and tourism activities exert a robust control on the dynamics of the system. Importantly, climate change-

related concepts, including sea-level rise, ocean warming and acidification, and extreme events, deliver 

more profound changes to the functioning of the system. However, it is essential to understand the 

sensitivity of the target concept to a group of concepts that are representing different pressures and 

factors linked to the coral reef ecosystems, to be able to yield better climate change adaptation planning 

outcomes over the long-term. A sensitivity analysis was undertaken to observe the relative changes of 

the coral cover, as the target concept, to the trend of changes of four major groups of impacting concepts 

(Figure 44). For this purpose, four main groups of concepts were clamped to a value within the range 

of 0 to 1, the model was run, and the percentage of change on the coral cover concept was observed. As 

expected from the results of the scenario-based modelling, climatic-related factors have the highest 

impact on the coral cover. The coral cover concept can be impacted positively by more than 47% with 
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having all the climatic concepts clamped to 0. This fluctuation shows that the coral cover is very likely 

to be in a healthier condition without the climatic-related pressure, even under the current moderate 

supervision and governance system. Despite being substantially improved by the lack of climatic 

pressures, long-term plans to shift towards sustainable urban development with an effective governance 

system can also enhance the coral cover condition by 31%. The results of this sensitivity analysis 

reiterate the notion that both climatic and human pressures can play a destructive role individually and 

amplify impacts in a reckless world under both maximum local and global pressures. Therefore, an 

integrated approach to coral reef management needs to incorporate a focus on mitigating climatic as 

well as non-climate pressures.  

 

Figure 44. Sensitivity analysis of the key concepts to clamping different scenario concepts 

from 0 to 1 

In addition, sensitivities of three primary ecosystem services, including marine-based tourism activities, 

coastal protection, and fishing intensity, to the changes of coral reef cover conditions were analysed 

(Figure 45). To undertake this analysis, the value of coral reef cover was clamped to values from 0 to 1 

in order to represent a range of coral cover conditions from the worst to the best-case scenarios. Similar 

to the previous analysis, the changes of the target concepts were compared against the steady-state 

condition. These key ecosystem services looped or resulted in double-way causal relationships with 

coral reef cover condition. Healthier and improved coral cover lead to higher fish abundance and fishing 

activities, a higher number of tourists and tourism activities, and protection in the coastal zone from 

erosion. As indicated by the results of the sensitivity analysis of the key concepts to clamping scenario 

concepts, reef fisheries are more susceptible to undesirable regimes shifts of coral reefs in Port 

Resolution compared to tourism and coastal protection. The results of the sensitivity analysis also 

indicate that the tourism activities concept has the second-highest sensitivity to changes in coral cover 

condition. On the other hand, as shown in the mapped causal loop diagram (Figure 42), unprotected 

coastal zones, that can be a direct result of damaged coral reefs, can lead to an increased level of 

-50%

-30%

-10%

10%

30%

50%

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

C
h

a
n

g
e 

o
f 

th
e 

ta
rg

et
 c

o
n

ce
p

t 

co
m

p
a
re

d
 t

o
 t

h
e 

st
ea

d
y

 s
ta

te
 

Clamped values of concept groups

Recreational and tourism related concepts

Fishing related concepts

Population and land-based concepts

Climatic concepts



Chapter 5 - Model Conceptualization and Mapping 

| P a g e  110 

 

sedimentation with consequential harmful impacts on water quality, fish stocks, and also coral reef 

community.  

 

Figure 45. Sensitivity analysis of the ecosystem services concepts to clamping the coral reef 

cover concept from 0 to 1 

5.5. Global Research Implications  

Firstly, the presented stepwise FCM procedure can be adopted and transferred to coral reef sites 

across the globe, specifically in SIDS communities where similar results could be expected to be 

achieved. The scope of the identified concepts reveals that sustainable management or adaptation 

planning of coastal coral reefs are to be studied from a multidisciplinary socio-ecological lens. Beyond 

the focus of this research, the findings suggest that integrated long-term urban and marine-based 

management efforts are needed in sustainable coastal planning and management policies. Any 

integrated management plans should be implemented through a holistic approach that can incorporate 

socioeconomic, climatic, and marine biological and ecological processes by considering region-specific 

characteristics and capacities. However, the domain of the concepts within the multidisciplinary scope 

of this study can be used as the basis for other case studies to start identifying and investigating case-

specific leading concepts. For instance, planning efforts to preserve the Great Barrier Reef (GBR) must 

incorporate more concepts related to more developed coastal settlements, catchment populations and 

coastal industrial runoffs which are not applicable to the Tanna’s case (Hughes et al. 2015). Hazard 

mapping and the consequent spatial planning for marine ecosystem sites of Tanna are less likely to yield 

sustainable planning outcomes without considering other sites around the island. As such, similar 

studies are required to be undertaken for Sulphur Bay on the eastern side of Tanna island, North-West 

Tanna and Lenakel coral reef sites to identify their vulnerabilities and potential points of failure. This 

holistic view will help more balanced exploitation of all reef sites’ capabilities as a whole system, 
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minimise pressure on the site-specific individual failure points, and subsequently improve the island 

community wellbeing through a more secure flow of ecosystem services. Importantly, understanding 

the dynamic behaviour of reef communities in response to the multiple climatic and non-climatic 

pressures impacting on them requires employing effective tools and techniques with complex and 

temporal modelling capabilities and dealing with qualitative data with high levels of uncertainty such 

as FCM, as demonstrated herein. 

Local management interventions are not likely to be able to protect coral reefs under the worst-case 

climate change scenario. In general, the role of social capital is pivotal in adaptation planning for SIDS 

communities (Petzold and Ratter, 2015). More specifically, climatic factors have been identified as the 

most influential in impacting the health and resilience of reef communities, which can have drastic 

impacts on the associated ecosystem services and local inhabitant wellbeing. If global efforts fail to 

mitigate the current trends in global greenhouse gas emissions, preserving the current coral-dominant 

state of coral reef ecosystems will be challenging and is a topic that requires further ecological research. 

It has also been found that the impacts of local stewardship and governance systems in SIDS with 

traditional communities and dense social networks require particular attention in further planning 

efforts. The effectiveness of management interventions can be significantly improved by means of 

societal capacities for resilience and supervision. Higher efficiency of adaptation efforts or management 

interventions could be achieved through engaging the locals in sustainable planning, governance and 

stewardship, and monitoring efforts in the case of Tanna island (Buckwell et al., 2019). Therefore, 

Kastom-oriented interventions, such as seasonal taboos on fishing or ritual objects for managing human-

induced risk, should be considered in the future sustainable development plans for traditional 

Melanesian islands such as Tanna Island (for example in Fiji, see Giffin et al. 2019).  

Lastly, FCM results can be further enriched by coupling them with other probabilistic tools, such as 

Bayesian Belief Networks (BN), or dynamic tools, such as system dynamics modelling (SDM), which 

can help to improve the level of understanding about coral reef ecosystem regime shift over time. The 

results of conceptualisation and sensitivity analysis can be used specifically to initiate and validate other 

modelling practices. In addition to coral reefs, other coastal and marine ecosystems can be assessed and 

studied in a holistic manner using the FCM technique.  

5.6. Conclusion 

The FCM technique was employed as the central modelling platform in a multi-step process 

with three main steps, including problem articulation, perception assessment, and FCM-based analyses. 

As a result of the perception assessment step, 27 major concepts, particularly coral cover, were agreed 

as the most critical factors impacting the coral reefs regime shift’s dynamics. Climatic factors, including 

sea-level rise, ocean warming and acidification, extreme ocean events, temperature and rainfall pattern, 

were identified as the most influential factors impacting the health and resilience of coral reefs which 
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are mostly beyond the local communities and authorities’ control. However, protecting Port 

Resolution’s reef site from climate-driven regime shifts only is not sufficient to guarantee the stability 

of provided ecosystem services including coral reef fisheries, coastal protection and tourism. Coupled 

local management interventions and global efforts in mitigating the adverse impacts of climate change 

is needed to provide sustained coral reef-dependent ecosystem services at a regional scale over the long-

term. 

Among the major ecosystem services provided by coral reefs at Port Resolution, subsistence and 

commercial coral reef fisheries are more vulnerable to shifts from coral dominance to other undesirable 

dominance. Interestingly, among the local factors, unsupervised and uncontrolled tourism activities 

dramatically accelerated the shifting process from the coral-dominant condition. Considering the future 

tourism development plans to enhance the tourism carrying capacity of Port Resolution by Vanuatu 

Government (Vanuatu 2030, 2017), instantaneous response to preserve coral reef health and resilience 

are needed to uphold the tourism attractivity of coral reef ecosystems. Furthermore, tourism’s potential 

negative impacts need to be considered in sustainable management plans to ensure that coral reef health 

remains stable under increased visitation. Moreover, although preserving coral reefs can better support 

local well-being as an effective and suitable ecosystem-based climate change adaptation option, it is of 

paramount importance to consider other additional local interventions in the absence of any global effort 

to mitigate climate change impacts, such as ridge-to-reef catchment management plans, improved 

agricultural approaches or mangrove restoration. This consideration could become very critical due to 

the dominant influence of climate change-related factors, as shown in the scenario-based and sensitivity 

analyses within this study. 
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Appendix. Supplementary material 

Details of the quality assurance and the quality control of the data, the participant information 

sheet and questionnaire, assumptions related to the future states of climatic concepts results of 

simulation iterations and can be found in supplementary materials. 
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Chapter 6:  Adaptation strategies for coral reef ecosystems in Small Island Developing 

States: Integrated modelling of local pressures and long-term climate changes 

Abstract: Planning and decision-making vastly benefit from a holistic and systematic understanding 

of the long-term impacts of climate change and other non-climatic stressors on the health and resilience 

of coral reef ecosystems, and the efficacy of adaptation strategies and management interventions on 

mitigating these impacts and maintaining ecosystem condition and associated ecosystem service. This 

study reports on an approach to modelling coral reef stressors and possible adaptation interventions 

using the coral reef ecosystem of Port Resolution on Tanna Island, Vanuatu as the case study serving 

as a microcosm of endangered Pacific Small Island Developing States (SIDS). A novel participatory 

modelling framework was developed and followed in a stepwise manner to integrate local and long-

term climate change pressures by coupling structural analysis and the Bayesian Network (BN) 

techniques. The BN model was quantified through an advanced consolidated data-induced, evidence-

based, and expert-driven approach that incorporated: (1) projections of future climate conditions and 

changing human activities; (2) the influences of multiple stressors including physical environmental 

and sociological factors; and (3) spatial variability in the key processes and variables. The first and 

second phases conceptualised the whole system by providing a graphical presentation of system 

variables within the Driver-Pressure-State-Impact (DPSI) framework using the structural analysis 

technique. In the third phase, the BN technique was used to integrate the outcomes of multidisciplinary 

assessments and analysis with experts’ opinion. The BN modelling phase was completed based on 

evidence extracted from literature which reported the results of regional and downscaled climate 

models, GIS-based analysis, parametrised data obtained from the region, and tacit knowledge elicited 

from experts. The validated model was employed to anticipate the future health and resilience condition 

of coral reefs under different sets of climatic trajectories and adaptive responses scenarios. The results 

predict the risks to the health and resilience of the Port Resolution coral reef system from the adverse 

impacts of climate change and harmful human activities and the possible success of adaptations 

strategies. A sobering conclusion was that despite the current satisfactory condition of coral reefs in the 

case study zone, their health and resilience would be severely threatened by 2070 in the absence of 

implementing adaptation strategies and associated sustainable management interventions.   

Keywords: Sustainable Management; Coral Reefs; DPSI Framework; Bayesian Network (BN); 

Adaptation Planning; Small Island Developing State (SIDS). 

 



Chapter 6 – Bayesian Networks Modelling 
 

| P a g e  116 
 

6.1. Introduction  

Global population growth and increasing human impacts on ecosystems raise questions around 

the functionality and capability of marine ecosystems to provide adequate services which support social 

wellbeing to an acceptable level (Santos-Martín et al., 2013). Variations in the functioning and 

composition of marine ecosystems and the resultant threats and opportunities of ecosystem changes can 

significantly affect human well-being (MEA, 2005). According to the Millennium Ecosystem 

Assessment (MEA, 2005), in many instances, the flow of ecosystem services is being impaired as a 

direct result of changing climate conditions as well as non-climatic pressure. Within several decades, 

this current trend will result in the alteration of all ecosystems and may have severe negative impacts 

on ecosystem services and human well-being (Colls et al., 2009). Therefore, it is of paramount 

importance to identify, assess, and understand the provision of ecosystem services, to put more planning 

efforts toward improving the health and resilience of the supporting ecosystems. However, 

recommending management strategies or adaptation planning should incorporate the uncertainties in 

future social and natural land conditions under different climate change pathways.  

Small Island Developing States (SIDS) are among the most vulnerable communities, being highly 

dependent on services from coastal ecosystems. SIDS are a group of 57 small island countries listed by 

the United Nations Department of Economic and Social Affairs (UNDESA) (Spector et al., 1994) that 

share similar sustainable development challenges despite specific cultural and geographical differences 

(Hay, 2013). A range of factors, namely, remoteness, limited public education services and community 

awareness, being highly exposed to natural extreme events and disasters, and limited accessible funds 

are considered the most important challenges for SIDS. Inopportunely, coral reefs are also particularly 

vulnerable to multiple local-based activities and pollution, and climatic distress (Hughes et al. 2017). 

Globally, coral reefs provide services and livelihoods for millions of people (Hughes et al. 2017). For 

SIDS in particular, coral reefs are among key ecosystems for sustaining livelihoods (Martin et al. 2017) 

and, together with mangroves, important for coastal protection against extreme weather events (Hughes 

et al. 2017). Thus, planning for SIDS communities under rapidly changing and uncertain non-climatic 

and climatic conditions requires a realistic and long-term evaluation of impacting factors and potential 

management interventions for minimising the risks to these ecosystem services and that are effective 

and appropriate (Betzold, 2015; Robinson, 2017). Port Resolution, Tanna Island, Vanuatu, was selected 

as a case study region since it represents a typical microcosm of Pacific-SIDS geography and human 

settlements that are highly reliant on ecosystem services. It is to be noted that this study was undertaken 

as a part of an extensive project titled “EcoAapt in the Pacific” that aimed to identify appropriate 

adaptation interventions in the coastal zones of Pacific island states and territories in the face of rapidly 

changing climate and ongoing capital-intensive developments. 
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However, assessments of erratic, multidimensional and complex systems, such as coral reef ecosystems 

(Harvey et al., 2018) that exhibit a high level of uncertainty (Hoegh-Guldberg et al., 2019), mandates 

the employment of an integrated approach (Hafezi et al. 2018). Moreover, each assessment requires a 

customised procedure that can cater to the specific needs and characteristics of each system (Voinov 

and Shugart, 2013). Particularly, environmental systems, which are under constant changing climate 

conditions, are more likely to yield reliable outcomes when an integrated modelling approach is 

exploited (Hafezi et al., 2018). Besides, assessments of the socio-economic components of the coral 

reefs’ health and resilience system, as well as region-specific characteristics, opportunities, and 

limitations mandate the elicitation of local stakeholders’ knowledge in conjunction with other inputs, 

in order to derive reliable equations and probability distributions (Hoegh-Guldberg et al., 2019). 

Accordingly, this study required a modelling approach that is capable of taking into account the 

following aspects: 1) multiple factors that are conventionally dealt with by different disciplines but that 

account for a wide range of climate change-induced risks, and an assessment of the central ecosystem; 

2) integrative evaluations that combine both quantitative and qualitative types of data; 3) understanding 

of the causal relationship between the multiple stressors and reef health and resilience; and 4) effective 

treatment of the modelling complexities and uncertainties associated with the array of social and 

environmental factors. In other words, adoption of an advanced and practical approach and strategy was 

a mandate rather than an option to incorporate different types of qualitative and quantitative 

multidisciplinary data as well as to include a proper description and quantification of uncertainty in the 

modelling and assessment processes. For this purpose, an innovative participatory and integrated 

modelling strategy was to be developed that is highly efficient in integrating local and long-term climate 

change pressures under the specific characteristics of SIDS.  

Recently, the Bayesian Network (BN) technique has gained researchers attention (Kerebel et al., 2019) 

and been employed as the main modelling platform in different environmental studies such as 

ecosystems and ecological assessments (Smith et al., 2018), water management (Hallouin et al., 2018, 

Phan, et al., 2016a) and ecosystem services modelling (Zeng & Li, 2019). Landuyt et al. (2013) 

conducted a SWOT analysis of modelling techniques for ecosystem services and suggested the BN 

methodology as well suited for ecosystem-related assessment, despite some limitations and weaknesses. 

Similarly, Uusitalo (2007) identified the BN as an effective approach for complex environmental 

modelling and management problems having high specificity requirements. However, the key attributes 

for an adequate assessment of coral reefs health and resilience necessities the BN model to be quantified 

using multidisciplinary, data-induced, evidence-based, and expert-driven approaches. In light of these 

requirements, this study requires to further advance previous BN modelling frameworks for reef 

management, such as Gilby et al. (2017) and Brown et al. (2017), by integrating long term climate 
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scenarios with local pressures from increasing human use and land-management. Additionally, the 

exploitation of structural analysis in a sequential integration procedure coupled with other modelling 

techniques in a stepwise manner enables modelling needs and requirements to be addressed more 

effectively (Suprun et al., 2018). 

This study presents a novel probabilistic scenario-based modelling approach using hybrid exploitation 

of the BN and structural analysis techniques using qualitative and quantitative data to investigate the 

long-term impacts of climatic and non-climatic pressures, together with a range of management 

response strategies, on the health and resilience of coral reefs for the time horizon of 2070. While the 

resilience of coral reefs represents the recovering capability of reef systems to recover towards a coral-

rich state from either climatic or non-climatic pressures disturbance as a result of extreme events 

(Hughes et al. 2017). In addition, reef system resilience can be referred to their resisting or maintaining 

capacity against shifting from the morphological diversity towards single coral morphology or algal 

dominance (Scott et al. 2015). However, the health and resilience of coral reefs is relative to the coral 

cover in the study zone in this study. The Representative Concentration Pathways (RCP)s (IPCC, 2014) 

were used as the basis for different climatic scenarios to explore the implications of climate change 

impacts.  

6.2. Case study location 

Tanna is a relatively small island (550 km2) in Tafea Province, State of Vanuatu (in the 

Melanesian Pacific islands), in the South Pacific Ocean, with a rapidly increasing population largely 

living in traditional village communities  (Buckwell et al. (2019); Elliff and Kikuchi, (2017)). Coral 

reefs are subject to multiple anthropogenic pressures, which currently deliver vital ecosystem services 

to Tanna’s community, including improving the local economy through tourist attraction (Mackay et 

al., 2019); fish habitat and food supply; protecting local territories through sand production and 

protecting the coastlines from coastal erosion (Sahin et al. 2019); promoting human health condition 

through food supply (Elliff and Kikuchi, 2017); and supporting the local traditional culture, known as 

Kastom across Melanesia (Buckwell et al., 2019; Mackey et al., 2017). The current population of Tanna 

based on the 2016 census, is around 32,000 (UNDESA, 2017). Tanna Island has a diverse ecosystem 

with tropical forests, grasslands, water bodies, and diverse marine ecosystems, as shown in Figure 48. 

The coral reef is by far the most common ecosystem along the Tanna coastline, with occasional seagrass 

meadows, mangrove forests and sandy beaches (SPREP, 2016b). According to a recent valuation of 

ecosystem services (Mackey et al., (2017), more than 80% of Tanna Island’s ecosystem services are 

currently being provided by coral reefs. While, subsistence gardening provides around 18%, and other 

ecosystems can only provide around one per-cent of the valued services.  
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Recent surveys of Tanna’s coral reefs show that the reefs located in the Port Resolution generally have 

moderate levels of both coral cover and fish populations. At our focal area of Port Resolution, fishing 

pressure is considered moderate and localised according to the latest surveys, but there are reports of 

diminished stocks of harvested species of fish and invertebrates (Mackey et al. 2017). Port Resolution, 

therefore, provided a useful case study for exploring an integrated modelling approach to test 

management scenarios on known and predicted climatic and non-climatic pressures on a time horizon 

of 2070.  

6.3. Modelling approach  

The modelling approach and procedure were formulated by the multidisciplinary team of 

experts having skillsets from diverse and independent research fields including marine biology, coastal 

systems, climate change, systems modelling and risk assessment. Importantly, it should be noted that 

these experts had adequate knowledge of the study area and context since they were previously involved 

in a research project focusing on climate change resilience analysis and ecosystem and socio-economic 

mapping of the country of Vanuatu as reported by Buckwell et al. (2019), Sahin et al. (2019), and 

Mackey et al. (2017). To fulfil the modelling requirement of this study, a modelling procedure was 

developed that uses a stepwise iterative approach incorporated expert knowledge (Figure 46). This 

procedure comprises three main phases, including i) Research/model delineation; ii) Model 

conceptualisation; and iii) Bayesian Network (BN) Modelling. As the major part of the 

conceptualisation phase, the causal interrelationships between factors were mapped conceptually 

throughout different expert workshops using structural analysis as followed by Suprun et al. (2016). 

Next, the BN modelling procedure was followed based on the findings of the previous phases.  

Subsequently, the scenario-based analysis of modelling results was conducted to evaluate the efficacy 

of adaptation strategies for coral reefs ecosystems under different future climatic and non-climatic 

conditions. Each phase comprises different steps as detailed in Figure 46, in which, iterations of 

previous phases or steps if required.  

The BN modelling technique has been used in the literature somewhat differently to model coral reefs, 

including Brown et al. (2017) focused mainly on the impacts of water quality on coral reefs using a BN 

model; Ben et al. (2016) predicted ecological reef conditions in response to different management 

options without considering the impacts of climate change in its BN model; Franco et al. (2016) used 

BN techniques impacts of land and marine-based pressure without considering the impacts of 

management intervention; Ban et al. (2014) developed a BN model by utilising formal expert-elicitation 

processes in the absence of data-driven quantification approaches to obtain estimates of modelling 

outcomes; Renken & Mumby (2009) conducted the BN modelling of resilience of coral reefs to 

biological disturbance only, specifically Macroalga, in the case of Glovers Reef, Belize in Central 
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America; and lastly; Wooldridge & Done (2003) studied the associations of coral mortality and events 

bleaching using both empirical data and experts’ knowledge which was further developed by adding a 

GIS-based analysis to the model (Wooldridge & Done, 2004).  

In this study, the limitations of BN modelling were mitigated through the integration of  GIS-based 

assessments and structural analysis throughout a systematic stepwise procedure. This study has adopted 

an advanced fully integrative BN approach to model climatic, local and marine-induced pressures as 

detailed in the next section.  

6.3.1. Bayesian network (BN) approach 

BNs fall into the category of probabilistic graphical types of tools capable of handling decisions 

under uncertainty (Peng et al., 2018). 

Equation 1 presents the basic Bayes' theorem: 

      Eq. 2 

 

Where both P(A) and P(B) are the probabilities of observing A and B without regard to each other; 

P(A|B) is the conditional probability of A, given B; P(B|A) is the conditional probability of B, given A; 

and P(B|A)/P(B) is the likelihood ratio or Bayes factor. A BN model presents different events or 

variables with their dependencies (showing their relationships and the associated conditional 

probabilities) to calculate the probabilities of various possible causes. BNs are typically composed of 

three main elements: (1) a set of variables known as nodes; (2) arrows to represent the hierarchical 

relationship between variables (i.e. DAG); and (3) conditional probability tables (CPT)s or input 

functions or equations to calculate the state of variables through the constructed probability distribution 

(Rahman et al., 2015). Having all nodes mapped in the final DAG, states of nodes were initiated to be 

described individually. Each state should represent a possible real-world condition of a node in the time 

horizon of this study (i.e. 2070). Generally, nodes’ states should be mutually exclusive and finite in 

number and capable of being parameterised as either categorical, Boolean, continuous or discrete 

(Landuyt et al., 2013). The setting of discrete intervals should follow a rational and explicable process 

to achieve a representative and robust model (Pollino et al., 2007).  

6.4. Modelling procedure 

6.4.1. Delineation  

Formation of the modelling team, formulation of the modelling approach and the definition of 

modelling scope including regional, temporal, and interdisciplinary boundaries were established 
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throughout the delineation step. An extensive review of the literature on coral reef health and resilience 

was conducted to identify the key variables and stressors (see Appendix B-1). 

 

Figure 46. Modelling procedure for BN-based scenario analysis 

 (GIS: Geographical Information Systems, DAG: Diagram of Acyclic Graph, CPT: Conditional 

Probability Table, AUC: Area Under Curve) 
 

Following this, a list of 23 key variables was selected from a list of variables (known as nodes in BN 

modelling) through two expert workshops in late 2017. Subsequently, the experts were provided with a 

range of preliminary potential land and marine-based management options for improving the health and 

resilience of coral reefs extracted from an extensive literature review (see Appendix B-2). This list was 

later condensed in the next phase, whereby only those management options that were deemed 

compatible with the specific geographical and socio-environmental features of the study area were 

retained. Appropriate experts were consulted to ensure that only comparable evidence reported in the 

literature that linked individual management options to coral reef health resilience or improvements 

was considered.  Our starting conditions for Port Resolution were based on a site survey in Nov 2016 

by our expert team members showing a diversity of species of hard and soft corals, with occasional 

bleaching, and turf and crustose coralline algae. In developing the model, experts and system modellers 
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paid particular attention to the conceptual understanding of reef ecology and vulnerability from other 

islands in the South Pacific (Brown et al. 2017) and from the Great Barrier Reef (GBR) on the east coast 

of Australia (Hughes et al. 2017b). 

6.4.2. Conceptualisation 

This phase comprised of two major steps (1) documentation of the confirmed nodes; and (2) 

validation of system nodes relationships and development of a conceptual model. Nodes and their 

relations were initially constructed with the benefits of previously studied frameworks for coral reefs 

(Gilby et al. 2016, Brown et al. 2017), before confirming with experts via an acyclic causal diagram. 

Upon the completion of the documentation step (reported in Appendices B-1 and B-2), the conceptual 

model was developed in a practical and relevant framework to environmental assessments to conclude 

with an adequate conceptual model to undertake the next phase (i.e. BN modelling).  

The Driver-Force–Pressure–State–Impact-Response (DPSIR) is one of the most widely used 

frameworks in conducting environmental assessments, due its transparency, simplicity and ability to 

integrate multidisciplinary stressors and to direct the causal relationships of system variables (Argent 

et al., 2016). Gari et al. (2015) identified 79 articles that have applied the DPSIR framework individually 

or integrated with other tools/approaches studying on marine or coastal social-ecological systems. 

According to Gari et al. (2015), employing the DPSIR framework is an effective and appropriate 

approach for the assessment of management interventions addressing environmental concerns. 

However, the response layer in DPSIR refers to the responses of the model to the impact layer and 

generates feedback to the other four layers of the model (Argent et al., 2016). Accordingly, the response 

layer was not considered in the conceptualisation phase because of not being applicable given the scope 

of this study, and therefore, the nodes were categorised within the Driver-Pressure-State-Impact (DPSI) 

framework instead of DPSIR (Figure 47). Subsequently, all nodes were clustered within a DPSI 

framework based on their nature and mechanism of impact as following: climatic nodes (driver); 

controlling or management and adaptation nodes (driver); land-based nodes (pressure); ecological and 

socioeconomic pressure nodes (pressure); coral lethal threats including bleaching, diseases, and 

physical damage nodes (state); the health and resilience of coral reefs as the target node (impact). See 

Appendix B-1 for detailed definitions of each variable represented in Figure 47. 

The broad list of potential management options that was documented in the project delineation phase, 

and included structural, institutional, social, regulatory, and technological support potential options, 

was reduced to five options by the experts according to the region’s specific characteristics, 

opportunities and limitations (as described in Apendix B-2). The concluded management options were 
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added as management nodes in the DAG within the driver layer and were later linked to the core model 

nodes once the core model was validated as demonstrated in Figure 46 and Figure 47. 

6.4.3. Bayesian Network (BN) modelling procedure 

Development of the BN model required the inclusion of both qualitative assessments through 

the development of the conceptual models and the DAG, and quantitative assessments (i.e. 

parameterising the model with data by populating CPTs or equation-based techniques) (Phan et al., 

2016a). 

6.4.3.1. Construction of the diagram of acyclic graph (DAG) 

The final DAG model was developed based on the results of the previously taken steps in 

delineation and conceptualisation phases. There is often a trade-off between representing causal 

relationships and developing a model which has the minimum level of complexity required to provide 

robust, plausible and reliable performance. Applying a proper framework in the process of DAG 

construction can assist BN modellers in avoiding over-complexity of CPTs, managing the layers of 

DAGs effectively (Sahin et al. 2019), and controlling the sensitivity of the target node to the rest of the 

nodes if the BN has a single target variable (Aguilera et al., 2011).  

6.4.3.2. Model quantification  

Relative states were assigned to each node exclusively (continuous and discrete) to arrange the 

model for the scenario-based analysis upon the completion of the model quantification step. To 

compound misjudgements and to provide a mutual perception of the nodes’ mechanism of impact 

among experts and system modellers, all nodes alongside with their states were documented and 

described thoroughly before any parameterisation or CPT completion (see Appendix B-1).  

Next, the relationship functions or CPTs of nodes were populated and finalised using different methods 

depending on the availability of data, the predictability of future condition of each node’s states, and 

the assigned group within the DPSI framework. A range of parametrisation methods was agreed and 

designated to each node in a workshop. Apart from the designated expert and stakeholder workshops, 

it should be noted that a series of regular meetings with the expert team were conducted to regulate and 

to supervise the modelling procedure (Figure 46).  

In summary, model quantification was accomplished through the following approaches: 
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• Data-induced from equations and probability distributions using the available downscaled 

modelling results (known as BN inductive learning process when sufficient numerical data is 

available as recommended by Pearl (2014));  

• Synthesising knowledge and data based on the existing literature and studies only confirmed 

by experts; and  

• Evidence-based and expert-driven CPTs learning that require adaptation of existing literature 

coupled with expert opinion.  

 

Figure 47.  Causal relationships of nodes within the DPSI framework 

(management nodes: within dark green; other nodes of the driver layer: within light green; nodes 

within the pressure nodes: yellow; nodes within the state nodes: orange; the impact (target) node: 

grey)  
 

The final DAG, consisting of the nodes with their states and the joint probability distribution over the 

nodes, was developed by NETICA software version 5.4. (Norsys Software Corp, 2009) (see Appendix 

B-3 for the NETICA model). The quantification and CPTs completion methods with the references for 

different layers of nodes within the DPSI framework are detailed next.   

6.5. Codifying layers and data collection 

                  The following sub-sections outline the various nodes and supporting evidence used to 

quantify the model by completing nodes’ relationship functions or CPTs within the four DPSI layers. 
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Readers are referred to Appnedices and B-1 for B-2 a detailed discussion of the node definitions and 

supporting evidence. 

6.5.1. Driver layer 

Climatic nodes 

The climate-related variations for the region of the study were projected depending on the selected 

future climate change scenarios linked to one of the four IPCC acknowledged GHG trajectories (known 

as RCPs). All climatic nodes were directly linked to the climate scenario node with all the four RCPs 

as its four different states. Consequently, the projections of the climatic nodes and its child nodes were 

produced using the documented findings of downscaled climate models in the literature, mostly based 

on the results of Coupled Model Intercomparison Project (CMIP)-based Global Climate Models GCM, 

as well as the outcomes of the other region-based studies based on the 20-year mean variations centred 

on 2070 relative to a 20-year period centred on 1995 reported by Alexander et al. (2018), Australian 

Bureau of Meteorology and CSIRO (2014), Stephens and Ramsay (2014), and Walsh et al. (2012) (see 

Appendix B-4). In other words, all probability distribution functions of variations of the climatic nodes 

(including the land temperature, the sea surface temperature, the ocean acidification, the rainfall pattern 

and the storm pattern nodes) were completed based on the mean projected variations from 2060 to 2079 

(centred on 2070) relative to the recorded variations from 1986 to 2005 (centred on 1995) reported by 

different researchers in the selected references. 

According to Alexander et al. (2018) and Australian Bureau of Meteorology and CSIRO (2014), the 

averaged trend of sea surface temperature (SST), also known as ocean warming, is expected to continue 

varying between -0.2° to 3.2° degrees during the period of 1986 to 2099 with 95% confidence level for 

different RCPs. Despite diverse projections of SST based on seasonal and monthly time-series of 

CMIP5 in the literature due to its high uncertainty, this range of mean changes was used as a basis to 

quantify the associated changes. Likewise, land temperature (based on a 1-in-20-year event) will have 

an increasing trend between 0.4° to 3.9° where the maximum temperature during summer projected to 

increase between 0.3° to 3.1°, and minimum temperature in winters also expected to follow an 

increasing trend by 0.1° to 2.7° depending on the projected RCPs. In the same way, the number of days 

with extremely high temperatures is also expected to increase throughout the 21st century. Moreover, 

CMIP (Phase 5)-based models project the mean sea level rise of 20 cm up to 59 cm for four RCPs 

(Walsh et al., 2012).  

However, there is no agreement on the future mean annual precipitation anomalies, which is represented 

by a node namely rainfall pattern on land, and anticipated ranges between an increase of 58% to 
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decrease of 40% can be found in the literature (Bureau of Meteorology and CSIRO, 2018).  To anticipate 

the future rainfall pattern and quantify the associated node, annual mean rainfall variation ranges from 

-23% to +25% change for all RCPs were used in the quantification procedure. Also, El Nino and La 

Nina events, as well as tropical cyclones and regional storms, are among the most destructive natural 

events in the region which are expected to continue (Stephens and Ramsay, 2014). Accordingly, the 

Storm frequency node in the BN network represents natural disasters (including Tropical cyclones and 

El Nino and La Nina events) that may cause physical damage to coral reefs which was completed 

according to evidences and studies discussed by Meteorology and CSIRO (2014), Stephens and Ramsay 

(2014) and Walsh et al. (2012) under different anticipation of sea-level rise and rainfall pattern statuses. 

In addition, the projected rate of aragonite saturation (associated with ocean acidification) using 

downscaled CMIP5-based models for the period to 2070 shows a decline from 3.9±0.1 (Ωar) of the 

early 20th century to the lethal rate of 2.4±0.1 (Ωar) (Australian Bureau of Meteorology and CSIRO, 

2014; Veron et al., 2009). Considering the focus of this modelling, aragonite saturation state linked with 

different RCPs were used to track ocean acidification. Therefore, the ocean acidification node is 

directed by aragonite saturation rate and the climate scenario nodes. The associated CPTs were 

populated based on the downscaled computer-based simulation results reported by Veron et al. (2009), 

Meteorology and CSIRO (2014), and Frieler et al. (2013).  

Land use and cover condition nodes 

Geographic Information System (GIS) is generally used for collecting and consolidating multiple spatial 

data, presenting land conditions graphically as well as analysing and predicting the future spatial 

patterns of land use and cover conditions (Sahin and Mohamed, 2013). Therefore, land use pattern and 

land cover condition nodes were projected by undertaking GIS-based assessments considering 

prospective land use patterns under different population growth considering the development plans 

under management strategies. ArcGIS Desktop 8.1 software was employed as the spatial simulation 

platform to undertake the GIS-based analysis to map the ecosystem of the region. This research employs 

the methodology and materials from Mackey et al. (2017) and Sahin et al. (2019). The primary 

references to predict the future land use and pattern condition of the region were Vanuatu’s national 

policy by Haggarty et al. (2013); findings and discussions of Karim and Harrison (2016); and a related 

case study by Liping et al. (2018). Specifically, the Vanuatu National Land Use Planning and Zoning 

Policy report by Haggarty et al. (2013) outlines and describes the land use condition, land use legislation 

and institutional settings, and future land development opportunities of the state of Vanuatu. While, 

Karim and Harrison (2016) have investigated the climatic, institutional, and cultural factors governing 

land use patterns in Vanuatu.  
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Proportions of ecosystem types by area for the whole Island were measured as tropical forests including 

low height (less than 20m), medium (more than 20m) with open and closed canopies (totally around 

87%); coastal coral (approximately 7%); grassland (approximately 4%); fresh inland body water and 

other types (less than 2%). However, these proportions are changing rapidly over time mostly due to 

the fast expansion of population pressures, predominantly in the east and south-east Tanna (Mackey et 

al. 2018). The changes of land use and the land cover conditions over time can have considerable 

impacts on the runoff quality and quantity into Port Resolution, and henceforth, have adverse impacts 

on the coral reef health condition. Consequently, three states (including conservation, subsistence 

gardening, transformed non-agroforestry) for the catchment land use node and three states (including 

intact, modified and transformed) were assigned to the catchment land condition node. Specifically, the 

subsistence garden area per capita (i.e. 0.72 ha-1 in 2016) was an important indicator to complete the 

catchment land use CPT. To illustrate an observed example, 80 km2 were converted to subsistence 

gardening within five years from 2011 according to the GIS-based analysis mostly because of the rapid 

population growth. Accordingly, the proportion of the future subsistence gardening area was anticipated 

in the model based on the median population growth rate under different states of local governance and 

customary stewardship. However, the land cover change rate cannot continue with the current area per 

person rate or indicator due to the limited available lands in the Island, which shows the importance of 

taking other considerations into account. The initial draft of both land use and cover condition CPTs 

were drafted supported by downscaled GIS-based analysis of Port Resolution area which was confirmed 

by experts. Figure 48 demonstrates an overview of Tanna Island’s current ecosystem with Port 

Resolution GIS inset map. 
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 Figure 48. Tanna Island’s map with Port Resolution inset 

(Resource: Island Map from Google map and Port Resolution inset from ArcGIS 8.1 software output) 

 

Socioeconomic nodes 

Two nodes, namely population growth and governance and customary stewardship, were added to the 

DAG representing the primary socio-economic drivers of anthropogenic impacts in a local-scale. 

According to the UN Revision of World Population Prospects report (United Nations, 2015), the latest 

Census shows 32,280 as the population of Tanna, and it is projected to peak at 78,788 by 2070 based 

on the average estimate of 1.4% annual growth rate (Mackey et al., 2017). However, considering the 

highest and lowest mean estimate rates, the population is projected to be between 50,000 and 85,000 by 

2070. Accordingly, the thresholds of low, medium and high states of the population growth node were 

defined as the low state ranges for projections below 65,000 and the high state ranges for projections 

more than 80,000.  

Given the socio-cultural characteristics of SIDS, the impacts of the unique mechanism of local 

governance and traditional stewardship systems were shown in the model by dedicating a node titled as 

governance and customary stewardship. To finalise its CPT, the benefits of the effective political 

governance and customary stewardship arrangements and the impacts on the child nodes were  

considered based on Tanna’s current kastom-oriented or socio-cultural processes. For this purpose, 
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Mackey et al. (2017), Karim and Harrison (2016), Forsyth (2009) and Johnson et al. (2018) studies were 

referenced to formulate an initial depiction of the local governance and customary stewardship systems, 

which were finalised based on experts’ judgment.  

Management intervention for adaptation nodes 

The nodes representing management interventions were selected from a portfolio of potential options 

presented and discussed with experts (see Appendix B-1 for the full list). The states of the final 

management nodes were defined to reflect regulatory intervals due to the context of this model. A 

summary of nominated management options and their mechanism of impact are summarized as follow: 

• Fisheries management with a focus on control overfishing of endangered or popular species 

(such as parrotfish in Port Resolution); seasonal restrictions for all commercial fishing 

(McClanahan et al., 2011); transformation of fishing methods to safe operating space for coral 

reefs for both subsistence and commercial fisheries (Sadovy and Domeier, 2005); alterations of 

the coral sea fishing zones by supporting locals with transport and modern fishing facilities 

(Eriksson et al., 2017).  Community marine conservation areas, including through practising 

kastom seasonal taboos, is an approach used in Vanuatu and other Pacific SIDS as a governance 

mechanism for fisheries management in coral reef ecosystems. 

• Recreational activities supervision and management aim at delimiting the recreational activity 

zones within which coral reefs and other endangered species are reasonably safe with a 

sustainable management system through effective monitoring and social capital (Godfrey, 

2009).   

• Artificial reef structures and fish aggregation devices (FADs) option has a potential for 

increased fish abundance (Rendle and Rodwell, 2014), and therefore, for recovering reef sites. 

Since the reefs in place have low natural structure and with a gentle slope ranging from 1 m 

deep on reef crest down to around 15 m on the ocean-exposed side of the reefs, the use of 

artificial benthic structures was selected as a potential solution for the reef site in Port 

Resolution. Particularly, placement of artificial reefs can cause encouraging new coral growth 

as a base for coral recovery (Raymundo et al., 2009) as well as protect coral reefs from certain 

physical damages such as providing a physical deterrent to trawling (Rendle and Rodwell, 

2014) and moderating the severity of the medium waves (Silva et al., 2016). This option can 

also control the potential causative relationship between reduced herbivorous fish abundance 

with the prevalence of coral diseases. 

• Water quality improvement plans (WQIPs) focus on improving the quality of water flowing 

from the catchments and coastal zones adjacent to the Port Resolution reef site. Specifically, 
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WQIPs should consider all sources of land-based water pollution sources including agricultural, 

local communities, and tourism activities through assisting and encouraging locals to maintain 

septic systems and convert cesspools to septic systems and extending discharge points into 

deeper water, providing guidelines on optimal fertilizer types and application techniques, and 

promoting installation of adequate and well-managed sewage treatment plants for the future 

development and tourist resorts (Great Barrier Reef Marine Park, 2014).  

• Coastal land use sustainable development plans seek to prevent sediment erosion into the bay 

and coastal waters caused by farmlands’ clearing and deforestation; to maintain infiltration rate; 

to control wastes into the port; to extend discharge points further offshore. Generally, the 

negative relationship between coral reefs health condition and proximity and density of coastal 

population (Mackey et al., 2017) should be minimised through effective, sustainable land-use 

practices (Burke et al., 2011). Therefore, coastal land use management for Port Resolution can 

lead to healthier water quality adjacent to the reefs by increasing the rate of contaminants’ 

dispersion with greater dilution as well as minimising the human land-based activities in the 

vicinity of reef sites.  

6.5.2. Pressure layer 

Harvesting nodes 

Unsupervised and uncontrolled harvesting can lead to irreversible damages not only to the fish stock 

but other marine ecosystems (Hughes et al., 2015) as reported in many sites in Melanesia, Pacific Ocean 

Region (Hardy et al. 2013). The latest surveys of the marine biologist experts engaged in this study 

show the mean fish abundance of around 65 per 200 m2 ( 25 SE) in the Port Resolution reef site.  

Therefore, the impacts of both unsustainable subsistence and commercial harvestings were assessed 

over the given time horizon by taking the assessments and the measurements of other similar regions 

into account, including: the formulated fishing thresholds by McClanahan et al. (2011); findings and 

discussions of Dunstan et al. (2017); modelling results of Gilby et al. (2016); and a review of 44 years 

destructive fisheries behaviour in a reef site reported by Nurdin et al. (2016). Also, according to Brewer 

et al. (2013), the accessibility of the major local marketplaces of the Island (currently Lenakel in South-

west side of Tanna) and the availability to overseas markets was assumed as further drivers impacting 

on the scale of harvesting. Other considerations, including the availability of fish stocks in other sites 

around the Island and the suitability of fishing devices and methods, were incorporated based on the 

experts’ judgment. 

On the other hand, the harvesting intensity node was projected based on the assumed effectiveness and 

level of local governance and federal policies in place. The extent of all harvesting related impacts was 
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assembled by adding a divorce node namely total harvesting pressure. This node was defined as and a 

function of both harvesting scale and harvesting type or intensity. Thus, the CPT of the harvesting nodes 

were populated based on the expected population scenario, land use condition and cover conditions, 

capital work and infrastructure conditions, then scrutinised and approved by the expert panel.  

Water quality nodes 

Thresholds of the poor and good states of the water quality node were adopted from water quality 

component assessment for coral reefs presented by Fabricius (2005). Populating the CPTs of the water 

quality nodes were undertaken under different population and land condition scenarios considering the 

formulated water quality index (WQI) for marine ecosystems presented by ISRS (2004); water quality 

component-based assessment for healthy reef system based on nutrient and sediment loadings by Risk 

(2014); nutrient-based water quality definition by Bruno et al. (2007); water quality threshold definition 

by De'ath and Fabricius (2010); and impact assessment of terrestrial runoff quality on coastal coral reefs 

measured and studied by Fabricius (2005). Particularly, the trajectory of nutrient loading level under 

different scenarios was predicted by experts referring to nutrient enrichment and eutrophication model 

presented by D’Angelo and Wiedenmann (2014) in consideration of Port Resolution’s specific 

characteristics. In a similar manner, the joint probability of sediment load level for every combination 

of sea-level and rainfall conditions under climate change RCPs, and coastal cover condition were 

calculated by experts based on the findings of Fabricius (2005), Gilby et al. (2016), and Reef-2050 

(2017).  

Tourism and capital work nodes 

The strategic tourism action plan of Vanuatu (VSTAP) (Government of Vanuatu, 2014) explains the 

tourism carrying capacity of the country, and accordingly, forecasts different short-term scenarios of 

future tourism growth. To complete the CPT, the prospects of tourist activities at the study area given 

the impacts of four RCPs (Klint et al., 2012) were assessed based upon: population projections; various 

capital works implications; infrastructure as suggested by Gössling and Hall (2006). Tourist facilities 

were projected by experts based on the assumptions detailed by Frost et al. (2014) and Government of 

Vanuatu (2014). Similarly, the capital work, that is the parent node of the recreational activities node, 

was populated by system modellers based on the hypothesis delivered in the national sustainable 

development plan of Vanuatu (Vanuatu 2030, 2017), VSTAP (Government of Vanuatu, 2014), and in 

consideration of the GIS mapping of future land use condition.  
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6.5.3. State layer 

The state layer of the DPSI framework consisted of three nodes, namely, coral bleaching, coral 

diseases, and physical damage. These three nodes, as discussed below, have a significant direct bearing 

on the health and resilience of coral reefs.  

Coral bleaching node 

For CPT completion, the intervals and thresholds of states of the node were explored based on the 

discretised class intervals resulting from the multivariate classification of datasets analysed by Krug et 

al. (2013). Besides, Frieler et al. (2013) projected the fraction of the coral reefs at risk of long-term 

degradation (%) under different global mean temperature changes based on the thermal tolerance of 

corals. According to Frieler et al. (2013), even limiting global warming under 1.5° can only preserve 

around 10% of world corals. While, ocean acidification can reduce thermal tolerance of corals, with 

having more significant roles in lower warming scenarios or RCPs (Anthony et al., 2011). 

The symbiotic relationship between corals and their algal symbionts are being disrupted by climatic 

stressors causing coral bleaching (Hughes et al., 2017b), and therefore, many researchers are highly 

sceptical about the coral reefs ability to persevere over a long-term period with severe consequences of 

climate change. However, despite these scepticism about the resilience of coral reefs under changing 

climate conditions, Hughes et al. (2018) have recently contended that the ability of coral reefs to change 

the ongoing trajectory of ecosystems degradation, known as ecological memory, can increase their 

resilience against the mass bleaching events even under rapid ocean warming. Therefore, the CPT of 

the bleaching node were populated based on the probability table of bleaching event attained by 

incorporating findings of Frieler et al. (2013), and with the modelling results of Krug et al. (2013) and 

corroborated by the bleaching event of ten Pacific coral reef sites which have been identified as being 

identical to the Port Resolution reef site reported by Barkley et al. (2018).  

Coral diseases and shift to algal dominance node 

As mentioned before, the complexity of CPT learning processes can be managed by using divorcing 

nodes, such as the water quality and the harvesting pressure nodes. This divorce node act as an interim 

node to represent multiple factors or stressors (i.e. nodes). The same modelling strategy was employed 

to measure the impacts of water quality on the coral disease node. So, the impacts of residential and 

agricultural waste load, nutrient concentration, sedimentation, and the WQIPs on the prospect of coral 

disease were measured as water quality in combination with other drivers according to discussions of 

Vega Thurber et al. (2014), the conceptual model of coral bioindicators in response to water quality 
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conditions presented by Cooper et al. (2009), and the formulated relationship between algal growth and 

coral health by Nugues et al. (2004). 

Moreover, the role of ocean acidification and warming in the coral disease were reflected in the CPT 

based on the relationship function presented and exploited by Anthony et al. (2008) and Bruno et al. 

(2007). Next, the long-term impacts of harvesting pattern and behaviour on the coral disease were 

projected based on the discussion of Scott et al. (2015) demonstrating the abundance of fish impacts on 

reefs.  Lastly, the populated CTP was consolidated using the opinion of the multidisciplinary experts.  

Physical damage 

Research articles with different case studies across the world (including GBR, Hawaiian coral zone, 

Persian Gulf corals, and corals of the Red Sea and the Gulf of Aqaba) were used for understanding the 

impacts of recreational activities on coral reefs. A selection of applicable reported case studies were 

employed in support of the projection and measurement of human-induced physical damage for CPTs 

completion for the low and high level of tourism activities impacts (Gladstone et al., 2013; Hannak et 

al., 2011; Kininmonth et al., 2014; Ku‘ulei and Cox, 2003; Williamson et al., 2017). Similarly, the 

recorded damages from natural and climate-related events published by the Secretariat of the Pacific 

Regional Environment Programme (SPREP) and Johnson and Walsh (2016) were employed to project 

the extent of physical threats to reef communities under different climate scenarios. As an illustration, 

according to a post-cyclone survey in early 2015 at 14 reef sites recorded by SPREP (2016a), between 

19.5% to 39% of hard coral cover on the surveyed sites north and north-west Efate, state of Vanuatu in 

the Pacific Ocean were documented to have considerable signs of significant physical damage (Johnson, 

2016).  

6.5.4. Impact layer  

The resilience of coral reefs is negatively correlated with the future trend of bleaching, 

projections of disease and shifting from coral to algal dominance, and the potential climatic and non-

climatic physical threats (Burke et al., 2011). A severe condition of each of these three parent nodes can 

result in catastrophic mortality or irrecoverable loss of coral community. The probability of the different 

states of this node, also known as the target or impact node within the DPSI framework, is assigned for 

all the combinations of parent nodes’ states accordingly. Hence, CPT of the health and resilience of 

coral reefs’ node was populated based on the combination of multiple and individual states of parent 

nodes.  
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6.6. Scenario setting  

Once the model quantification was accomplished, scenario settings were defined to conclude 

the modelling procedure with the last phase. Scenario-based analyses aimed at predicting the health and 

resilience of coral reefs in response to the management strategies and prospective scenarios covering 

both direct and indirect anthropogenic as well as climatic disturbances by 2070. Scenario nodes’ states 

were changed to compare the target node of persisting or declining coral reef health and resilience. 

Evaluating a combination of meaningful and plausible scenarios provided a rational comprehension 

about the condition of the reef based on the best-case and worst-case combination of states of scenario 

nodes. A set of management strategies, including business-as-usual (BAU), coupled with different 

population and governance level scenarios were considered under all four RCPs. This scenario-based 

modelling is expected to provide decision-makers and stakeholders with a holistic view and insight into 

the future condition of the Port Resolution reef site as well as a realistic perception of the effectiveness 

of management strategies. The results can also be exploited in support of environmental planning and 

decision-making processes.  

There were four main scenarios used in the modelling procedure: 

I. Sustainable intervention management scenario (Scn.SIM): This scenario expects that the 

population is expected to grow with the lowest projected rate (as discussed in Section 3.3.3.1) 

and with a satisfactory or improved level of governance and customary stewardship due to the 

continuing strength of traditional practices. All proposed management interventions in this 

research are assumed to be in the highest possible level of effectiveness including executing 

strict fishing regulations, effective WQIPs, extended installation of FADs and artificial reefs 

across the bay, and successful implementation of coastal planning and marine-protected zones. 

However, this scenario is considered the most expensive combination due to the extensive 

deployment of WQIPs, FADs as well as the lower expected tourism and fisheries income in 

both subsistence and commercial scales.   

 

II. Partial intervention management scenario (Scn.PIM): This scenario projects the federal 

government control and regulatory efforts are successful in both mitigating the negative impacts 

of capital works and controlling damaging marine-based recreational activities. Moreover, the 

ongoing local kastom-oriented or traditional governance and customary stewardship practices 

are considered as being highly capable of actively supporting management practices. 

Consequently, coastal land use and marine protected policies are assumed as an effective and 

successful option over a long-term period. Besides, the local population growth (as discussed 

in Section 3.3.3.1) is expected to continue growing by the medium estimate rate of 1.4% 
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annually by 2070. In contrast, the potential opportunities provided by costly management 

options are not being fully employed in this scenario, including ineffective WIQPs, limited use 

of FADs and artificial reefs, and the modest level of fishing restrictions. 

 

III. Business-as-usual scenario (Scn.BAU): This scenario assumes that there will be no significant 

change in management approaches in the face of the changing climate, no fundamental 

behavioural change in attitudes and priorities of locals, and no effective control over the coastal 

settlement. In addition, kastom was considered as an effective actor with a sustained role to 

play in social, political and development processes in this scenario despite its current lesser 

efficacy and efficiency compared to the past. Therefore, this scenario is kastom-oriented 

without a significant intervention of additional sustainable management efforts due to the 

expected effective local governance and customary stewardship. Hence, the factors impacting 

on the coral reefs’ health and resilience are only influenced and controlled through a local self-

government system without adopting any further policies, strategies or approaches under this 

scenario. Lastly, the local population is expected to peak at the highest rate (as discussed in 

Section 3.3.3.1). 

 

IV. Unsustainable human interference and management scenario (Scn.UIM): This is the worst-

case scenario assuming the lack of effective governmental control and regulatory body in 

limiting destructive harvesting and managing the adverse impacts of coastal activities, capital 

works and other damaging recreational activities as well as ineffectual customary stewardship 

and local governance system. Also, it is expected that the population, specifically settled within 

the coastal zone, will grow similar to the BAU scenario. Overall, the ongoing local and federal 

management strategies and policies are assumed to be continuing without any fundamental 

modification, and all the potential management options, recommended in this research, are 

ineffective or disregarded.  

The settings of the states of the scenario nodes are summarised in Table 11. It should be highlighted 

that Section 3.3.3 covers considerations related to the nodes and their associated states.  
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Table 11. State settings of the management and scenario-nodes 

Scenario Title of nodes 

Title Population Governance & 

customary  

stewardship 

Control 

fishing 

Coastal 

land use 

WQIPs Marine 

protected 

policy 

Artificial 

reefs and 

FADs 

Scn.SIM Low Effective Strict Effective Effective Extended Extended 

Scn.PIM Medium Effective Strict Effective Ineffective Extended Limited 

Scn.BAU High Effective Moderate Ineffective Ineffective Limited None 

Scn.UIM High Ineffective None Ineffective Ineffective Limited None 

 

6.7. Results and Discussion 

By the completion of the model and the accomplishment of meaningful scenario settings, the 

health and resilience conditions under each scenario for all four RCPs were projected. Scenario 

predictions showed the probability of both persisting and declining states. The scenario predictions 

show the probability of ecosystem condition for the time horizon of 2070. The results of this scenario-

based modelling can provide decision-makers and stakeholders with a more holistic view and new 

insights into the future condition of the Port Resolution reef site as well as a realistic assessment 

regarding the effectiveness of management strategies. Therefore, the results can be exploited in support 

of environmental planning and decision-making processes.  

6.7.1. Scenario-based modelling outcomes  

Validating predictive models through gauging modelling performance and uncertainty is an 

essential step before interpreting the model results (Agrahari et al., 2018). Following the model 

validation (discussed in Section 4.2), the scenario-based analysis was initiated using the four scenarios 

summarized in Table 11).  

Probabilities of declining reef health were considerably lower for Scn.SIM compared to the other three 

scenarios, regardless of climate trajectory (Figure 49). Probabilities of persistent reef health declined 

with increasing changes in climate from RCP 2.6 (i.e. persistent reef health probabilities increased from 

47 to 74%) to RCP 8.5 (probabilities increased from 15 to 30%). These results provide some 

understanding of the link between changing climate conditions, as a result of human global scale 

activities, and the reefs conditions despite the undeniable role of local management interventions. 

However, even the best climate trajectory (i.e. RCP 2.6) does not necessarily lead to healthy coral reefs 

in the absence of effective management interventions.  
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Figure 49. Probabilities of persisting and declining health and resilience of coral reef from multiple-stressors 

interactions under different scenarios 

(the RCP with a number indicates the climate change scenarios and the charterers represent the scenario 

assumptions as summarized in Table 11) 

 

To better understand the direct threats responsible for the coral reefs decline, the predictions on the 

future conditions of coral bleaching, diseases, and physical damages, (under the state layer in the DPSI 

framework in Figure 48) are presented in Figure 50. This colour-coded graph provides a snapshot of 

the projected future severity of bleaching, diseases and physical damages as well as the degree of 

effectiveness of different management strategies under the four RCPs. Colours in Figure 50 also 

represent the risks associated with each scenario combination and the severe consequences of all listed 

events (including strong coral bleaching, high level of coral disease and high physical damage to the 

reef communities). In other words, the higher the probability of listed events, the higher the risks 

associated with severe consequences for coral reefs. 
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Figure 50. A colour-coded table of projected conditions of bleaching, disease and physical damage 

stressors based on different scenario-modelling results (up) and the legend bar (down) 

6.7.2. Model calibration and validation 

Prior to any scenario-based modelling and analysis, the model was calibrated and validated as 

a matter of course. Due to the specific time-horizon and scope of this research and also inherent 

uncertainties embedded in ecological behaviour of coral reefs in response to the unknown future socio-

economic and climate trajectories, it was infeasible to evaluate the model using the historical data. 

Therefore, the model was calibrated and validated through and BN-specific evaluation techniques.  

Firstly, the model proceeded to the analysis phase through the extensive model development procedure 

(Figure 47). The so-called “core model” without the inclusion of management options was developed, 

analysed and tested before linking the management nodes. Upon the verification of the core model, the 

management nodes were linked to their child nodes, and the associated CPTs were updated afterwards. 

The multi-step model development approach resulted in a double model verification process; firstly for 

the core model, and then, for the entire model. 

Following the multi-step model development, the BN model evaluation was conducted. Additionally, 

validating predictive models (such as BN decision-making models) through gauging modelling 

performance and uncertainty was an essential step before the exploitation of the modelling results 

(Agrahari et al., 2018). The metrics of prediction performance and sensitivity analyses deliver reliable 

measures to evaluate the model performance in BN modelling (Aguilera et al., 2011). BN-specific 

evaluation methods used in this study consisted of prediction performance (i.e. The robustness test using 

confusion matrix) and the sensitivity analysis and entropy reduction approach, as detailed in the 

subsequent section. It should also be mentioned that in addition to the described numerical validation 

methods, BN logic and modelling has been qualitatively validated through a series of workshops 

attended by various discipline experts having Tanna experience. 
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6.7.3. Prediction performance 

To undertake prediction performance validation, a data set was generated using an identical BN 

model for different scenarios replicated in a new software designated for this test, and the results of 

different combinations of nodes were compared to check the performance of the new model once the 

net was compiled. For this purpose, A data set with 10,000 records were generated using the Generate 

Data function of the GeNIe software version 2.1.1104.0 (BayesFusion LLC, 2016) The new dataset file 

comprises of the values of the nodes randomly generated based on the probability distribution associated 

with the DAG and through the learning and generated data file function of GeNIe. Next, the proficiency 

and robustness of the modelling results in predicting both persisting and declining conditions of the 

health and resilience of coral reefs were tested using a confusion matrix by supervising the predicted 

values against the generated outcomes (Table 12).  

 

Table 12. Confusion matrix for the robustness test 

  Health and resilience of coral reefs  

(Predicted) 

Precision (%) 

(Accuracy rate) 

Health and resilience of coral 

reefs  

(Generated) 

Condition Declining Persisting  Overall 

Declining 2,317 829 73.64 

Persisting 690 6,164 89.93 

 

Also, a Receiver Operator Characteristic (ROC) curve was plotted for persisting and declining 

conditions of the target nodes using the values of the confusion matrix (Figure 51). The ROC graph 

shows the true positive rate (sensitivity) and false-positive rate (1- specificity) over a range of cut-off 

values at various threshold settings, and accordingly, the area under the ROC curve (AUC) was 

measured, as a simple numeric indicator of the model predictive performance (Semakula et al., 2016). 

As a result, the model achieved 84.81% accuracy in predicting the target node’s states, or in other words, 

the mean AUC of 0.848 for both states of the health and resilience of coral reefs which is within the 

acceptable range of predictive accuracy. The results of predictive accuracy assessments using AUC 

shows the reliability of the model performance.  
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Figure 51. Receiver-operating characteristic curves for persisting (Left) and declining (Right) states of 

the target nodes 

6.7.4. Sensitivity analysis 

Selecting a suitable sensitivity analysis method for assessing the performance of a BN model 

should be undertaken mostly based on the model components and structure (Rositano et al., 2017).  

Sensitivity to findings method was favoured due to the modelling purpose and the non-linearity of the 

BN structure. The sensitivity analysis was intended to fulfil two aims: scenario-modelling result 

assessment and model validation. The analysis for the former purpose was measured by the entropy 

reduction and the mutual information values using Netica software. To deliver the second aim, the 

sensitivity analysis was conducted by entering an action or setting a constant value to a random node 

and changing the conditions of other management and scenario nodes. This action was repeated for 

some other nodes randomly by system modellers to ensure the model responds reasonably to significant 

changes 

As another quantitative evaluation method to better capture the modelling outcomes, entropy reduction 

calculations were conducted to identify the sensitivity of the target node to the parent nodes and other 

nodes. Entropy or self-information of a selected node in BN modelling is commonly exploited to rank 

the input variables based on their influence on the selected node as well as to measure the uncertainty 

or randomness of the selected node characterised by the constructed probability distribution (Semakula 

et al., 2016). The entropy reduction calculation variables are commonly used to measure sensitivity 

analysis among the nodes with categorical or discrete states (Rositano et al., 2017). In general, the 

greater entropy reduction of a node means the higher impact of that particular node on the target node. 

Hence, sensitivity analysis based on different scenario settings were conducted using the replica models 
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in GeNIe, as a suitable platform, for all four RCPs in which all nodes were modelled with discrete states. 

The entropy reduction values show the higher impact mass bleaching on the future health and resilience 

of coral reefs compared to the coral diseases and physical damage under all scenario settings. However, 

the sensitivity analysis results indicate different scenarios and assumptions can change the degree of the 

impacts of these three parent nodes on the target nodes. Specifically, bleaching and coral disease have 

approximately the same degree of impact on the health and resilience of coral reefs under the lowest 

emission trajectory with Scn.BAU and Scn.UIM scenarios (i.e. RCP 2.6). Figure 52 demonstrates the 

reduction percentage values (%) between the target node (the health and resilience of coral reefs) and 

the parent nodes including coral bleaching, coral diseases, and physical damage to coral communities. 

 

Figure 52. The values of entropy reduction (%) of the parent nodes of “the health and resilience of 

coral reefs” node for four scenario settings under four RCPs 

6.8. Conclusion  

This study explored the long-term perspective of the future health and resilience condition of 

coral reefs under different combinations of management strategies and under four climate change RCPs. 

A BN model was developed through a systematic approach by following a stepwise modelling 

procedure. Subsequently, twelve scenario settings were defined based on the effectiveness or the extent 

of management strategies, climate change trajectories, and future population projections. The presented 

probabilistic scenario modelling results can provide researchers and decision-makers with a more 
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holistic understanding of the long-term impacts of climatic and non-climatic stressors and the 

effectiveness of management interventions on coral reef condition. Also, the conceptualisation phase 

can provide further insight into the causal relationship between these multiple stressors and 

interventions.  

The modelling procedure and DPSI framework presented here, along with the hybrid systems approach, 

can be used as the basis for further model development for investigating marine ecosystem impact 

assessment and decision-making processes. Environmental assessment and planning are a process rather 

than an outcome which benefits from an integrated approach (Kelly et al., 2013). According to Hamilton 

et al. (2015), a holistic environmental assessment and modelling require the consideration of different 

aspects and dimensions of integration within multiple layers that relate to the systems and 

methodological requirements as well as other key drivers of the applied integrated approach. Hafezi et 

al. (2018) introduced the concept of a multi-layered planning approach that provides information that 

can inform more holistic climate change adaptation plans for SIDS. The modelling approach used in 

this study draw upon this multi-layered approach by (1) employing participation-based, probabilistic 

and spatial tools (i.e. BN and GIS-based) and process simulation modelling; (2) including social, 

climatic and ecological factors; and (3) considering a range of structural, social including community-

based, regulatory, and ecosystem-based approaches in the selection and inclusion of the sustainable 

management interventions and adaptative strategies. Further development of the novel modelling 

procedure presented in this study within a decision-making framework will support improved 

adaptation planning. 

Reliable and accurate modelling of coral reef condition requires the consideration and formulation of 

the dynamic and temporal interrelationships of key stressors and accumulative impacts. However, this 

task is compounded by (i) the low level of biophysical and socio-economic data usually available in 

developing country SIDS to parameterise models and (ii) the complexity of the reefs system and their 

responses to the anthropogenic and climatic stressors. The BN modelling approach, which is based on 

the acyclic and hierarchical relationships of variables, is an effective way of exploring and comparing 

the effectiveness and sustainability of different management strategies. While the current BN model 

incorporates many of the significant variables, it has some limitations. Decision-making processes for 

selection of adaptation strategies for implementation should incorporate additional socio-economic 

analyses such as cost-effective analysis and social acceptance. Further research is also needed into how 

the quantity and quality of the various eco-system services vary with coral reef condition. 

This study provides further evidence that the BN technique is a practical and useful modelling approach 

for understanding ecosystems, coral reefs in particular. Employing BN through the presented stepwise 

modelling procedure is more likely to yield better modelling outcome over the long-term where there 
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is a high level of uncertainty in modelling key processes and variables including in the face of uncertain 

future climate conditions and human activities. In addition to documenting the application of the BN 

modelling approach to adaptation problems in SIDS over a long (~50 year) time horizon, this study has 

further the existing reef management BN models through a hybrid systems approach inclusive of 

coupled DPSI and structural analysis BN-based probabilistic scenario modelling. The results predict 

the risks to the health and resilience of the Port Resolution coral reef system to the adverse impacts of 

climate change and harmful human activities and the possible success of adaptations strategies. A 

sobering conclusion was that despite the current satisfactory condition of coral reefs in the case study 

zone, their health and resilience would be threatened severely by 2070 in the absence of implementing 

adaptation strategies and associated sustainable management interventions.   
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Description of the key variables and stressors on coral reef health (i.e. BN nodes), a list of 

preliminary potential land and marine-based management options alongside with their states, Bayesian 

Network model developed in Netica, and a summary of climate change-related data and assumptions 

used to quantify the climatic nodes can be found at supplementary materials



Chapter 7 – System Dynamics Modelling 
 

| P a g e  144 
 

 

CHAPTER SEVEN: SYSTEM DYNAMICS 

MODELLING 
 

Statement of contribution to co-authored submitted paper  

 

This chapter includes a co-authored peer-reviewed paper. The bibliographic details of the paper, 

including all authors, are:  

 

Hafezi, M., Stewart, R.A., Sahin, O., Giffin, A.L. and Mackey, B. 2020. Evaluating climate change 

adaptation strategies for coral reef ecosystem services in a small island developing state: Integrative 

system dynamics approach. [Submitted at Journal of Environmental Management, 2020]  

 

 

My contribution to the paper included reviewing the pertinent literature, designing the model 

boundaries, finalising the list of variables, designing the modelling procedure, operating software 

(Netica and Vensim), conceptualisation, data collection and curation, undertaking sensitivity analysis, 

interpreting and visualisation of the results and drafting the original draft of paper. 

 

 

Signed: _________________________Date: 10/04/2020 

Mehdi Hafezi 

Countersigned: __________________Date: 10/04/2020 

Co-author: Prof. Rodney Stewart (Principal Supervisor, School of Engineering and Built 

Environment, Griffith University)  

 

Countersigned: ___________________Date: 10/04/2020 

Co-author: Dr. Oz Sahin (Principal Supervisor, Griffith Climate Change Response Program, Griffith 

University)  

 

Countersigned: ___________________ Date: 10/04/2020 

Co-author: Alyssa Giffin (PhD Scholar, Australian River Institute, School of Science and 

Environment, Griffith University)  

 

Countersigned: ____________________Date: 10/04/2020 

Co-author: Prof. Brendan Mackey (Professor, Director of Griffith Climate Change Response Program, 

Griffith University) 

 

 

 

 

 

 

 

 
 

 

 



Chapter 7 – System Dynamics Modelling 
 

| P a g e  145 
 

Chapter 7:  Evaluating climate change adaptation strategies for coral reef ecosystem services 

in a small island developing state: Integrative system dynamics approach 

Abstract: Coral reef ecosystems provide a broad spectrum of essential ecological, economic and 

cultural services for Small Island Developing State (SIDS) communities. However, coral reef 

communities are being increasingly threatened by the adverse impacts of human activities at both global 

and local scales. This paper presents an integrated dynamic modelling framework for the assessment of 

coral reef ecosystem conditions under different management and climate change scenarios, and their 

consequential economic impacts in Port Resolution, Tanna Island, Vanuatu. The assessment and 

modelling framework follows a sequential multilayered approach to deal with different challenges 

including, complexity and dynamicity of socioeconomic and environmental systems, and impacts from 

trans-discipline variables by employing the System Dynamics (SD) approach coupled with the 

outcomes of structural analysis and Bayesian Networks (BN) modelling. Firstly, structural analysis was 

employed to describe the whole system, to quantify the relevance of relationships between the system’s 

components, and to support the verification phase. Next, the BN was used to incorporate existing data 

and expert knowledge, to project the future conditions of coral reefs under different scenario settings, 

and to parametrise and quantify the SD model where the existing data and information was insufficient. 

As the main focus of this paper, the dynamic relationships between coral reef cover condition and the 

derived economic benefits from ecosystem services were simulated using the SD approach under 

different scenario settings and assumptions. The results deliver a range of the coral reef cover 

trajectories and the associated economic impacts under multiple scenarios. The study indicates that the 

adoption of integrated and community-based sustainable management strategies helps to preserve coral 

reef ecosystems and maintain local communities well-being over the long-term. Importantly, this study 

determined that the implementation of an integrated portfolio of management strategies better protect 

the flow of ecosystem services provided by coral reefs under RCP 2.6, 6.0 and 8.5, as well as maximise 

total economic benefits despite high initial capital investments, and some reductions in income due to 

fishing and tourism restrictions. 

 

Keywords: Systems Dynamics (SD); Bayesian Networks (BN); Fuzzy Cognitive Mapping (FCM); 

Ecosystem services valuation; Anthropogenic pressures; Ecosystem-based management 
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7.1. Introduction 

7.1.1. Background 

Small Island Developing States (SIDS) are known globally to have fragile environments and 

growing populations that are highly vulnerable to the adverse impacts of globalisation and 

anthropogenic climate change (Connell et al., 2020). Marine ecosystems of SIDS deliver services that 

are vital for the well-being of their associated local communities (Fuldauer et al., 2019). This fact is 

particularly the case in Pacific-SIDS, such as in Vanuatu, where coastal communities rely heavily on 

marine ecosystems, specifically, coral reefs, for tourism, coastal protection, sand production, 

biodiversity, food security and traditional cultural ‘kastom’ related services (Van Hooidonk et al., 2017; 

Buckwell et al., 2019). Coral reef health plays an important role and has direct and indirect implications 

on community life in Vanuatu and is extremely vulnerable to climatic and anthropogenic pressures 

(Komugabe-Dixson et al., 2019). These complex socio-ecological interactions require particular 

attention and study to ensure sustainable management of ecosystem functions and their essential 

ecosystem services.  

At present, the global flow of fifty to seventy per-cent of vital ecosystem services provided by coral 

reefs is projected to be critically impeded by 2040 (Woodhead et al., 2019). Specifically, the coral reef 

ecosystems of Tanna Island, one of the most populous islands of Vanuatu,  requires particular attention 

due to its high susceptibility to multiple climatic and non-climatic pressures (SPREP, 2016; Hafezi et 

al., 2019). These pressures can subsequently threaten Tanna’s community well-being in the absence of 

successful coupled global mitigation efforts and local adaptation interventions (Hafezi et al. 2020). 

While mitigating the worldwide symptoms of the changing climate conditions can only be achieved 

with collective efforts on a global scale, adaptation action to address the impacts of climate change 

require targeted assessment and planning at local scales (IPCC, 2014). Regional adaptation planning 

requires following a customised procedure tailored to locally-based needs, opportunities and capacities 

(Grantham et al., 2011; Weis et al., 2016). Notably, the assessment of coral reef health and resilience, 

and the related ecosystem services that contribute to human well-being, requires the employment of 

suitable techniques capable of dealing with the complexity and temporal dynamics and uncertainty of 

the associated socio-economic and environmental systems, along with the uncertainty in the responses 

of coral reef ecosystems and social behaviours to future climatic and non-climatic pressures.  

7.1.2. Modelling objectives 

From an ecosystem-based adaptation perspective (Mackey and Ware 2018),  the aims of local-

scaled climate change adaptation planning are to help maintain the flow of coral reef ecosystem services 

benefits to the dependent communities (Buckwell et al. 2019). Assessing the climate-related risks to 

coral reefs and evaluating the efficacy of adaptation interventions requires a methodology inclusive of 

interactions between what is a complex -socio-ecological systems and an integrated approach is 
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necessary that can address the multiple components and their interactions (Peng et al., 2019; Hafezi et 

al. 2018). Adaptation planning for marine ecosystems, and particularly coral reef ecosystems, that draws 

upon systems thinking has been reported in the literature using a variety of approaches including 

Bayesian Networks (BN) (Ban et al. 2015; Smith et al. 2018; Callaghan et al. 2018), System Dynamics 

(SD) (Bartelet and Fletcher 2017;  Chateau et al. 2015), participatory Driver-Pressure-State-Impact 

(DPSI) (Leenhardt et al. 2017), and coupled systematic image analysis with ecological modelling tool 

(Roelfsema et al. 2018).  These modelling approaches all have their strengths and weaknesses. In 

comparison, structural analysis techniques, such as Fuzzy Cognitive Mapping (FCM), are capable of 

incorporating stakeholder opinions for system’s conceptualisation (Alipour et al., 2019) while BN is 

among the best tool to deal with uncertainties and qualitative data using both expert’s knowledge and 

numerical modelling  (Phan et al., 2016a ). However, as Hafezi et al. (2018) showed a multilayered 

integrative approach that combined the best features of different modelling techniques could 

significantly enhance the efficiency of adaptation planning outcome. 

An effective adaptation planning procedure requires integration in the following dimensions (Hafezi et 

al. 2018):  (i) integration in terms of an interdisciplinary assessment where a diverse range of factors 

can be assimilated including ecological, economic, engineering and sociological considerations; (ii) 

integration in terms of a modelling approach which utilises an array of techniques and tools; and (iii) 

integration in evaluating the adaptation responses, i.e. the ability to considering a comprehensive set of 

potential options including regulatory, behavioural, engineered and ecosystem-based. A coupled 

modelling technique is needed for climate change adaptation strategies for coral reef ecosystem services 

in a SIDS island-specific context that can accommodate the complexities and dynamics of the coral reef 

socio-ecological system and local community interactions, along with the uncertainties of future 

impacts and pressures.  

 7.1.3. Study focus 

This paper reports on a novel coupled dynamic modelling framework for ecosystem-based 

adaptation planning in a SIDS island context that is focussed on the assessment of coral reef health and 

resilience under different climate change scenarios, and the consequential economic and human well-

being impacts. Port Resolution, Tanna Island, Vanuatu was used as a case study to develop, test and 

model the fringing coral-reef, local community and resultant socio-ecological system. 

The developed modelling procedure comprises three stages based on the following modelling 

approaches (1) structural analysis and conceptual mapping; (2) probabilistic modelling (i.e. BN) as 

detailed by Hafezi et al. (2019); and (3) dynamic modelling (i.e. SD) which is the main focus of this 

paper.  Although SD is an appropriate and powerful tool for temporal-dynamic modelling (Suprun et 

al., 2019), its capacities be further enhanced in dealing with qualitative data and embedded systemic 

uncertainties by coupling with other effective methods (Phan et al., 2018). Therefore, this novel three-
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stage modelling procedure was developed to maximise their respective advantages and cover their 

respective limitations.   

First, the principal influential factors in coral reef health and ecosystem services were identified, and 

subsequently, their causal relationships were mapped using the participatory structural analysis 

technique. Next, the long-term perspective of the future health and resilience condition of coral reefs 

under different sets of management interventions were explored using the BN technique (Hafezi et al., 

2019). Lastly, the SD modelling stage investigated the nexus between environmental and economic 

values under different combinations of management or adaptation strategies over a long-term period, 

namely, the 2020 - 2070 year period.  

This paper focuses on reporting the SD modelling procedures and results as this novel component of 

the three-stage procedure, and the first two stages and related modelling techniques were reported in 

Hafezi et al. (2019, 2020). The outputs of the BN modelling were used to quantify the SD model 

variables of the model, where the existing data and information were insufficient. Once the SD model 

was quantified and formalised, the environmental impacts on the coral reef ecosystem and the 

consequential economic impacts of the combination of different management interventions and climate 

change scenarios were projected and analysed. Apart from the novelty in the coupling SD modelling, 

linking the coral reef condition with a long-term economic valuation for a range of management strategy 

scenarios, the study findings provide a more in-depth insight for practitioners and policy-makers 

seeking sustainable climate change adaptation solutions, particularly in a SIDS island context. 

7.2. Research Method 

BN modelling technique was coupled with SD modelling in this study, as illustrated in Figure 53. 

In the first stage, reported in Hafezi et al. (2020), a Causal Loop Diagram (CLD) was developed 

throughout the structural analysis, which forms the basis of an SD model. In the second stage, the BN 

modelling results provided an in-depth insight into the coral reef health and resilience system as detalied 

by Hafezi et al. (2019), including the impacting variables and their associated values within the system, 

as well as coral reef ecosystem condition under different management scenarios that provided inputs 

for the third stage SD model calibration and validation steps. The outcomes of BN modellings were 

employed in support of formulating and quantifying some variables of the SD model, particularly where 

existing data and information were insufficient to quantify the model. The development of the final SD 

model and the input contributions of structural analysis and BN for this procedure is described in the 

following sub-sections.   
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Figure 53. Roadmap of the sequential integrative modelling approach 
 

 7.2.1. Stage 1: Modelling design and conceptualisation 

Stage 1 comprised two main steps: Step 1 – Problem articulation and scope definition through 

identification and description of primary interrelated elements (variables); and Step 2 – 

Conceptualisation and mapping the causal relationships of variables through expert opinion elicitation 

and analysis using adjacency matrices (i.e. structural analysis); and all potential relationships between 

identified variables were understood and quantified in detail through the exploitation of a designed 

adjacency matrix which links all of the progressive elements as detailed by Hafezi et al., (2020). This 

stage also supported participants to share their knowledge by describing the system and analysing 

convinced aspects of the behaviour of the proposed system (Dhirasasna et al., 2020). An aligned FCM 

study by the authors aided the interpretation of the structural analysis findings and the subsequent 

conceptualisation of the SD model (Hafezi et al. 2020).  

 7.2.2. Stage 2: Bayesian networks 

This stage was undertaken using BN modelling technique. BN is categorised under the probabilistic 

graphical types of tools that are capable of handling decisions under uncertainties based on the 

fundamentals of Bayes’ theorem (Gacutan et al., 2019). A BN model presents different events or 

variables with their dependencies (showing their relationships and the associated conditional 

probabilities) to calculate the probabilities of different possible causes. Development of the BN model 

required the inclusion of both qualitative assessments (through the development of conceptual models 

and Directed Acyclic Graph (DAG)), and quantitative assessments (parameterising the model with data 
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by populating conditional probability tables (CPT)s or equation-based modelling techniques), for 

integrated environmental and socioeconomic systems in particular (Liu et al., 2019). BN-based 

modelling comprised of three main steps as shown in Figure 53, namely: Step 3 – construction of the 

DAG construction; Step 4 – BN model quantification; and Step 5 – BN model sensitivity analysis. 

The results of structural analysis (i.e. stage I) were used to envisage the DAG in step 3. This DAG was 

validated, as explained by Hafezi et al. (2019). Upon finalisation of the DAG (i.e. Step 3), different BN 

states were assigned for each node. The identified interrelationships of variables throughout the first 

stage were utilised to construct the final DAG for BN modelling, as shown by Hafezi et al. (2019). 

Subsequently in Step 4, the BN model was quantified through an advanced consolidated data-induced, 

evidence-based, and expert-driven approach that incorporated: (1) projections of future climate 

conditions and changing human activities; (2) the influences of multiple stressors including physical 

environmental and sociological factors; and (3) spatial variability in the key processes and variables. 

However, the dynamics and temporal evaluation of coral reef regime shifts require capturing the impacts 

of changing climate conditions on coral reef ecosystems over-time.  

Despite being a powerful participatory tool in dealing with the uncertainties of a system, BN models 

lack the ability to handle temporal and dynamic aspects of modelling (Phan et al., 2018). Therefore, 

employing the results of a BN model could be used to project the future conditions of coral reefs at a 

particular instant of time but not overtime. To cover this limitation, the BN model was coupled to an 

SD model that was used as the central modelling platform. SD models are typically used to simulate 

the dynamics of complex systems. While they can effectively assimilate quantitative data, they are not, 

however, able to credibly and effectively and skilfully treat system uncertainties.  BN modelling, 

therefore, played a critical role here in supporting the SD modelling procedure to handle the 

relationships of variables with high uncertainty and where the existing data and information were 

insufficient. Thus, the outcome of the BN model was used as input to define some variables in SD in 

Stage 3. In particular, the impacts of climate change-related factors on coral reef ecosystems were 

formulated in the SD model using the BN modelling results, as discussed later.   

 7.2.3. Stage 3: System dynamics  

SD is a computer-based modelling approach based on feedback control and non-linear dynamics 

theory that enable analysts and system modellers to account for interactions among interrelated 

subsystems that drive dynamic behaviours of a system over time (Sterman, 2000). Capacity to 

incorporate time delays, amplifications, casual and structural relationships, and system feedbacks in the 

modelling procedure has made SD popular for analysing and understanding complex temporal systems 

(Sterman, 2018). It rests on the assumption that nonlinearities, system feedbacks, and relationships 

between a system’s elements can be more significant in determining aggregate system behaviour than 

the individual components themselves (Forrester, 1970). SD was chosen to model the non-linear 
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dynamics of the critical socioeconomic or socio-ecological feedback processes within the case study 

location, which combines the advantages of continuous and discrete-time concepts (Sterman, 2000; 

Sahin et al., 2016). The discrete concept of time is based upon the distinction between time-points and 

finite time intervals, while the continuous concept deals with changes over time, based on infinitesimal 

mathematics (Sahin and Mohamed, 2014). Also, the approach helps provide a deeper understanding of 

how complex systems behave and evolve, giving a dynamic rather than a static view of such systems 

(Forrester, 1970, Kelly et al., 2013). Further, the fact that it is not limited to a particular system type 

means that biophysical and socioeconomic subsystems can be incorporated, simulated and analysed 

within the same model (Suprun et al., 2019).  

According to the SDM modelling procedure by Sterman (2000), and Maani and Cavana (2007), SD 

modelling starts with the development of a dynamic hypothesis (the conceptual model), generally 

referred to as a CLD, which is then converted to Stock and Flow Diagrams (SFD)s equations developed, 

and the SD model simulated (Zare et al., 2019). The dynamic behaviour of system variables can be 

captured by using SFDs. Stocks, also known as levels, are to generate behaviour using flows or rates 

that are linked to stocks that cause changes in stocks.  As a common requirement of systems modelling, 

an SD model needs to be calibrated, validated, and analysed prior to any further exploitation (Sterman, 

2000). Therefore, the SD modelling process should incorporate the CLD and SFDs development, and 

subsequently, model verification through calibration, sensitivity analysis and validation as detailed next.  

Step 6: Causal Loop Diagramming (CLD) 

The conceptualisation and relationships mapping (step 2) aimed at identifying main influential 

factors and their corresponding causal relationships as an initial analysis of coral reef regime shifts from 

a long-term perspective. Based on the outcomes of step 2, the scope of influencing stressors on coral 

reef cover in the case of Port Resolution’s reef sites was identified within twenty-seven main influential 

variables under five main groups as follows: (1) ‘Total population and impacts’ such as local population, 

annual tourism growth rates and the consequential impacts on water quality; (2) ‘Economic benefits 

and activities such as fisheries and tourism activities; (3) ‘Climatic and ocean dynamics’ such as 

temperature, sea surface temperature, rainfall pattern, sea-level rise and extreme events; (4)’ Land use 

and capital work’ such as coastal development and island accessibility capacity; and (5) ‘Marine 

ecosystem health’ including coral reef cover, fish stocks and species diversity. As the primary outcome 

of this step, an initial conceptual model was nested into the SD stage to build the CLD. A high-level 

integrated view of the coral reef health and resilience system components are shown in Figure 54. The 

relationships among the five main subsystems have resulted in eight balancing loops and four 

reinforcing loops (see Figure 54). 
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Figure 54. A high-level conceptual diagram of the components of the coral reef’s health system  

Step 7: Stock and flow diagraming 

Once the system is conceptualised and the CLD is confirmed, an SFD was developed (i.e. SD 

model) to model the complex and dynamic behaviours, including time-lags, nonlinearities, and 

feedback of different transdisciplinary variables (Sterman, 2000). Accordingly, development of the SFD 

was based on the finalised CLD, and the dynamic modelling was conducted by employing the Vensim 

SD software (Vensim DSS, 2018). Then, the SD modelling proceeded to the parametrisation phase 

based on the different climate change and adaptation scenario variables. Notably, climate change 

trajectories and the consequential, direct impacts were predicted based on the Representative 

Concentration Pathways (RCPs) for the time horizon of 2070. RCPs are scenarios defined by the IPCC 

Fifth Assessment Report (AR5) IPCC (2014) to represent time series and the trajectories of emissions 

and concentrations of the full suite of greenhouse gases (GHGs). Functional coral reef cover and the 

economic valuation of coral reefs were the two key stocks used in the model, although the whole system 

consists of other significant stocks, including tourist population, local population, available tourism 

accommodation, and accessibility capacity. The SFD consists of five main submodels or subsystems, 

including capital work, tourism and population, economic; climate change; and ecology subsystems 

(for the detailed SFD see Appendix C). Once constructed and all submodels linked, the SFD of the 

subsystems were formalised and quantified. 

The process of developing, formulating and parameterising SFDs is commonly called model 

parameterisation (Suprun et al. 2019). Model quantification populates SD models with initial values, 

parameters, constant or formulas for dependencies of information. Stocks are regulated by the inflows 

and outflows, which are formulated by linking the variables and using numerical and quantitative 

equations. However, this study incorporates building a model with probabilistic relationships. In this 

study, temporal climatic changes and their water quality impacts on the deterioration of coral reef 
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conditions were formalised using probabilistic modelling outcomes. Therefore, model quantification of 

sub-models was accomplished using either one of the following two approaches:  

• Formula-driven and evidence-based parameterisation from relevant equations and numerical 

data, and information provided and reported in existing literature, studies and government and 

scientific reports; and  

• BN-based parameterisation from the outcome of the BN models (Stage 2) and simulations, 

where the existing data and information are insufficient to quantify the model. 

The following sub-sections outline the subsystems, and parameterisation approaches with references to 

the five main subsystems labelled as marine ecology, economic, capital works, climate change, and 

tourism and population subsystems. Detailed parameterisation and quantification information for the 

various variables within the SFD are provided in the Supplementary File (Appendix C). 

Marine ecology subsystem  

Dynamic modelling of the ecology subsystem mainly aims at capturing the temporal changes 

of functional coral reef cover stock. The changes of functional coral cover stock, which represents the 

simulating coral cover condition compared to the ongoing steady condition, is decreased by degradation 

as the result of two substantial deteriorating climatic and non-climatic impact outflows and is recovered 

through coral reef recruitment. The functional coral reef cover was used in this modelling to represent 

the percentage of coral cover capable of delivering the ecosystem services compared to the current level. 

Nevertheless, climatic declining outflows denote the direct impacts of climate anomalies on the coral 

reef cover, such as coral bleaching and physical damage caused by cyclones and ocean extreme events 

(Komugabe-Dixson et al., 2019). In addition, the model incorporated non-climatic declining outflows 

that were indirectly linked to anthropogenic stressors, such as water pollution or over-fishing which 

cause algal dominance as well as physical harms to the coral reef from human-based activities such as 

recreational fishing and boat damage (Giglio et al. 2020). Tanna’s existing coral reef ecosystem is 

comprised of different coral reef species with mixed coral morphologies, including branching and plate 

(e.g. Acropora sp.), bushy (e.g. Pocillopora sp.), massive (e.g. Porites pp.) and Alcyonacea or soft coral 

(e.g. Gorgonian). Loss of coral cover was assumed to be recovered through asexual and sexual 

reproduction processes in this model. The species composition of Port Resolution’s coral reefs types 

can differ with the dissimilar times that it takes for coral recruits to turn into mature adult coral colonies 

(i.e. sexual maturity) which is from 3 years to 8 years (Randall et al., 2020; Sakai, 1998; UNEP-WCMC, 

2015). For the purpose of modelling in this study, an average of 6 years for the reproduction rate/sexual 

maturity duration and once a year for corals spawn, or brood was assumed to formulate the associated 

variables and stock. 
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Climate change subsystem  

Temporal modelling of the ecological responses of coral reef ecosystems to both climate and 

human-based stressors over a long-term perspective was the most challenging relationships to be 

quantified in this study. Quantifying the nexus between coral reef cover and human-induced impacts at 

a local-scale and from global climatic pressures requires dealing with the embedded uncertainties 

associated with climate change and population subsystems. The climate change subsystem incorporates 

a chain of impacts from the RCPs to the secondary impacts of climate change and then to their 

associated impacts on declining the reproduction rate, health and resilience of coral reefs. Therefore, as 

a novel and practical solution, the SFD quantification phase was supported by the outcomes of a 

probabilistic modelling technique. Coupling SD with probabilistic BN modelling completed in Stage 2, 

enabled better incorporation of the variables exhibiting significant uncertainties, which enhanced the 

SD modelling efficiency and capabilities; this BN-SD coupling method was also suggested by Phan et 

al. (2016a).  

The BN was used to incorporate existing data and expert knowledge and to project the impacts of RCPs 

on the future conditions of coral reefs. Since the initial BN model was completed in Stage 2 for the 

snapshot of 2070 only as explained by Hafezi et al. (2019), employing the results of this initial model 

could only provide us with the impacts of four different climate change scenarios (i.e. as represented 

by RCPs)  for one point in time, the year 2070. Subsequently, the changes of the climatic factors were 

simulated based on the results of CMIP5 climate models associated with different RCPs. However, the 

main challenge to formulate the SD model with the dynamic and temporal structure using the static 

outcomes of BN modelling stage was to overcome the atemporal characteristic of BN modelling results. 

To overcome this limitation and capture the system’s temporal dynamics, BN models with different 

datasets to represent the dissimilar land condition, population, and climatic conditions throughout the 

time horizon of the modelling were required to obtain the relationships of variables over the time 

horizon of this modelling. For this purpose, the BN model with six different datasets for time steps of 

ten-year time intervals from 2020 to 2070 were replicated for these time periods (i.e. 2020, 2030, 2040, 

2050, 2060, and 2070. The climate-related variables in the BN models were sea-level rise, temperature, 

rainfall pattern, ocean warming, ocean acidity, and storm frequency as detailed by Hafezi et al. (2019). 

Their probability distributions for each of the decadal time steps under four RCPs were set according 

to the results of downscaled regional climate models and projections for the corresponding periods from 

Alexander et al. (2018), Australian Bureau of Meteorology and CSIRO (2014), Stephens and Ramsay 

(2014) and Walsh et al. (2012). Thus, although the DAGs of all BN models remain untouched, the 

quantification and formulation of BN models were accomplished using data and information associated 

with the required time horizon of the modelling.  
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As a result, a series of impact coefficients for every ten-year interval under four RCPs were attained. 

These coefficients characterised the direct impacts of climatic changes on coral reef cover over the time 

horizon of our SD modelling and were the key to defining the relationship functions between climatic 

effects and coral reef cover. The relationship functions for SD were obtainable by interpolation of 

discretised time-dependent model predictions in the form of segregated coefficients, or points plotted 

on a lookup graph. The result of the BN step provided the SD model with lookup functions where the 

X-axis represents the time-horizon from 2020 to 2070, and the Y-axis represents the impact of different 

climate change scenarios on coral cover over-time (Figure 55). In summary, as a result of this model 

parametrisation approach, the climatic impacts over time were captured by formalising and running 

multiple BN models for every ten-year time step by recoding the temporally dynamic relationships, 

including population and climatic nodes. 

 

Figure 55. Four RCP climate change scenarios impact on the declining coral cover using BN 

modelling 

Tourism and population subsystem  

The tourism and population subsystem is encompassed by the other subsystems in the model to 

represent human-induced pressures at the local-scale from both tourists and the local population which 

is mainly informed by Loehr et al., (2020). This subsystem is linked to the marine ecology subsystem 

through the foremost direct pressures, including lowering water quality and causing physical damage 

to coral reef ecosystems as also suggested by Tulloch et al. (2020) as the key stressors driven by human 

activities in the sea and on land (Loehr, 2020). Like the climate change impacts, these two relationships 

were formulated using the lookup function with the support of BN modelling. However, the rest of the 

components within the SFD of the subsystem were quantified using formula-driven and evidence-based 

data and information. Therefore, the quantification of this subsystem was labelled as a hybrid BN-SD 

approach. Interrelationships of the main variables of the tourism and population subsystem are mapped 

in the form of a CLD (Figure 56).  
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Figure 56. A causal loop diagram representation of the key variables and relationships underpinning 

the tourism and population subsystem connected with other directly linked subsystem variables 

Economic subsystem 

The monetary value of ecosystem service flows provided by coral reefs were modelled under 

this subsystem, including tourism services, provisioning services, and coastal protection (Figure 57). It 

is to be mentioned that provisioning services are services that provide raw materials, genetic resources, 

ornamental resources, and food from ecosystems for Port Resolution, Tanna and close surrounding reef 

sites according to Mackey et al. (2017). These three primary ecosystem services were selected to be 

included in the model as they represent ninety per-cent of the monetary value of ecosystem service 

flows provided by coral reefs in Tanna Island (Mackey et al., 2017). These services were linked to the 

inflow of the monetary value of ecosystem services provided by the coral reef stock, while the water 

quality improvement plans, capital works and efficiency of supervision and customary stewardship 

simulate the monetary expenditure associated with different human action scenarios over time. The 

monetary value of coral reefs for the tourism industry was estimated based on the reported surveys and 

studies by the Government of Vanuatu (2017) and Buckwell et al. (2019), whereas the economic value 

of coral reefs for coastal protection was formulated based on Pascal et al. (2016) as the significant 

inflow component. In addition, the temporal provision of ecosystem services was calculated based on 

economic data and valuation calculated and reported by Buckwell et al. (2019) and Mackey et al. (2017). 

The causal relationship of the economic subsystem linked with coral cover is shown in Figure 57. This 

system was quantified using the typical SD quantification method using a formula-driven and evidence-

based approach.  
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Figure 57. A causal loop diagram representation of the key variables and relationships underpinning 

the economic subsystem connected with other directly linked variables 

Capital works subsystem  

The capital works subsystem represents future development scenarios of tourism carrying 

capacity through two main components, namely, tourism accommodation and accessibility facilities 

(Figure 58). On one side, available accommodation for tourists was temporally modelled by linking to 

the population and tourism population subsystem and incorporating demand, construction and potential 

tourism dynamics. On the other side, tourism carrying capacity was formulated by linking with 

accessibility and capacity of airports and cruise ports as the main routes to access Tanna Island. Tanna 

Island is most commonly reached by tourists through an existing local airport (i.e. Whitegrass airport) 

and Lenakel port, both located on the western side of the island. According to the Vanuatu strategic 

tourism action plan (Vanuatu Ministry of Tourism, 2017), three (3) major international gateway 

development plans or scenarios can be perceived to improve the accessibility rate of Tanna Island: (1) 

Business-as-usual or preserving the current accessibility capacity; (2) minor upgrade and maintain the 

Whitegrass airport and cruise ports to increase the accessibility capacity by 35 per cent; and (3) a major 

upgrade of the Whitegrass airport and construction of new cruise ports to increase the accessibility 

capacity by 120 per cent in five years.  
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Figure 58. A causal loop diagram representation of the key variables and relationships underpinning 

the capital works subsystem connected with other directly linked variables 

Step 9: SD model testing and verification  

The model testing and verification step is required prior to using the SD model for scenario 

analysis and decision-making (Sterman, 2000). The implemented approach to evaluate the model 

comprises of dimensional analysis, calibration and verification tasks. Firstly, a dimensional consistency 

check and analysis was conducted to using the unit check function of Vensim software. Next, model 

calibration was undertaken which commonly refers to the procedure of comparing, adjusting and 

validating the modelling outcomes to obtain a match between observed or real data and simulated 

behaviours and structures (Zare et al., 2019). Considering the time-horizon of planning and uncertainty 

aspects of the model, the results of the BN modelling were used to estimate the accuracy of model 

performance. The outcomes of the developed model under RCPs for multiple snapshots of time-steps 

from 2030 to 2070 were compared against the results of BN models under similar scenario settings for 

different time horizons. Subsequently, the results were presented to climatic and marine biologists via 

expert and model presentation workshops on interpreting and building confidence in the modelling 

structure and behaviour.   

As a part of the model testing, the robustness of the modelling results under extreme conditions was 

tested for key variables. Significantly, analysing the behaviour pattern was required to calibrate the 

model by identifying the behaviour patterns of the model (Sterman, 2000). Therefore, a series of 

univariate sensitivity analyses were undertaken as suggested by Luna‐Reyes et al. (2013) to check the 

sensitivity of the changes of the key stocks that are the monetary value of the marine ecosystems 

services and the functional coral cover stocks to the changes of management variables. However, 

complex and non-linear models require further tests to verify the model behaviour since univariate 

sensitivity analyses are not sufficient for this purpose (Houghton et a., 2014). Different management 
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options were tried in univariate analysis to check the responses of the model to the changes of 

management options. The result of the BN model was used to compare and analyse the behaviour of 

the SD model. It should be noted that the results of the SD model at an exact similar time of the BN 

modelling results were used due to the static nature of BN approach. The multivariate sensitivity 

analysis was undertaken using the simulation control dialogue of Vensim software by selecting and 

activating the four management variables (i.e. capital investment, supervision efficiency, community 

conservation level, water quality improvement plans) as operating parameters and running 300 Monte-

Carlo simulations. This analysis was repeated for three main climate change trajectories, including RCP 

2.6, RCP 6.0 and RCP 8.5. Besides, univariate (also known as one-way or single-variant) sensitivity 

analysis allows the assessment of an individual variable on the output results of the target or the 

functional coral cover levels (Hekimoğlu and Barlas, 2016). Specifically, for coupled socioeconomic 

and environmental models, this analysis provides system modellers with an insight about the 

role/centrality of an individual variable within the system that can also be exploited to evaluate the 

robustness of the result to that variable (Peng et al., 2019). Univariate sensitivity analysis was conducted 

similar to multivariate sensitivity analysis using the simulation control dialogue of Vensim software 

(refer to Figure 63). Alongside sensitivity analysis, scenario-based analyses were conducted to verify 

and assess the impacts of different variables under different probable scenarios on the target node in the 

final step. The results disclose the vulnerability level of coral reef systems and their impact on the local 

economy and associated community well-being. They also indicate the most influential stressors that 

were required to be addressed in the process of sustainable management and adaptation planning. 

Having the model testing and verification completed, the final SFD was achieved, as shown in Figure 

59. was employed to undertake the scenario-based analysis. (For further information about model 

formulation and the full SFD see Supplementary file - Appendix )
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Figure 59. An overview of the interrelationships of subsystem components within the SFD 

(Management variables: green boxes; Main stocks: grey boxes; Climate change scenario: yellow box; other stocks: white boxes)
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Step 9: Scenario-based analysis 

Upon the completion of the model quantification and verification phases, the temporal variations were 

simulated of the functional coral reef cover condition under a range of scenario settings linked with the 

associated monetary value or economic benefits. Scenario conditions require encompassing specific 

characteristics associated with variables. Scenarios were developed using a spectrum of assumptions 

outlining possible futures of human activities and governance systems under different climate change 

trajectories. These assumptions were reflected sensibly throughout the modelling procedure based on the 

selected scenario. 

To develop these scenarios, different values were assigned to the four management variables, including 

capital investment, supervision efficiency, community conservation level, and Water Quality Improvement 

Plans (WQIP). First, the future direction of Tanna’s development were simulated using the capital works 

variable based on the tourism development plans and targets by Vaunuatus’ Strategic tourism action plan by 

the government of Vanuatu (2017) and Vanuatu tourism market development plan 2030 by Vanuatu Ministry 

of Tourism (2013). Next, the effects of community-based conservation plans was simulated which aim to 

minimise reef sites degradation and associated physical damage through the introduction of protected and 

refuge zones (traditionally known as ‘taboos’); named as the community conservation level variable. The 

model contains an additional management variable called supervision efficiency which encapsulated the 

effectiveness of different customary stewardship approaches alongside federal government controls to 

minimise the human-based pressures such as controlled fishing activities by providing the local communities 

with modern fishing vessels, banned or restricted sand mining, and supervised tourism activities. It was 

assumed that different levels of community conservation could mitigate the impact on coral reefs from 

exposure to physical damage through supervised tourism activities and the tourism marine-based activities. 

In a similar way, supervision efficiency has significant impacts on the effectiveness of community 

conservation plans through the introduction of modern fishing vessels and restricted fishing. Lastly, Water 

pollution and Quality Improvement Plans (WQIPs) aim at improving the quality of inland water flowing to 

the Port Resolution reef site and its adjacent coastal zones. Different values of this variable represent the 

effectiveness of the WQIPs. The impacts of all of these management variables were modelled by linking to 

independent indices which takes normalised values between 0 and 1, in which, 1 implies the maximum 

efficiency by eliminating the negative impacts. For instance, the value of the adverse population impact on 

water quality index variable turns to 0 by setting the value of WQIPs variable to 1. Value ranges of 

management variables and the implications of ranges are detailed in Table 13. 
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Table 13. Value ranges of management variables and the implications 

Variable Variables 

quantification 

(Dimensionless) 

Characterisation Implication 

Capital 

Investment 

1 

 

 

 

 

2 

 

 

 

 

3 

Scenario 1 

(Scn.1) 

 

 

 

Scenario 2 

(Scn.2) 

 

 

 

Scenario 3 

(Scn.3) 

 

• This scenario assumes that the current the 

capacity of the island to be reached will remain 

the same as the current level within the 

timeframe of this modelling.  

 

• This scenario assumes that a modest upgrade of 

the main airport and other cruise ports which 

will result in 70% by 2040 and 110% by 2050 

more capacity to reach the island.  

 

This scenario assumes that the government will 

undertake a major upgrade to the existing airport 

and cruise ports which leads to a gradual growth 

up to 700% more capacity reach the island 

compared to the current level by 2070.  

Supervision 

efficiency 

0.8 - 0.9 

 

 

 

 

 

 

 

 

 

 

0.4 – 0.7 

 

 

 

 

 

0.1 – 0.3 

 

Efficient 

 

 

 

 

 

 

 

 

 

 

Moderate  

 

 

 

 

 

Ineffective 

• This range was assumed with the highest level 

of supervision efficiency to minimise the 

impacts of destructive and sand mining and 

fishing by seasonal restrictions for some 

commercial fishing and transformation of 

fishing methods to safe operating space. This 

level will result in costly fishing by equipping 

locals with modern fishing vessels and training 

to focus on off-shore fishing without 

overexploiting the inshore coral reef 

ecosystems.  

 

• Under this range, the fishing and recreational 

activities are assumed to be moderately 

controlled. The fishing activities are limited 

moderately with lower impacts on fishing 

revenue. Sand mining is also banned. 

 

• Ineffective supervision without or with trivial 

supervision impacts is expected under this 

range. It is expected that the impact of 

community conservation plans is minimised 

under this range. Therefore, the reef exposure to 

physical damage variable is not weakened 

considerably in the model.  

 

Community 

conservation 

level 

0.8 - 0.9 

 

 

 

 

0.4 – 0.7 

 

High 

 

 

 

 

limited 

 

• The highest level of community conservation 

level is assumed under this range to minimise 

the reef exposure to physical damage through 

effective monitoring and social capital. 

 

• Under this range, limited community 

conservation level is perceived with seasonal 
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0.1 – 0.3 

 

 

 

 

Low 

restrictions only. Therefore, tourism activities 

are not adequately controlled.  

 

This threshold assumes that the community 

conservation plans are either ineffective or not 

in place.  

Water 

quality 

improvement 

plans 

0.7 – 1 

 

 

 

 

 

 

 

 

 

0.4 – 0.6 

 

 

 

 

 

0.1 – 0.3 

 

Efficient/modern 

 

 

 

 

 

 

 

 

 

Moderate/semi-

modern 

 

 

 

 

Substandard 

/traditional 

• Full and effective implementation of WQIPs is 

assumed under this range including maintaining 

septic systems and convert cesspools to septic 

systems, extending discharge points into deeper 

water, and promoting the installation of 

adequate and well-managed sewage treatment 

plants according to water safety plan by 

Department of Geology Mines & Water 

Resources, Vanuatu (2016).  

 

• Partial implementation of potential WQIPs is 

assumed to be taken under this level of WQIP. 

Extension of piped discharge points into deeper 

water, and partial installation of sewage 

treatment plants will be devised.  

 

• WQIPs are either inefficient or inactive under 

this range of value for WQIPs.  

Each simulation was run using the developed model in Vensim software by adjusting the variables 

based on the selected scenario conditions and associated setting characteristics. Scenario assumptions 

outlining possible future climatic and non-climatic impacts on coral reef cover and their corresponding values 

on the main variables of the SD model are detailed below and summarised This scenario assumes the lack of 

adequate federal and local governance, and supervision or sustainable regulatory body in limiting the adverse 

impacts of unsustainable fishing, destructive harvesting, and agricultural and urban waste run-off into coastal 

ecosystems. As a result, coastal settlements are also expected to grow under unsustainable management plans 

without competent supervision. While the population is expected to peak at the highest rate, the negative 

impacts of capital works and recreational activities are not managed effectively. Overall, the ongoing local 

and federal management strategies are assumed to be continuing without any fundamental modification 

resulting in maximum human-induced pressure on the coral reef ecosystems. Therefore, the value of the 

supervision, community conservation, and WQIP variables was set to 0.15.  

Table 14.  

Scenario Ⅰ: Sustainable Intervention Adaptation (SIA) 

This scenario projects the highest efficiency of customary stewardship alongside federal government 

control, where regulatory efforts are successful in controlling the negative impacts of unsustainable fishing, 

capital works, and damaging sand mining and marine-based recreational activities. As an assumption under 

this scenario, the high efficiency was reflected in the model by setting the relevant management variables 
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(i.e. supervision efficiency and community conservation level equal to 0.9).  As a result of the limitations and 

restrictions associated with a high level of supervision and conservation plan,  it was assumed that the current 

fishing and tourism income are reduced to half for a decade, and locals will be equipped with modern and 

capable fishing vessels to focus on off-shore fishing without overexploiting the inshore coral reef ecosystems 

of Port resolution which will result in reaching to the current level gradually in twenty years time. Mitigating 

the adverse impacts of capital works are expected to be achieved through Water pollution and Quality 

Improvement Plans (WQIPs) throughout the modelling, sustainable land-based management strategies, 

including farming practices, and adaptive urban development, and therefore this variable was assigned with 

0.8 as an assumption of this scenario. Lastly, the government will not consider any major upgrade to increase 

the accessibility index of the island, which means setting Scenario 1 for the capital works variable in the 

modelling. 

Scenario Ⅱ: Partial Intervention Adaptation (PIA) 

This scenario assumes the modest increase of the Island’s accessibility capacity through a modest 

upgrade of the main airport and other cruise ports according to the Vaunuatus’ tourism action plan by 

Vanuatu Ministry of Tourism (2017). As a result, it is expected that tourism carrying capacity, and therefore, 

tourism income will gradually increase within the first two decades. Furthermore, moderate supervision 

efficiency at the governmental level is assumed for this scenario, and the variable value was set equal to 0.5, 

despite a reasonably reasonable level of community conservation (i.e. variable value was set equal to 0.6). 

Therefore, this scenario can also be considered a kastom-oriented scenario. Consequently, recreational and 

commercial fisheries are anticipated to continue with an increasing trend depending on fish biodiversity and 

availability. Importantly, it is expected that WQIPs are moderately active, and 0.5 was allocated to this 

management variable (i.e. scenario variable), which leads to some extent lesser adverse impact on coral reefs 

health compared to the condition that there is no action considered. 

Scenario Ⅲ: Business-as-usual (BAU) 

This scenario expects that the human-based stressors will continue with the current trend without 

any changes in significant policies including fisheries, tourism and governance. Therefore, considering the 

ongoing state of the governance and customary stewardship,  the value of these two associated management 

variables (i.e.scenario variables) including supervision efficiency was set to 0.3 and Community 

conservation level was set to 0.5. Human-based stressors at the local scale are assumed to have a moderate 

impact on marine ecosystems and are expected to continue under this scenario. Also, the trend of overfishing 

occurring at local scales and human damage, such as sand mining, are expected to continue with moderate 

destructive impact over the time-horizon of this modelling. Like scenario I, it is projected that urban 

development and capital work impacts will continue with the minimum expected adverse impacts on marine 

ecosystems, and therefore, tourism carrying capacity will remain the same. Lastly, the efficiency of water 
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quality improvement plans is considered as traditional, and therefore, the associated value was set to 0.3 in 

the model for this scenario.  

Scenario Ⅳ: Unsustainable Intervention Adaptation (UIA) 

This scenario assumes the lack of adequate federal and local governance, and supervision or 

sustainable regulatory body in limiting the adverse impacts of unsustainable fishing, destructive harvesting, 

and agricultural and urban waste run-off into coastal ecosystems. As a result, coastal settlements are also 

expected to grow under unsustainable management plans without competent supervision. While the 

population is expected to peak at the highest rate, the negative impacts of capital works and recreational 

activities are not managed effectively. Overall, the ongoing local and federal management strategies are 

assumed to be continuing without any fundamental modification resulting in maximum human-induced 

pressure on the coral reef ecosystems. Therefore, the value of the supervision, community conservation, and 

WQIP variables was set to 0.15.  

Table 14. Implications of the scenario concepts on the SFD model. 

 Scenario  Capital 

Investment 

Supervision efficiency Community 

conservation 

level 

Water quality improvement 

plans  

1 SIA Scn.I Efficient  High Highly efficient/modern 

2 PIA Scn.II Moderate Limited Moderate/semi-modern 

3 BAU Scn.III Ineffective Limited Substandard/traditional 

4 UIA Scn.IV Ineffective Low Substandard/traditional 
 

7.3. Case Study Application 

Tanna is a  550 km2 island located in the Tafea Province of the Republic of Vanuatu (Figure 60) (SPREP, 

2016). At the country level, Vanuatu’s Gross Domestic Product (GDP) of less than 0.9 billion US dollars 

was ranked globally 185 out of 196 ranked countries and contributes less than 0.01 per-cent to the world’s 

economy (Economics, 2020). The location of Tanna has made it highly vulnerable to natural hazards, 

specifically seasonal and tropical natural events including cyclones, droughts, flooding and landslides as well 

as southern Pacific extreme events such as El Niño, La Niña and tsunamis (Popova et al., 2016). Many of 

these events are predicted to increase in frequency or intensity with global climatic change (Zari et al., 2019), 

further stressing the value of coastal protection and food security services from ecosystems within the region 

(Petzold and Magnan, 2019). Tanna Island, Efate and Espiritu Santo islands, are the three main tourist 

destinations of the country (Vanuatu Ministry of Tourism, 2017). The tourism appeal of the island is related 

to the health of its natural ecosystems, including fringing coral reefs (Klint et al., 2012). Tanna is one of the 

most populous islands of Vanuatu at 32,280, with the population projected to increase to 78,000 by 2070 

under the current annual growth rate of 1.4% (Mackey et al., 2017). Tanna Island is well known for the 

strength of its traditional culture or Kastom way of life  (Mackay et al., 2019).  
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Coral reefs provide Tanna’s local communities with ecosystem service benefits that are vital for socio-

economic well-being (Hafezi et al., 2019). At the particular case study site of Port Resolution, the coastal 

coral reef site covers more than 250,000 m2 (Sahin et al., 2019). According to Mackey et al. (2017), more 

than 80% of Tanna Island’s ecosystem services are currently being provided by coral reefs. The annual 

economic valuation of ecosystem services provided by coral reefs was calculated around two hundred million 

USD in 2015 (Mackey et al., 2017). Currently, the primary ecosystem services delivered to the Tanna 

community are improving the local economy through tourist attraction (Buckwell et al., 2019); fish 

biodiversity and habitats; fisheries and food supply (Ateweberhan et al., 2013); coastal protection from 

erosion (Gracia et al., 2018); and supporting local traditional culture or Kastom practices (Buckwell et al., 

2019).  

 

Figure 60. Location of Tanna Island within the southern Pacific Ocean 
(Source: Snazzy map) 

7.4. Results and Discussion 

7.4.1. Scenario-based results 

 The results of scenario-based modelling show that climate-related variables alongside management 

variables and local and tourism population exert a robust control on the dynamics of the functional coral reef 

cover. Importantly, climate change adaptation-related concepts, including capital investment, supervision 

efficiency, community conservation level, and water pollution reduction plans, deliver controllable changes 

to the functioning of the system. The projections of the future condition of functional coral reef cover and 

their associated economic values are detailed next. 

Functional coral reef cover trajectories 

The results of dynamic simulations of functional coral reef cover conditions demonstrate that functional 

coral reef cover is highly dependent on future climate change trajectories. However, the role of management 
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interventions at the local level under RCP 2.6, 6.0, and 8.5 is of paramount importance and require particular 

consideration. The projected trends of functional coral reefs cover conditions trajectories compared to the 

current condition under the RCPs, and different management intervention scenarios are shown in Figure 61. 

Under the most sustainable management scenario (SIA) and the best climate change trajectory (i.e. RCP 2.6), 

it was estimated that there would be only less than 30% reduction in coral reef cover compared to current 

conditions in fifty-years. However, assuming the similar climate change trajectory (i.e. RCP 2.6) but the 

most unsustainable management scenario (i.e. PIA), around 75% of the current coral reef cover was projected 

to be lost in the same period. Thus, the consequences of implementing different management strategies could 

have more than 45% impact on the coral covers. Furthermore, minimising the local-based stresses under 

RCP 6.0 is also projected as being a useful approach to protecting the coral reefs. It was estimated that under 

the most sustainable management scenario (i.e. SIA), around the half of the current coral cover could persist 

over a long-time period compared to possible total ecosystem collapse in the absence of effective 

management strategies. On the other hand, the results of multiple scenario-based modelling under RCP 8.5 

suggest that even reducing the local-based stressors – which have been the leading cause of coral reefs 

degradation until the beginning of 21st century (NAOSEM, 2019) could be insufficient to ensure the 

persistence of healthy coral reefs beyond the next 35 years.  

Comparing the results of scenario-based modellings shows that more than 80% of coral reef cover will likely 

remain in good condition under a range of climate change and management scenarios until 2030. However, 

the impacts of different management strategies and climatic stressors will become more substantial from the 

second decade of the modelling. The slope of degrading coral reef cover increases over time, mainly due to 

cumulative as well as the in-isolation impacts of stressors.  

The results also indicate that there is a significant difference between the best-case and worst-case scenarios, 

and therefore, successful global efforts in mitigating greenhouse gas emissions in addition to local effective 

adaptation strategies and actions are needed to substantially enhance the long-term health of coral reef 

ecosystems and to curb the degrading trend of the functional coral cover. 
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Figure 61. The projected trends of functional coral reefs cover conditions trajectories compared to the 

current condition under the RCPs and different management intervention scenarios 

Economic valuation of the coral reef ecosystem services 

 This component of the modelling was focused on the valuation of coral reef ecosystem services aimed 

at benefits from improving coral reef management. Understanding the economic consequences of different 

potential adaptation or development pathways can provide useful information for decision and policymaking 

makers and insights into economic and environmental interactions (Tulloch et al., 2020) and the ways in 

which the overall socioeconomic system functions at every level of complexity. Temporal valuations of a 

series of coral reef ecosystem services, including coastal protection, provisioning, and tourism services, were 

carried out under the RCP scenarios. The temporal evaluations of coral reef condition under different 

scenarios over a long-term period can better illustrate the longstanding economic impacts of management 

interventions. The results of the economic valuation of coral reef ecosystem services for the three main RCPs 

and associated management scenarios are given in Figure 62. The results illustrate how the trajectory of 

climate change can have significant impacts on the Tanna Island local economy. The portfolio of scenario-

based modelling results (Figure 62) demonstrates that a focus on short-term economic valuations only can 

result in misleading the planners and decision-makers. In other words, the short-term economic benefits of 

unsustainable management scenarios could encourage the planners and decision-makers to adopt policies 

which will result in both environmental and economic damage over a long-term period.  

The scenario-based simulation outcomes  indicate that the local community’s economic benefits derived from 

the coral reef ecosystem services are expected to be the lowest under the BAU management scenario (Figure 

62c) compared to all other scenarios. For the BAU scenario, the annual economic value derived from coral 

reef ecosystems are slightly higher than the SIA scenario but only for the first modelled decade (i.e. 2030) 
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after which they quickly drop away. Also, comparing the annual economic value of coral reef ecosystems 

during the first decade of modelling (2020 to 2030) and subsequent decades highlights the need for a long-

term temporal view in sustainable and adaptation planning as shown in Figure 62. The annual value of 

ecosystem services provided by coral reefs under the SIA (Figure 62a) scenario is projected to be lower for 

the first two decades when compared to the PIA (Figure 62b) scenario, but over the 50-year modelling 

horizon, the SIA scenario provides a higher cumulative valuation than the PIA (Figure 62b) and the BAU 

(Figure 62c) scenarios. SIA management interventions include tourism activities being more controlled and 

the supervised use of provisioning services that collectively ensure that coral cover protections are sustained 

over a longer time. At 2030, the UIA management scenario (Figure 62d) offers the highest annual economic 

benefit, which is around 20% more than the average economic benefit of the SIA scenario with the lowest 

annual value at this particular time. Notably, this high economic valuation for the UIA scenario is achieved 

with detrimental local-based stressors. However, comparing the UIA scenario annual values with other 

scenarios beyond 2050 demonstrate that this scenario is not sustainable and coral reef ecosystem services 

valuations drop away quickly due to over-exploitation and resulting climate change vulnerability increasing. 

This decreasing growth trend of both annual and accumulative economic values of coral reef ecosystem 

services under the UIA scenario is expected to continue until the end of the modelling timeframe (i.e. 2070) 

despite the highest capital work scenario level and with the highest tourism carrying capacity.  

Furthermore, comparing the economic projections for the SIA management scenario (see Figure 62a) with 

the PIA (see Figure 62b) and the BAU (see Figure 62c) scenarios denotes that Tanna’s local community can 

yield better economic benefits from their coral reef ecosystems over the long-term through adopting partial 

or complete sustainable policies. Notably, SIA and PIA scenarios are preferable over the 50 year modelling 

period despite the reduced short-term overall valuations due to the need for initial or periodic investments 

and the imposed land and marine-based restrictions. In other words, the economic benefits attributed to 

Tanna’s local communities may initially be lower through adopting the SIA management scenario, but they 

will secure coral reef ecosystem services benefits for longer. Thus, it can be concluded that investing and 

implementing sustainable strategies at different levels will result in both economic and environmental 

returns over a long-term perspective.  

On the other hand, under the UIA scenario, the expected high number of tourists, and therefore tourism 

activities, as well as lower levels of community conservation, leads to higher economic gain throughout the 

first two decades, when compared to the SIA and the PIA scenario. Available coral reef cover to provide 

ecosystem services reduces until 2070, and therefore, this annual economic gain drops from 2040 due to the 

degradation of reef ecosystems. For the BAU scenario, unsupervised coastal development, fishing and 

marine-based activities without a major investment in the tourism sector are assumed, which leads to a high 

probability of declining the health and resilience of coral reef ecosystems and a low economic valuation of 

the coral reef ecosystem (Figure 62c). Thus, taking both ecological and economic criteria into consideration, 
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the SIA scenario is arguably preferred over other scenarios as it can provide higher economic benefits as 

well as healthier coral reef ecosystems.  
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Figure 62. Economic valuation of coral reef ecosystem services for different RCPs and under SIA (a), PIA (b), BAU (c) and UIA (d) scenarios 

(d) (c) 

(b) (a) 
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7.4.2. Sensitivity analysis 

SD models commonly include parameters to represent uncertain quantities that are not measurable or 

unpredictable changing characteristics in real-world (Hekimoğlu and Barlas 2016). Sensitivity analyses are 

generally conducted by studying the uncertainties that are commonly associated with model parameters to 

build modelling confidence (Jakóbczak, 2015). In this study, two types of sensitivity analysis were 

undertaken to check the dynamic behaviour and sensitivity of the two main stocks of the system, including 

functional coral reef and monetary value of ecosystem services by coral reefs, associated with the uncertain 

impacts of climatic, socioeconomic and ecological parameters, as discussed previously.  In addition to 

analysing the effects of different variables and initial value changes on the behaviour of the system, the 

results of sensitivity analysis were facilitated building confidence by examining the characteristics of 

behaviour patterns. The sensitivities of the target variables to a range of variables were analysed through 

multivariate and univariate approaches. Undertaking univariant analyses of different parameters helps 

understanding and comparing the effectiveness of parameters while conducting multivariate analysis shows 

the effectiveness range of individual parameters under climate change scenarios. 

Univariate sensitivity analysis 

Multiple univariate sensitivity analyses were undertaken for different management options under the 

scenarios of RCP 2.6, RCP 6.0 and RCP 8.5 (see Figure 63). First, three different univariate sensitivity 

analyses were undertaken by varying the “community conservation supervision efficiency levels”, “capital 

works levels”, and “water pollution reduction plans efficiency” variables to better understand the role and 

effectiveness of different community conservation and management effectiveness. The results indicate that 

the impacts of community conservation plans and management have negligible impacts under both RCP 6.0 

and RCP 8.5 in compared with RCP 2.6. Therefore, community-based conservation plans and supervisions 

could be considered as a practical option only under RCP 2.6 if not integrated with other options. However, 

the efficacy of community-based conservation plans will significantly increase if considered under integrated 

coastal zone management (i.e. ridge to reef) plans.  

Next, in a similar manner, three multivariant sensitivity analyses were undertaken to identify the impacts of 

different capital works on coral reef health. Our results show that different inland capital works scenarios 

can have a significant impact on coral reefs conditions. In a similar study by Klein et al. (2014) on marine 

ecosystem condition in Fiji, it was observed that coral reef benefit was considerably higher from integrated 

land-sea planning through limiting inland activities compared to coastal planning efforts. In the case of Port 

Resolution, Tanna Island, the model suggests there would be no evident impact at the beginning of 

investments due to the modelling assumption based on Vanuatu’s government tourism plan that projects 

impacts of capital work scenarios are to be reflected after a certain period of time (i.e. approximately 5 years). 

As expected from the results of the multivariant sensitivity analysis, the sensitivity of the functional coral 

reef cover is highly reliant on climate change scenarios. Lastly, the impacts of water pollution reduction 
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plans on the functional coral reef cover under three main RCPs were analysed with the same approach as the 

above-mentioned univariate sensitivity analyses. The sensitivity analysis shows that the single most crucial 

variable for maintaining the functional coral reefs cover is water quality improvement plans. The results also 

indicate that the positive effects of water pollution reduction plans increase through time. Importantly, 

despite the more benefits expected from water pollution reduction plans compared to other management 

interventions, integrated management approach that includes other management activities results in higher 

functional coral cover, but to varying extents.   

Multivariate sensitivity analysis 

Multivariate sensitivity was employed to identify the upper and lower limits of the target variable or 

stock. While univariate sensitivity denotes the impacts of individual adaptation or management strategies, 

multivariate sensitivity analysis can better demonstrate the efficacy and applicability of adopting multiple 

management strategies. Understanding the sensitivity of the functional coral cover stock to a group of 

variables which represent different manageable or adaptable pressures at a local scale, can significantly 

enhance our level understanding about the necessity of integrated adaptation planning efforts. The results 

demonstrate the range of the target stock (i.e. functional coral cover) relative to the changes of four main 

groups of management variables (see Figure 63). The results indicate the higher positive impacts of 

management interventions the functional coral reefs cover under RCP 2.6 compared to RCP 6.0 and RCP 

8.5. Considering climate change trajectory as the most important factor identified in the sensitivity analysis, 

local adaptation/management interventions have impacts that were analysed through separate univariate 

sensitivity analyses. Specifically, adoption of integrated management strategies can have up to 50% more 

chance of maintaining the coral reef ecosystems in a functional condition under RCP 2.6. In other words, 

implementing management options through an integrated approach under the SIA scenario and RCP 2.6 is 

projected to be capable of preserve 50% more coral reef cover compared to the SIA scenario and the UIA 

scenario. 

Furthermore, the results of this analysis show that the efficiency of management options will decrease over 

time due to the increasingly adverse impacts of climate change. The functional coral cover loss under 

combined management interventions is expected to be limited to less than 10% in the first decade of 

modelling under RCP 2.6, RCP 6.0, and RCP 8.5. Notably, the effectiveness of management interventions 

under RCP 6.0 will start decreasing after about 25 years of modelling due to the higher impacts of climate 

change between 2040 to 2070.  
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Figure 63. Results of univariate and multivariate sensitivity analysis. 
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7.4.3. Climate change adaptation roadmap 

The study suggests that integrated management, labelled as the SIA scenario, is the most beneficial 

approach and implementation of water pollution reduction and quality improvement plan is the best 

single of those available to protect coral reef ecosystems in Tanna island. The effectiveness of 

management interventions can be significantly improved by means of societal capacities for monitoring 

and supervision (Johnson et al., 2018). Higher efficiency of adaptation efforts or management 

interventions could be achieved through engaging locals in sustainable planning (Jackson, 2019b), 

governance and stewardship (Jackson, 2019a), and monitoring efforts, in the case of Tanna island in 

particular (Buckwell, 2019). However, analysing the results of the economic or monetary value of coral 

reef ecosystem should be undertaken by comparing the opportunities, threats and challenges of different 

management scenarios and by taking Tanna’s specific regional and socioeconomic characteristics into 

consideration.  Opportunities and threats under different management scenario are summarised in Table 

15. 

Table 15. Summary of management scenario opportunities and threats. 

Management 

Scenarios  

Opportunities Threats and challenges 

SIA  • Best coral reef ecosystem conditions with 

the highest functionality over both short 

and long term could be achieved. 

• Coral reef remains in better condition for 

longer, thereby yielding long-term 

ecosystem services economic benefits.  

• Longlasting provisional services are 

preserved through the most efficient 

supervision.  

• A steady flow of ecosystem services will 

be provided by coral reefs.  

• Financial support for investment from 

the government is required at the 

beginning. 

• The governance and supervision 

necessities the support of social capital 

and behavioural change.   

• Potential backlash from public over 

initial financial burden of plan due to the 

lower level of economic benefits in the 

short-term perspective.   

• There is a risk of failure under the 

unsatisfactory global efforts to control 

climate change despite high investment 

at the early stages.  

PIA  • Governmental instead of subsistence level 

of governance is required.  

• Enables economic activities to occur from 

tourism and fishing in the medium term 

with some protective interventions. 

• Enables a longer term carrying capacity 

for higher numbers of tourists.  

• Fast declining coral cover is expected 

over a long-time period.  

• Significant investment funds from the 

federal government or foreign aid are 

required.  

• Stakeholders engagement at both country 

and local levels are required due to the 

assumed high supervision efficiency. 

 

BAU  • The management interventions can be 

executed with minimum social and 

government efforts. 

• Not any social and behavioural change is 

required.   

• The declining trend of coral reef health 

and resilience could be accelerated over 

time.  

• Risk of long-term failure in providing 

essential provisional services that are 

dependent on coral reefs is projected.  
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• Only requires a local level of sources of 

funds for capital plans. 

 

UIA • Local government and communities will 

gain greater economic benefits in the first 

two decades of initiating the plans. 

• The ease of implementing the plans due to 

the high financial benefits is projected. 

 

• Island infrastructure improved due to the 

higher tourism and associated capital 

investments.  

• An improved economic value over a long-

term is overseen.  

• Faster declining coral cover compared to 

the other management scenarios.  

• Economic activity from tourism declines 

rapidly after two decades.  

• Highly dependant on the federal 

government and foreign aid to undertake 

the capital investment plans is foreseen.  

 

 

7.5. Conclusion 

This paper presented a practical example of a coupled climate change adaptation modelling 

framework that utilised the capacities of  SD modelling coupled with strutural analsis and BN 

techniques. The SD technique was employed as the final modelling platform in a three-stage process, 

as shown in Fig.1.Structural analysis was initially used to model inherent causality and to explore the 

implications of coral reefs complex conceptual model. The BN technique was then employed in support 

of SD model quantification as well as the assessment of the coral reef system under multiple climate 

scenarios and management interventions up to 2070.   

Our modelling framework can provide decision support for adaptation and resilience planning in a SIDS 

island context. Port Resolution on Tanna Island was used as a case study for the purpose of providing 

a realistic example based on relevant published data. However, the scenarios, model assumptions and 

simulation results are not intended to reflect the local community’s actual situations nor development 

needs and opinions. The model and data are being made available to the Tafea Provincial Government 

as part of an agreed capacity building exchange. The modelling framework is generic and can be applied 

to our developing SIDS. Also, some general conclusions can be drawn from the case study that may be 

more broadly applicable.  

The results of SD modelling confirms that climatic related hazards, including extreme ocean warming, 

ocean acidification, sea-level rise, and shifting rainfall patterns, are the most influential factors in 

influencing the functional coral reefs cover. However, protecting reef site from climate-driven regime 

shifts is necessary but insufficient to ensure the stability of related ecosystem services including coral 

reef fisheries, coastal protection and tourism. Coupled local management interventions in conjunction 

with global efforts in mitigate greenhouse gas emissions are needed to provide sustained coral reef-

dependent ecosystem services at a local scale over the long-term. 



Chapter 7 - System Dynamics Modelling 
 

| P a g e  177 
 

Simulation results showed that steady and robust implementation of conservation management 

strategies under RCP 2.6, 6.0 and 8.5 is the best option to maintain functional coral cover and help 

ensure the long-term flow of economic benefits and in the study region despite lower economic returns 

in the short-term.  Among the local factors, the simulation results suggest that unsupervised and 

uncontrolled tourism activities dramatically accelerated the degradation of the coral reef condition. 

Considering the current and future scale of tourism development and its economic importance for many 

SIDS and least developed states (Pratt, 2015), immediate actions to preserve the coral reef health and 

resilience is needed to maintain the attractivity of reef sites for tourists in addition to protecting the coral 

reefs for the benefits they provide local communities. Overall, this study demonstrates that the adoption 

of integrated adaptation responses (i.e. the SIA management scenario) best protects coral reefs and 

derives the highest cumulative ecosystem services valuation over the 50 year modelling period. 

However, sustainable intervention adaptation can only be achieved through unwavering government 

and community support for this approach, and an acceptance that long-term coral reef sustainability 

comes at the expense of lower potential economic returns from their ecosystem services in the short-

term.  

As further research direction, hazard mapping and the spatial planning for Tanna’s marine ecosystem 

sustainable planning can be enriched by conducting identical studies for other sites around the Island 

including Sulphur Bay on the eastern side, North-West site and Lenakel on the western side of Tanna 

island. Thus, despite the crucial role of coral reef ecosystems at Port Resolution for Tanna’s local 

community, future work seeks to evaluate other ecosystem services at other sites by considering other 

ecosystems, such as mangroves, in conjunction with the findings of this study which focuses on the 

coral reef ecosystems at Port Resolution. 
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CHAPTER EIGHT: CONCLUSION 
 

This chapter outlines the PhD research’s overarching goal, objectives and limitations. Furthermore, the 

areas outside the scope of this PhD were identified according to the research scope and boundaries, and 

these areas can provide researchers with guidelines and implications for further research, which are 

discussed in an independent section. This chapter also highlights the key outcomes and findings as well 

as the theoretical, methodological and scientific contributions of this PhD research project. For this 

purpose, the research findings are summarised in line with the goal and objectives of the research, 

including identifying the needs and specification of successful climate change adaptation planning, 

developing a practical and effective modelling framework to understand the health and resilience of the 

primary case-specific ecosystem services and their role in maintaining the flow of these services, 

conceptualising the interrelationships of the main factors of the primary case-specific ecosystem 

services within a system, and simulating the impact and efficacy of potential adaptation or management 

options through scenario-based analyses to support adaptation planning for Small Island Developing 

States (SIDS) communities. Section 8.1 outlines the research objectives and key findings; Section 8.2 

highlights the study’s scientific, theoretical, and methodological contributions; Section 8.3 describes 

the limitations and scope of this research; Section 8.4 details the implications for future research; and 

Section 8.5 is the closure of this chapter.   

8.1. Research Objectives and Key Findings  

8.1.1. Goal and objectives  

The overarching goal of this PhD research was to develop an integrated holistic climate change 

adaptation planning framework to maintain the health and resilience of the main ecosystem services 

with the focus on SIDS communities. This principle goal was achieved through multiple research 

objectives for a case study within the Pacific-Small Island Developing States (P-SIDS) as follows (see 

Section 2.1 for further details): 

1. Investigate the characteristics, needs and requirements of successful and effective climate 

change adaptation planning, specifically for SIDS coastal communities  

2. Develop and employ a practical modelling framework using appropriate techniques and 

modelling tools in the process of climate change adaptation to quantify, understand, analyse 

and respond to all aspects and necessities of the envisioned complex system (e.g., temporal, 

spatial, multidisciplinary, etc.)  
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3. Identify the main factors impacting the health and resilience of the primary case-specific 

ecosystem services and conceptualise them as a system 

4. Quantify and comprehend the capabilities of EbA to maintain the flow of the primary case-

specific ecosystem services for SIDS communities 

5. Explore and simulate the efficacy of potential adaptation or management options and the 

consequential economic and ecological impacts through scenario-based analyses in support of 

adaptation planning for SIDS communities 

8.1.2. Key findings 

To achieve the goals and objectives of this research, several rigorous research activities were 

required to be completed throughout this PhD study. As the result of an extensive literature review and 

expert workshop, coral reef ecosystems and the provided ecosystem services were agreed to be the main 

focus of this PhD study due to the critical role of this marine ecosystem in providing more than 80% of 

ecosystem services for Tanna’s local community. The key findings of the PhD research highlight the 

need for immediate interventions to promote the health and resilience of coral reefs and to protect the 

flow of associated ecosystem services for SIDS, particularly, the Tanna local community. 

A novel multi-layered integrative approach was initially created using the systematic literature review 

to address the first and second research objectives (as detailed in Chapter three). Next, the key factors 

influencing the regime shift or health and resilience of coral reef ecosystems were identified and 

conceptually mapped using the Fuzzy Cognitive Mapping (FCM) method to address the third research 

objective (as detailed in Chapter 5), and the impacts of integrated local pressures and long-term climate 

changes alongside management or adaptation strategies on the health and resilience of coral reef 

ecosystems in 2070 were assessed using coupled Driver-Pressure-Status-Impact (DPSI), and Bayesian 

Network (BN) approaches to address the third, fourth and fifth research objectives (as detailed in 

Chapter 6). Finally, the coral reef ecosystem conditions under multiple management and associated 

economic impacts over a long-term perspective (i.e., 50 years) were evaluated using the System 

Dynamics (SD) platform to address the fourth and fifth research objectives. As a significant finding that 

was verified through the multi-layered modelling, the global impacts of climate change are the main 

factors affecting the health and resilience of coral reefs and are more important than other local-based 

stressors even though there are substantial effects from the non-climatic stressors. The activities 

alongside the associated findings of each step of this research are summarised next. 
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Climate change adaptation planning approach 

A critical step of this research was to identify the needs and characteristics of successful 

adaptation planning and to accordingly create a practical, effective planning approach. It was necessary 

to investigate the essential dimension of integrated modelling to support climate change adaptation 

planning processes. For this purpose, in the systematic literature review, a total of 650 papers were 

initially nominated and reviewed, but this number was further reduced to 116 papers for thorough 

revision and detailed analysis. These 116 papers were assessed and categorised based on their planning 

framework or approach utilised, measured climate change impacts, employed methods and tools and 

recommended adaptation strategies or options. As a result, this study identified three critical dimensions 

of a fully integrated climate change adaptation planning process, namely, integration in assessment, 

modelling and adaptive responses. The outcome of the comprehensive systematic review was the 

formulation of a novel multi-layered integrative climate change adaptation planning approach. It was 

concluded that employing this approach can provide researchers and decision- and policy-makers with 

new knowledge and a holistic view supporting practical and effective climate change adaptation 

planning since this approach integrates various climate change impact assessments (integration in 

assessment) with all of the requirements and aspects of a socio-environmental system (integration in 

modelling) as well as all of the potential adaptive solutions and approaches including structural, 

ecosystem-based, social and regulatory (integration in adaptive responses).  

A stepwise integrated modelling procedure was subsequently developed using this hybrid approach for 

the case study of Port Resolution, Tanna Island, Vanuatu. Structural analysis of the system (i.e., FCM 

technique) was undertaken to ensure all the potential and adequate adaptive responses (i.e., integration 

in adaptive responses) and different dimensions of climate change and their causal impacts were 

considered using a participatory technique (i.e., integration in assessment). Then, the outcomes of the 

multidisciplinary assessments were integrated using the BN and SD techniques (i.e., integration in 

assessment) by considering a wide range of stressors and potential adaptation options under multiple 

scenarios (i.e., integration in adaptive responses). Finally, a stepwise integration of the FCM, BN and 

SD approaches adequately addressed the third dimension of the multi-layered integrated approach (i.e., 

integration in modelling), which utilised experts’ and stakeholders’ knowledge and parametrised data 

as well as the results of the Geographical Information System (GIS)-based analysis and downscaled 

modellings. To demonstrate the efficacy of the created planning approach, a holistic understanding of 

the impacts of multiple combinations of different adaptation strategies on coral reef ecosystems’ health 

and resilience and their consequential economic impacts was established. 
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Mapping the key factors influencing the coral reef ecosystems 

The understanding of the complexity and interdisciplinary nature of coral reef ecosystems was 

significantly enriched through a different form of stakeholder engagement, including participation, 

collaboration and shared knowledge in the process of adaptation planning throughout this PhD research. 

Furthermore, marine ecosystems under climate change and human pressure, as the focus of this 

research, are complex systems with a high level of uncertainty, which also requires a conceptualisation 

of the systems prior to systems modelling. However, changes in such a socio-ecological system during 

unprecedented changing climate conditions require the adoption of an approach competent in dealing 

with the complexity, causality and high level of uncertainty embedded in coral reef systems. Thus, an 

important finding was the conclusion that undertaking a structural analysis through a practical approach 

was a mandate rather than an option.  

The FCM technique was determined to be an applied and proper technique capable of contemplating 

the interactions of ecosystems with socio-ecological systems. As the main achievements of the 

structural analysis step, the leading impacting factors to coral reef ecosystems were identified and 

confirmed; the type and degree of interactions and relationships were captured and graphically mapped. 

A preliminary understanding of the role of the leading factors was attained. Twenty-seven major 

concepts, particularly coral cover, were consequently approved as the most critical factors impacting 

the coral reef’s regime shift dynamics. Climatic factors, including sea-level rise (SLR), ocean warming 

and acidification, extreme ocean events and temperature and rainfall pattern were identified as the most 

influential factors impacting the health and resilience of coral reefs, which are mostly beyond the local 

communities’ and authorities’ control. It was concluded that the chance of saving and protecting the 

coral reef ecosystems without mitigating the adverse impacts of the changing climate conditions is slim 

to zero. Although the finalised mapped causal relationship of variables (i.e., concepts or factors) was 

used for conceptual modelling in the BN and SD modelling steps for a specific case study, the findings 

of the structural analysis of this research can be used as a reference for future coral reef modelling. 

Chapter Five focused on the structural analysis using the FCM technique. 

The BN model for coral reef ecosystems  

The BN modelling technique was determined to be an appropriate technique to assess the health 

and resilience of coral reef ecosystems. The BN model in this research was innovatively developed 

within the DPSI framework using structural analysis. Furthermore, it was found that quantifying the 

model through a consolidated, innovative, data-induced, evidence-based and expert-driven approach 

can maximise the efficacy and accuracy of the modelling. This consolidation incorporated (1) 

projections of future climate conditions and changing human activities; (2) the influences of multiple 
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stressors, including physical, environmental and sociological factors; and (3) spatial variability in the 

key processes and variables. As the final station prior to modelling, the model was calibrated and 

validated though the prediction performance using generated replicated data for receiver operator 

characteristics, robustness tests and BN-based sensitivity analysis, as detailed in Sections 6.7.2, 6.7.3 

and 6.7.4.  

After the BN model was validated, multiple scenario-based modellings were run to predict the future 

conditions of coral reef ecosystems under different combinations of climate changes and adaptation 

scenarios for the picture of 2070. The presented probabilistic scenario modelling results can provide 

researchers and decision-makers with a holistic understanding of the long-term impacts of climatic and 

non-climatic stressors and the effectiveness of management interventions on coral reef conditions. The 

risks to the health and resilience of the Port Resolution coral reef system from the adverse impacts of 

climate change and harmful human activities and the possible success of adaptations strategies have 

been predicted. As a sober finding of this modelling, it has been demonstrated that the effectiveness of 

various combinations of sustainable management strategies was revealed to be heavily dependent on 

the extent of climate change. Furthermore, it is contended with high confidence that the health and 

resilience of coral reefs would be severely threatened in the absence of implementing adaptation 

strategies and associated sustainable management interventions.  

The coral reef ecosystems and the associated economic impacts using SD modelling 

platform 

Chapter Seven was dedicated to the dynamic and temporal modelling of the coral reefs’ cover 

conditions and the associated economic impacts using the outcomes and findings of the previous steps. 

An SD model was developed as the central modelling platform throughout two major steps, including 

causal loop diagramming (CLD) (i.e. conceptualisation) and stock and flow diagramming (SFD; i.e., 

model parameterisation). First, the structural analysis (i.e. FCM) was revealed as an appropriate 

approach for CLD development, as explained in Chapters Five and Seven. Next, development of the 

SFD was grounded in this finalised CLD, and dynamic modelling was conducted. The SFD comprised 

five main subsystems: (1) marine ecology, (2) economics, (3) capital works, (4) climate change and (5) 

tourism and population. Each subsystem represents the different components of the system, and each 

subsystem was included in the SFD for different purposes and to represent a part of the coral reef 

ecosystems and the associated economic impacts. The marine ecology subsystem aimed to predict the 

dynamic changes of coral reefs cover conditions over time alongside the economic subsystem, which 

used to analyse the monetary value of ecosystem service flows provided by coral reefs. Capital works 

and tourism and population subsystems were included in the system to link and encompass the dynamics 
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of human-based impacts on the coral reef ecosystems and the associated economic effects. The climate 

change subsystem simulates the adverse effects of the changing conditions on the coral reef over the 

long-term time horizon. The combination of these five subsystems was found to be an ideal and effective 

way of integrating local pressures and long-term climate changes.   

Next, the SD modelling proceeded to the parametrisation and testing phases based on the different 

climate change and adaptation scenario variables. At this stage, the SFD was completed using two main 

approaches: (1) formula-driven and evidence-based parameterisation from relevant equations and 

numerical data and information and (2) BN-based parameterisation from the outcome of the BN models 

and simulations in which the existing data and information were insufficient to quantify the model. 

Using the BN modelling results was revealed as an innovative way of treating the modelling 

uncertainties, which was an important outcome. The model testing and verification phase was the final 

step prior to utilising the SD modelling, which was undertaken by conducting a series of multivariate 

and univariate sensitivity analyses and experts’ model behaviour validation with the analysis of 

previous steps (i.e., FCM and BN-based sensitivity analysis). 

Scenario-based modelling determined that the steady and robust implementation of management 

strategies under Representative Concentration Pathways (RCPs) 2.6, 4.0 and 6.5 is the best option to 

protect the long-term flow of economic benefits and to maintain functional coral cover in the study 

region despite economic losses over a short period. Furthermore, the current trend (i.e., business-as-

usual) could lead to dramatic economic losses in 20 years. Among the local factors, unsupervised and 

uncontrolled tourism activities dramatically accelerated the shifting process from the coral-dominant 

condition. 

8.2. Study Contributions 

This research has delivered original contributions to the theoretical, methodological and 

practical knowledge in the field of EbA planning for SIDS and coastal communities. The overall 

modelling procedure provides system modellers, researchers and decision-makers with an advanced 

framework for marine ecosystems assessments, provided ecosystem services and associated economic 

valuations that could to be tailored to the case-specific needs and requirements. 

8.2.1. Theoretical contributions 

The key findings of this study were achieved by employing a novel integrative approach to 

support the climate change adaptation planning procedure. The conclusions and outcomes of each step 

of this research represent how this study has further developed the current body of knowledge, 
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particularly in the fields of adaptation planning, ecological studies, coral reef ecosystem assessments 

and ecosystem services valuation.  

The first objective was achieved by completing a comprehensive systematic literature review, as 

detailed in Chapter Three. As a result, the essential characteristics and requirements of adaptation 

planning were identified, and the multi-layered integrated approach was identified as a significant gap 

in knowledge. This innovative approach requires attention from researchers and system modellers. The 

efficacy and competency of the multi-layered integrative approach were subsequently demonstrated by 

applying a case study from P-SIDS (i.e., Port Resolution, Tanna Island). Although the advanced 

integrative approach was applied to Port Resolution, Tanna Island, it is also applicable for climate 

change adaptation planning for other SIDS and coastal communities.  

In accordance with the second objective, the modelling framework of this research demonstrates how 

several modelling and conceptualisation approaches could be sequentially integrated successfully. 

Theoretically, the proposed framework was developed by considering the capacities and limitations of 

different modelling tools and techniques to handle the uncertain, complex and non-linear nature of 

marine ecosystems. Thus, the essential requirements of sustainable planning for ecosystems were 

adequately addressed as a result of employing a specifically designed integrative stepwise modelling 

framework. Furthermore, the approach used for data collection, based on multidisciplinary analyses and 

assessments and stakeholders’ knowledge and opinions for modelling purposes, was an original way of 

coping with some of the modelling challenges. 

The assessment of marine ecosystems and the associated economic impacts through an integrated, 

probabilistic, dynamic, participatory lens allowed for a holistic view into climate change adaptation 

planning. Participatory BN and FCM methods enable the modelling procedure to incorporate the 

knowledge and opinion of stakeholders as an essential element of any adaptation or sustainable 

planning. Moreover, probabilistic analysis using the BN technique reveals how the embedded 

uncertainties in the socioeconomic systems and the trajectories of climate change over a long-term 

period can be effectively treated. The dynamic assessment supported by participatory and probabilistic-

based analyses provided this study with insight into the complexity of coral reef ecosystems grounded 

in systematic non-linearities, time delays and multiple feedback loops. In addition to the probabilistic 

assessment of coral reefs’ health and resilience under a diverse range of conditions and scenarios, 

temporal variations of functional coral reef cover conditions and the associated economic impacts were 

captured using computer-based simulations. A thorough comparison between the results of these two 

independent analyses can also provide policy- and decision-makers with both short- and long-term 

consequences of adaptation or management interventions. 
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8.2.2. Methodological contributions 

This study employed an innovative stepwise modelling framework capable of addressing the 

adaptation planning requirements. As a significant methodological contribution, this framework was 

developed using the theoretical achievement (i.e., the multi-layered integrated approach), as described 

above, which consists of four main steps including design, conceptualisation, model development and 

testing and scenario-based analysis. The requirements of modelling were identified as the first step, as 

detailed in Chapter Three. The structural analysis of the main factors impacting the health and resilience 

using the FCM technique (i.e., third objective) enabled the BN and SD modelling phases with robust 

and valid model conceptualisations. The BN and SD models were subsequently constructed based on 

the findings of the previous stages. Notably, data collection based on the probabilistic statistical analysis 

and experts’ knowledge allowed a solid BN model construction. Next, the SD model was constructed 

to simulate the dynamic changes of the system. The results of the scenario-based analysis, in accordance 

with the fifth objective, could serve as a planning and policy-making reference in any cases which 

require similar contemplation of the interactions of ecosystems with socio-ecological systems. 

Besides the originality of the overall modelling process, the methodological contributions of this PhD 

research were in the conceptualisation and model development steps. First, the application of FCM in 

coral reef assessment and conceptualisation modelling, which was used in this research, is scarce in the 

literature despite the wide range of existing research and studies using FCM in environmental 

management research. Moreover, the novel BN model quantification method by consolidating the 

results of regional and downscaled climate models, GIS-based analysis, parametrised data obtained 

from the region and tacit knowledge elicited from experts for the ecosystem modelling was presented. 

In addition, the aforementioned coupling strategy in support of the SFD parametrisation phase using 

the results of BN modelling is considered one of the significant originalities of this study, as described 

in Chapter Seven. 

8.2.3. Practical contributions 

This study has been demonstrated how the modelling framework proposed to understand and 

predict the dynamics of ecosystem services can contribute to improving the EbA planning processes. 

The proposed modelling frameworks and planning approach can be applied for other locations despite 

being used for the case of Port Resolution, Tanna Island, in this PhD. Both the quantitative and 

qualitative results of this study can be used as a basis for EbA planning. The findings and verdicts of 

the extensive scenario-based analysis explicitly culminated in the formulation of a number of practical 

EbA planning recommendations for SIDS. Tanna and Melanesian islands’ plans should include (1) 

ecosystem-based solutions such as controlling catchment and bay water quality by reducing nutrition 
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loads and sedimentation through integrated water quality improvement plans or ridge-to-reef catchment 

plans, (2) social capital through community-based and Kastom-oriented options and (3) economic or 

livelihood alternatives to reduce the impact of changing inland or offshore commercial or subsistence 

harvesting. The practical recommendations of this PhD enable policymakers to design practical and 

rational policies supporting healthy coral reef ecosystems and the steady flow of ecosystem services for 

local communities that are highly vulnerable to the adverse impacts of climate change. Some of the 

below recommendations were determined for the case study of this research as a result of an extensive 

literature review and multiple integrated modellings and scenario-based analyses. 

• To conclude with a practical and holistic adaptation plan, it is essential to identify, assess and 

prioritise all potential adaptive responses, including engineering, social and regulatory, through 

an integrated vulnerability assessment and decision-making process with all the subsets.  

• Immediate actions to preserve the coral reef’s health and resilience are needed to uphold the 

attraction of reef sites to tourists as well as to protect the coral reef communities and to sustain 

other provided ecosystem services such as fishing and coastal protection. 

• Local management interventions are unlikely to be able to protect coral reefs under the worst-

case climate change scenario. 

• The steady and robust implementation of management strategies under RCPs 2.6, 4.0 and 6.5 

is the best option to protect the long-term flow of economic benefits and to maintain functional 

coral cover in the study region despite economic loss over a short-term period. 

• Fishery management, recreational activity supervision and management, using artificial reef 

structures and fish aggregation devices, water quality improvement plans and coastal land use 

sustainable development plans were identified as appropriate and effective management 

strategies.  

• Coupling Kastom-oriented solutions such as seasonal taboos on fishing with cost-effective 

sustainable management schemes can significantly mitigate the adverse climatic and non-

climatic pressures on coral reefs. 

• The devastating consequences of the loss of coral cover would dramatically reduce the flow of 

associated ecosystem services. The relatively high but potentially manageable probability of 

the increasing vulnerability of coral reefs under the impacts arising from RCPs 2.6, 4.5 and 6.0 

highlights the importance of the recommended adaptation strategy options. 

• In the absence of effective sustainable land-use practices, the high population growth rate is 

projected to significantly exacerbate the destruction of coral covers, as evidenced by the results 

of modelling and sensitivity analyses. 
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• The effectiveness of various combinations of sustainable management strategies was 

demonstrated to be heavily dependent on the extent of climate change. Management 

interventions can play a constructive and critical role in promoting reef resilience under the 

relatively limited climate change impacts associated with low greenhouse gas (GHG) emissions 

by 2070 (i.e., RCP 2.6). On the other hand, these management options are unlikely to adequately 

protect the coral reefs in the long-term under RCP 8.5 because of projected mass coral bleaching 

events. 

• Under RCP 8.5, the coral reefs of SIDS are likely to suffer the same irreversible decline from 

bleaching as reefs globally (Frieler et al. 2012), and local management interventions have a 

lesser effect on reef health compared to the other RCPs due to the severe climatic and 

environmental impacts. 

8.3. Research Limitations and Boundaries 

This research was undertaken with some inherent limitations in the focal scale, available data, 

time frame and scope of this PhD study. First, one SIDS location in the Pacific region (i.e., Port 

Resolution, Tanna Island) was selected as a case study, and the ecological and ecosystem assessments 

were limited to the coral reef. Second, one coral reef site in Port Resolution, Tanna Island, was 

established as the focus of the systems modelling because it provides 80% of the ecosystem services 

for Tanna Island’s community. However, the inclusion of other sites or ecosystem services could enrich 

the assessments and result in a holistic, comprehensive understanding. For instance, completing similar 

modelling for the two other coral reef sites in Tanna (North-West Tanna and Lenakel) could 

significantly improve the efficiency of ecosystem-based marine spatial planning and sustainable 

management of coral reef ecosystems around the island. Furthermore, the local communities could 

benefit from operational spatial planning by maintaining the balance between fishing and recreational 

or tourism activities for these major coral reef sites through the adoption of effective ecosystem-based 

management or adaptation strategies, such as seasonal fishing bans, community-based protected areas 

or recreational and tourism management zones. Next, the proposed methodological and theoretical 

approaches were tailored based on the best available data. Other issues may affect the flow of ecosystem 

services and the associated economic impacts which have not been considered in this study. The impacts 

of the future changing climate conditions on coral reef ecosystem conditions were simulated, projected 

and analysed according to the existing climate models based on GHG concentration trajectories adopted 

by the Intergovernmental Panel on Climate Change (IPCC) only. Case-specific downscaled climate, as 

well as regional ocean and coastal process, modelling could enhance the dependability of the modelling 

results.  
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8.4. The Implications For Future Research 

The modelling procedure and the results for the different combinations of sustainable management 

scenarios under the RCPs can provide planners and decision-makers with essential insights.  

• The scope of the identified concepts reveals that sustainable management or adaptation 

planning of coastal coral reefs should be studied from a multidisciplinary, socio-ecological lens. 

• The modelling approach used here can be adapted, transferred and applied broadly to other 

SIDS, and the specific findings are likely relevant elsewhere in the South Pacific context.  

• The listed variables (also known as nodes and concepts) and potential management options 

within the DPSI framework could provide future similar research and planning efforts with 

useful archive references. 

• Coupling Kastom-oriented solutions such as seasonal taboos on fishing with cost-effective 

sustainable management schemes could mitigate the adverse climatic and non-climatic pressure 

on coral reefs. Adopting a coupled approach is more likely to yield stronger adaptation 

outcomes over the long-term. This approach may be preferred over a short-term period than 

poorly implemented high-level government strategies due to the limited institutional capacity 

and financial resources available to SIDS and their outer islands, in particular, limited 

infrastructure, low per capita income and poor access to the latest technologies and facilities. 

• Comparing the results of this study with other coral reef assessments confirms the need for 

scenario-based modelling with integrated local and climatic stressors. This study further built 

on this finding by proposing scenario-specific options mitigating the damages of different 

development pathways. 

• Future research should include additional policies to substitute the lost ecosystem services 

provided by coral reefs and to implement the highest level of management interventions in any 

future decision-making processes if the future global emissions follow RCP 8.5. Under the 

climate change worst-case scenario, the coral reefs of SIDS are likely to suffer the same 

irreversible decline from bleaching as reefs globally, and local management interventions have 

a lesser effect on reef health compared to the other RCPs due to the severe climatic and 

environmental impacts.  

• The benefits of the EbA need to be studied further, and more significant consideration needs to 

be given to how EbAs can be employed to help improve community resilience and promote 

sustainable development for SIDS and coastal communities. 
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In summary, the projections of the risks of declining reef conditions and the associated economic 

impacts under different scenario-based assumptions indicate that preserving sustainable coral reef 

ecosystem management from a long-term perspective requires the implementation of further actions 

and policies in Port Resolution. Adopting an integrated, community-based sustainable and management 

approach towards reducing the vulnerability of the studied reef site should be considered in any relevant 

further planning or research as a strategy that warrants greater effectiveness of planning strategies. 

 

 



 

| P a g e  191 
 

REFERENCES 
 

Addo, k. A., Larbi, l., Amisigo, b. & Ofori-danson, P. K. 2011. Impacts of Coastal Inundation Due to 

Climate Change in a CLUSTER of Urban Coastal Communities in Ghana, West Africa. Remote 

Sensing, 3, 2029-2050. 

Adger, W. N., Arnell, N. W. & Tompkins, E. L. 2005. Successful adaptation to climate change across 

scales. Global Environmental Change, 15, 77-86. 

Aguilera, P. A., Fernández, A., Ropero, R. F. & Molina, L. 2013. Groundwater quality assessment using 

data clustering based on hybrid Bayesian networks. Stochastic Environmental Research and 

Risk Assessment, 27, 435-447. 

Anthony, K.R., Kline, D.I., Diaz-Pulido, G., Dove, S. & Hoegh-Guldberg, O., 2008. Ocean acidification 

causes bleaching and productivity loss in coral reef builders. Proceedings of the National 

Academy of Sciences. 

Ahammad, R., Nandy, P. & Husnain, P. 2013. Unlocking ecosystem based adaptation opportunities in 

coastal Bangladesh. Journal of Coastal Conservation, 17, 833-840. 

Ajibade, I., Armah, F. A., Kuuire, V., Luginaah, I. & Mcbean, G. 2015. Self-Reported Experiences of 

Climate Change in Nigeria: The Role of Personal and Socio-Environmental Factors. Climate, 

3, 16-41. 

Al-Jeneid, S., Bahnassy, M., Nasr, S. & El-Raey, M. 2008. Vulnerability assessment and adaptation to 

the impacts of sea level rise on the Kingdom of Bahrain. Mitigation and Adaptation Strategies 

for Global Change, 13, 87-104. 

Albert, S., Abernethy, K., Gibbes, B., Grinham, A., Tooler, N. & Aswani, S. 2013. Cost-Effective 

Methods for Accurate Determination of Sea Level Rise Vulnerability: A Solomon Islands 

Example. Weather, Climate, and Society, 5, 285-292. 

Alexander, M. A., Scott, J. D., Friedland, K. D., Mills, K. E., Nye, J. A., Pershing, A. J. & Thomas, A. 

C. 2018. Projected sea surface temperatures over the 21 st century: Changes in the mean, 

variability and extremes for large marine ecosystem regions of Northern Oceans. 

Elementa: Science of the Anthropocene, 6. 

Ali, S., Darsan, J., Singh, A. & Wilson, M., 2018. Sustainable coastal ecosystem management–An 

evolving paradigm and its application to Caribbean SIDS. Ocean & Coastal Management 163, 

173-184. 

Alipour, M., Hafezi, R., Amer, M. & Akhavan, A., 2017. A new hybrid fuzzy cognitive map-based 

scenario planning approach for Iran's oil production pathways in the post–sanction period. 

Energy 135, 851-864. 

Alipour, M., Hafezi, R., Papageorgiou, E., Hafezi, M. & Alipour, M., 2019. Characteristics and 

scenarios of solar energy development in Iran: Fuzzy cognitive map-based approach. 

Renewable and Sustainable Energy Reviews 116, 109410. 

Alfeld, L. E. & Graham, A. K. 1976. Introduction to urban dynamics, Wright-Allen Press. 

Allen, M., Antwi-Agyei, P., Aragon-Durand, F., Babiker, M., Bertoldi, P., Bind, M., Brown, S., 

Buckeridge, M., Camilloni, I. & Cartwright, A. 2019. Technical Summary: Global warming of 

1.5° C. An IPCC Special Report on the impacts of global warming of 1.5° C above pre-

industrial levels and related global greenhouse gas emission pathways, in the context of 

strengthening the global response to the threat of climate change, sustainable development, and 

efforts to eradicate poverty. 

Amirkhani, A., Papageorgiou, E.I., Mosavi, M.R. & Mohammadi, K., 2018. A novel medical decision 

support system based on fuzzy cognitive maps enhanced by intuitive and learning capabilities 

for modeling uncertainty. Applied Mathematics and Computation 337, 562-582. 



 

| P a g e  192 
 

Angus, S., Parris, B. & Hassani-M, B. Climate change impacts and adaptation in Bangladesh: An agent-

based approach.  18th World IMACS / MODSIM Congress, 13–17 July 2009 Cairns, Australia. 

MODSIM, 2720-2726. 

Anthony, K.R., Maynard, J.A., Diaz‐Pulido, G., Mumby, P.J., Marshall, P.A., Cao, L. & Hoegh‐

Guldberg, O., 2011. Ocean acidification and warming will lower coral reef resilience. Global 

Change Biology 17(5) 1798-1808. 

Armah, F. A., Luginaah, I., Hambati, H., Chuenpagdee, R. & Campbell, G. 2015. Assessing barriers to 

adaptation to climate change in coastal Tanzania: Does where you live matter? Population and 

Environment, 37, 231-263.  

Argent, R.M., Sojda, R.S., Giupponi, C., McIntosh, B., Voinov, A.A. & Maier, H.R., 2016. Best 

practices for conceptual modelling in environmental planning and management. Environmental 

Modelling & Software 80 113-121. 

Agrahari, R., Foroushani, A., Docking, T.R., Chang, L., Duns, G., Hudoba, M., Karsan, A. & Zare, H., 

2018.Applications of Bayesian network models in predicting types of haematological 

malignancies. Scientific Reports, 8(1), 6951. 

Arkema, K.K., Verutes, G.M., Wood, S.A., Clarke-Samuels, C., Rosado, S., Canto, M., Rosenthal, A., 

Ruckelshaus, M., Guannel, G. & Toft, J., 2015. Embedding ecosystem services in coastal 

planning leads to better outcomes for people and nature. Proceedings of the National Academy 

of Sciences 112, 7390-7395. 
Ateweberhan, M., Feary, D.A., Keshavmurthy, S., Chen, A., Schleyer, M.H. & Sheppard, C.R., 2013. 

Climate change impacts on coral reefs: synergies with local effects, possibilities for acclimation, 

and management implications. Marine Pollution Bulletin 74(2) 526-539. 

Australian Beareua of Meteorology, The Commonwealth Scientific and Industrial Research 

Organisation (CSIRO), 2014. Climate Variability, Extremes and Change in the Western Tropical 

Pacific: New Science and Updated Country Reports (Pacific‐Australia Climate Change Science 

and Adaptation Planning Program Technical Report). Australian Bureau of Meteorology and 

Commonwealth Scientific and Industrial Research Organisation. 

Australian Bureau of Meteorology and CSIRO, 2018. Vanuatu Climate Futures Online Tool The 

Commonwealth Scientific and Industrial Research Organisatio and Bureau of Meteorology, 

viewed second of September 2018 <https://www.pacificclimatefutures.net/en/climate-

futures/future-climate/>. 

Australian Bureau of Meteorology & CSIRO, 2014. Climate Variability, Extremes and Change in the 

Western Tropical Pacific: New Science and Updated Country Reports (Pacific‐Australia Climate 

Change Science and Adaptation Planning Program Technical Report), In: Australian Bureau of 

Meteorology and Commonwealth Scientific and Industrial Research Organisation (Ed.): 

Melbourne, Australia. 

Axelrod, R., 1976. The cognitive mapping approach to decision making. Structure of decision, 221-

250. 

Axelrod, R., 2015. Structure of decision: The cognitive maps of political elites. Princeton university 

press. 

Ban, S.S., Pressey, R.L. & Graham, N.A., 2015. Assessing the effectiveness of local management of 

coral reefs using expert opinion and spatial Bayesian modeling. PloS one 10, e0135465. 

Barange, M., Merino, G., Blanchard, J., Scholtens, J., Harle, J., Allison, E., Allen, J., Holt, J. & 

Jennings, S., 2014. Impacts of climate change on marine ecosystem production in societies 

dependent on fisheries. Nature Climate Change 4, 211.  

Batisha, A. F. 2015. Implementing fuzzy decision making technique in analyzing the Nile Delta 

resilience to climate change. Alexandria Engineering Journal, 54, 1043-1056. 

Bartelet, H. A. & Fletcher, P. 2017. Exploring disease dynamics on coral reef ecosystems through 

system dynamics models, proceeding of the system dynamics conference  

Barry, R. G. & Chorley, R. J. 2009. Atmosphere, weather and climate, Routledge. 

https://www.pacificclimatefutures.net/en/climate-futures/future-climate/
https://www.pacificclimatefutures.net/en/climate-futures/future-climate/


 

| P a g e  193 
 

Barkley, H.C., Cohen, A.L., Mollica, N.R., Brainard, R.E., Rivera, H.E., DeCarlo, T.M., Lohmann, 

G.P., Drenkard, E.J., Alpert, A.E. & Young, C.W., 2018. Repeat bleaching of a central Pacific 

coral reef over the past six decades (1960–2016). Communications Biology 1(1) 177. 

BayesFusion LLC, 2016. GeNIe, decision-theoretic methodology,: https://www.bayesfusion.com,. 

Ballé-Béganton, J., Lample, M., Bacher, C., Fiandrino, A., Guillard, V., Laugier, T., Mongruel, R. & 

Pérez Agúndez, J. 2010. A modelling platform for complex socioecosystems: an application to 

freshwater management in coastal zones. 5th International Congress on Environmental 

Modelling and Sofware. Ottawa, Ontario, Canada. 

Becken, S., Stantic, B., Chen, J., Alaei, A.R. & Connolly, R.M., 2017. Monitoring the environment and 

human sentiment on the Great Barrier Reef: assessing the potential of collective sensing. 

Journal of Environmental Management 203, 87-97. 

Bennett, N. D., Croke, B. F. W., Guariso, G., Guillaume, J. H. A., Hamilton, S. H., Jakeman, A. J., 

Marsili-Libelli, S., Newham, L. T. H., Norton, J. P., Perrin, C., Pierce, S. A., Robson, B., 

Seppelt, R., Voinov, A. A., Fath, B. D. & Andreassian, V. 2013. Characterising performance 

of environmental models. Environmental Modelling & Software, 40, 1-20. 

Bennett, N. J., Kadfak, A. & Dearden, P. 2016. Community-based scenario planning: a process for 

vulnerability analysis and adaptation planning to social-ecological change in coastal 

communities. Environment Development and Sustainability, 18, 1771-1799. 

Berrang-Ford, L., Pearce, T. & Ford, J. D. 2015. Systematic review approaches for climate change 

adaptation research. Regional Environmental Change, 15, 755-769. 

Bertone, E., Sahin, O., Richards, R. & Roiko, A. 2016. Modelling with stakeholders: a systems approach 

for improved environmental decision making under great uncertainty. 

Betzold, C. 2015. Adapting to climate change in small island developing states. Climatic Change, 133, 

481-489. 

Biesbroek, G. R., Klostermann, J. E. M., Termeer, C. & Kabat, P. 2013. On the nature of barriers to 

climate change adaptation. Regional Environmental Change, 13, 1119-1129. 

Bin Kashem, S., Wilson, B. & Van Zandt, S. 2016. Planning for Climate Adaptation: Evaluating the 

Changing Patterns of Social Vulnerability and Adaptation Challenges in Three Coastal Cities. 

Journal of Planning Education and Research, 36, 304-318. 

Binder, T., Vox, A., Belyazid, S., Haraldsson, H. & Svensson, M. Developing system dynamics models 

from causal loop diagrams.  Proceedings of the 22nd International Conference of the System 

Dynamic Society, 2004. Citeseer. 

Birk, T. 2014. Assessing vulnerability to climate change and socioeconomic stressors in the Reef 

Islands group, Solomon Islands. Danish Journal of Geography, 114, 59-75. 

Bjarnadottir, S., Li, Y. & Stewart, M. G. 2011. A probabilistic-based framework for impact and 

adaptation assessment of climate change on hurricane damage risks and costs. Structural Safety, 

33, 173-185. 

Boateng, I. 2012. GIS assessment of coastal vulnerability to climate change and coastal adaption 

planning in Vietnam. Journal of Coastal Conservation, 16, 25-36. 

Bormann, H., Ahlhorn, F. & Klenke , T. 2012. Adaptation of water management to regional climate 

change in a coastal region – Hydrological change vs. community perception and strategies. 

Journal of Hydrology, 454, 64-75. 

Borsuk, M. E., Stow, C. A. & Reckhow, K. H. 2004. A Bayesian network of eutrophication models for 

synthesis, prediction, and uncertainty analysis. Ecological Modelling, 173, 219-239. 

Borja, A., 2014. Grand challenges in marine ecosystems ecology. Frontiers in Marine Science 1, 1. 

Boyd, E. 2017. Climate adaptation: Holistic thinking beyond technology. Nature Climate Change, 7, 

97. 

Brink, E., Aalders, T., Adam, D., Feller, R., Henselek, Y., Hoffmann, A., Ibe, K., Matthey-Doret, A., 

Meyer, M., Negrut, N. L., Rau, A. L., Riewerts, B., Von Schuckmann, L., Tornros, S., Von 

Wehrden, H., Abson, D. J. & Wamsler, C. 2016. Cascades of green: A review of ecosystem-



 

| P a g e  194 
 

based adaptation in urban areas. Global Environmental Change-Human and Policy 

Dimensions, 36, 111-123. 

Broto, V. C., Boyd, E. & Ensor, J. 2015. Participatory urban planning for climate change adaptation in 

coastal cities: lessons from a pilot experience in Maputo, Mozambique. Current Opinion in 

Environmental Sustainability, 13, 11-18. 

Brown, C.J., Jupiter, S.D., Albert, S., Klein, C.J., Mangubhai, S., Maina, J.M., Mumby, P., Olley, J., 

Stewart-Koster, B. & Tulloch, V., 2017. Tracing the influence of land-use change on water 

quality and coral reefs using a Bayesian model. Scientific reports 7, 4740. 

Bruno Soares, M., Gagnon, A. S. & Doherty, R. M. 2012. Conceptual elements of climate change 

vulnerability assessments: a review. International Journal of Climate Change Strategies and 

Management, 4, 6-35. 

Brewer, T., Cinner, J., Green, A. & Pressey, R., 2013. Effects of human population density and 

proximity to markets on coral reef fishes vulnerable to extinction by fishing. Conservation 

Biology 27(3) 443-452. 

Brown, C. J., Jupiter, S. D., Albert, S., Klein, C. J., Mangubhai, S., Maina, J. M., Mumby, P., Olley, J., 

Stewart-Koster, B. & Tulloch, V. 2017. Tracing the influence of land-use change on water 

quality and coral reefs using a Bayesian model. Scientific reports, 7, 4740. 

Bruno, J.F., Selig, E.R., Casey, K.S., Page, C.A., Willis, B.L., Harvell, C.D., Sweatman, H. & Melendy, 

A.M., 2007. Thermal stress and coral cover as drivers of coral disease outbreaks. PLoS Biology 

5(6) 124. 

Buckwell, A., Ware, D., Fleming, C., Smart, J.C., Mackey, B., Nalau, J. & Dan, A., 2019. Social benefit 

cost analysis of ecosystem-based climate change adaptations: a community-level case study in 

Tanna Island, Vanuatu. Climate and Development, 1-16. 

Burke, L., Reytar, K., Spalding, M. & Perry, A., 2011. Reefs at Risk Revisited. World Resources 

Institute (WRI), the Nature Conservancy, WorldFish Center, International Coral Reef Action 

Network, UNEP World Conservation Monitoring Centre and Global Coral Reef Monitoring 

Network: Washington, DC, 114. 

Bujosa, A., Riera, A. & Torres, C. M. 2015. Valuing tourism demand attributes to guide climate change 

adaptation measures efficiently: The case of the Spanish domestic travel market. Tourism 

Management, 47, 233-239. 

Bunce, M., Rosendo, S. & Brown, K. 2010. Perceptions of climate change, multiple stressors and 

livelihoods on marginal African coasts. Environment, Development and Sustainability, 12, 407-

440. 

Burdekin, R. 1979. A dynamic spatial urban model: a generalization of Forrester's urban dynamics 

model. Urban systems, 4, 93-120. 

Burton, P. & Mustelin, J. 2013. Planning for climate change: Is greater public participation the key to 

success? Urban Policy and Research, 31, 399-415. 

Butler, W. H., Deyle, R. E. & Mutnansky, C. 2016. Low-Regrets Incrementalism: Land Use Planning 

Adaptation to Accelerating Sea Level Rise in Florida's Coastal Communities. Journal of 

Planning Education and Research, 36, 319-332. 

Carriger, J. F., Yee, S. H. & Fisher, W. S. 2019. An introduction to Bayesian networks as assessment 

and decision support tools for managing coral reef ecosystem services. Ocean & coastal 

management, 177, 188-199. 

Catenacci, M. & Giupponi, C. 2013. Integrated assessment of sea-level rise adaptation strategies using 

a Bayesian decision network approach. Environmental Modelling & Software, 44, 87-100. 

Cavana, R. Y. & Clifford, L. V. 2006. Demonstrating the utility of system dynamics for public policy 

analysis in New Zealand: the case of excise tax policy on tobacco. System Dynamics Review, 

22, 321-348. 

Cavana, R. & Maani, K., 2000, August. A methodological framework for integrating systems thinking 

and system dynamics. In Proceedings of the 18th International Conference of the System 

Dynamics Society, 6-10. 



 

| P a g e  195 
 

Chang, Y. C., Hong, F. W. & Lee, M. T. 2008. A system dynamic based DDS for sustainable coral reef 

management in Kenting coastal zone, Taiwan. Ecological modelling, 211, 153-168. 

Chateau, P.-A., Huang, Y.-C. A., Chen, C. A. & Chang, Y.-C. 2015. Integrated assessment of 

sustainable marine cage culture through system dynamics modeling. Ecological Modelling, 

299, 140-146. 

Chong, J. 2014. Ecosystem-based approaches to climate change adaptation: progress and challenges. 

International Environmental Agreements: Politics, Law and Economics, 14, 391-405. 

Chung, A.E., Wedding, L.M., Meadows, A., Moritsch, M.M., Donovan, M.K., Gove, J. & Hunter, C., 

2019. Prioritizing reef resilience through spatial planning following a mass coral bleaching 

event. Coral Reefs 38, 837-850. 

Codjoe, S. N. A. & Issah, A. D. 2016. Cultural dimension and adaptation to floods in a coastal settlement 

and a savannah community in Ghana. Geojournal, 81, 615-624. 

Colls, A., Ash, N. & Ikkala, N. 2009. Ecosystem-based Adaptation: a natural response to climate 

change, Gland, Switzerland, International Union for Conservation of Nature and Natural 

Resources (IUCN). 

Cooper, T., Gilmour, J. & Fabricius, K., 2009. Bioindicators of changes in water quality on coral reefs: 

review and recommendations for monitoring programmes. Coral Reefs 28(3) 589-606. 

Comte, A. & Pendleton, L.H., 2018. Management strategies for coral reefs and people under global 

environmental change: 25 years of scientific research. Journal of Environmental Management 

209 462-474. 

Connell, J., Lowitt, K., Saint Ville, A. & Hickey, G. M. 2020. Food Security and Sovereignty in Small 

Island Developing States: Contemporary Crises and Challenges. Food Security in Small 

Island States. Springer. 

Connell, D. J. & Daoust-Filiatrault, L.-A. 2017. Better than good: Three dimensions of plan quality. 

Journal of Planning Education and Research, 0739456X17709501. 

Conway, D. & Mustelin, J. 2014. Strategies for improving adaptation practice in developing countries. 

Nature Climate Change, 4, 339. 

Cooper, M. J. P., Beevers, M. D. & Oppenheimer, M. 2008. The potential impacts of sea level rise on 

the coastal region of New Jersey, USA. Climatic Change, 90, 475-492. 

Costanza, R., Daly, L., Fioramonti, L., Giovannini, E., Kubiszewski, I., Mortensen, L. F., Pickett, K. 

E., Ragnarsdottir, K. V., De Vogli, R. & Wilkinson, R. 2016. Modelling and measuring 

sustainable wellbeing in connection with the UN Sustainable Development Goals. Ecological 

Economics, 130, 350-355. 

Crate, S. A. & Nuttall, M. 2016. Anthropology and climate change: from encounters to actions, 

Routledge. 

Curtis, A., Jakeman, A., McKee, J. and Lefroy, T. eds., 2012. Landscape logic: integrating science for 

landscape management. CSIRO PUBLISHING. 

D’Angelo, C. & Wiedenmann, J., 2014. Impacts of nutrient enrichment on coral reefs: new perspectives 

and implications for coastal management and reef survival. Current Opinion in Environmental 

Sustainability 7 82-93. 

Das, B., 1999. Representing uncertainties using Bayesian networks (No. DSTO-TR-0918). Electronics 

Research Lab Salisbury, Australia 

Day, J.C., 2002. Zoning—lessons from the Great Barrier Reef marine park. Ocean & coastal 

management 45, 139-156. 

De Franciscis, D., 2014. JFCM: A Java Library for FuzzyCognitive Maps, Fuzzy Cognitive Maps for 

Applied Sciences and Engineering. Springer, 199-220. 

Delevaux, J., Jupiter, S., Stamoulis, K., Bremer, L., Wenger, A., Dacks, R., Garrod, P., Falinski, K. & 

Ticktin, T., 2018. Scenario planning with linked land-sea models inform where forest 

conservation actions will promote coral reef resilience. Scientific reports 8, 12465. 

De'ath, G. & Fabricius, K., 2010. Water quality as a regional driver of coral biodiversity and macroalgae 

on the Great Barrier Reef. Ecological Applications 20(3) 840-850. 



 

| P a g e  196 
 

Dang, N. M., Tung, N. B., Duong, T. A. & Dang, T. D. Assessments of Climate Change and Sea Level 

Rise Impacts on Flows and Saltwater Intrusion in the Vu Gia-Thu Bon River Basin, Vietnam.  

International Conference on Asian and Pacific Coasts, 2019. Springer, 1367-1374. 

Dey, M. M., Gosh, K., Valmonte-Santos, R., Rosegrant, M. W. & Chen, O. L. 2016. Economic impact 

of climate change and climate change adaptation strategies for fisheries sector in Fiji. Marine 

Policy, 67, 164-170. 

Dhirasasna, N., Becken, S. & Sahin, O. 2020. A systems approach to examining the drivers and barriers 

of renewable energy technology adoption in the hotel sector in Queensland, Australia. Journal 

of Hospitality and Tourism Management, 42, 153-172. 

Done, T., 1982. Patterns in the distribution of coral communities across the central Great Barrier Reef. 

Coral Reefs 1(2) 95-107. 

Doherty, M., Klima, K. & Hellmann, J. J. 2016. Climate change in the urban environment: Advancing, 

measuring and achieving resiliency. Environmental Science & Policy, 66, 310-313. 

Dumaru, P. 2010. Community-based adaptation: enhancing community adaptive capacity in Druadrua 

Island, Fiji. WIREs Climate Change, 1, 751-764. 

Dunstan, P.K., Moore, B.R., Bell, J.D., Holbrook, N.J., Oliver, E.C., Risbey, J., Foster, S.D., Hanich, 

Q., Hobday, A.J. & Bennett, N.J., 2017. How can climate predictions improve sustainability of 

coastal fisheries in Pacific Small-Island Developing States?. Marine policy 88(1) 295-302. 

Economics, T. 2020. Vanuatu GDP [Online]. https://tradingeconomics.com/vanuatu/gdp: Trading 

Economics.  [Accessed 05-02-2020 2020]. 

Eker, S. & Zimmermann, N. 2016. Using Textual Data in System Dynamics Model Conceptualization. 

Systems, 4, 28. 

Elshennawy, A., Robinson, S. & Willenbockel, D. 2016. Climate change and economic growth: An 

intertemporal general equilibrium analysis for Egypt. Economic Modelling, 52, 681-689. 

Eyring, V., Cox, P. M., Flato, G. M., Gleckler, P. J., Abramowitz, G., Caldwell, P., Collins, W. D., 

Gier, B. K., Hall, A. D. & Hoffman, F. M. 2019. Taking climate model evaluation to the next 

level. Nature Climate Change, 9, 102-110. 

Elsawah, S., Pierce, S.A., Hamilton, S.H., Van Delden, H., Haase, D., Elmahdi, A. & Jakeman, A.J., 

2017. An overview of the system dynamics process for integrated modelling of socio-ecological 

systems: Lessons on good modelling practice from five case studies. Environmental modelling 

& software 93, 127-145. 

Elliff, C.I. & Kikuchi, R.K., 2017. Ecosystem services provided by coral reefs in a Southwestern 

Atlantic Archipelago. Ocean & Coastal Management 136 49-55. 

Eriksson, H., Albert, J., Albert, S., Warren, R., Pakoa, K. & Andrew, N., 2017. The role of fish and 

fisheries in recovering from natural hazards: Lessons learned from Vanuatu. Environmental 

Science & Policy 76 50-58. 

Fabricius, K.E., 2005. Effects of terrestrial runoff on the ecology of corals and coral reefs: review and 

synthesis. Marine Pollution Bulletin 50(2) 125-146. 

Fairweather, J., 2010. System and method for managing knowledge. Google Patents. 

FCMAPPERS, 2017. Fuzzy Cognitive Mapping Software Solution, http://www.fcmappers.net. 

Feola, G. & Nunes, R. 2014. Success and failure of grassroots innovations for addressing climate 

change: The case of the Transition Movement. Global Environmental Change, 24, 232-250. 

Felix, G., Nápoles, G., Falcon, R., Froelich, W., Vanhoof, K. & Bello, R., 2019. A review on methods 

and software for fuzzy cognitive maps. Artificial Intelligence Review 52, 1707-1737. 

Few, R., Brown, K. & Tompkins, E. L. 2007. Public participation and climate change adaptation: 

avoiding the illusion of inclusion. Climate policy, 7, 46-59. 

Forrester, Jay. W. 1970. Urban dynamics. IMR; Industrial Management Review (pre-1986), 11, 67. 

Forrester,Jay.W.1961. Industrial dynamics. New York–London: Massachussets Institute of Technology 

and Jon Wiley and Sons. 

Forsius, M., Anttila, S., Arvola, L., Bergstorm, I., Hakola, H., Heikkinen, H. I., Helenius, J., Hyvarinen, 

M., Jylha, K., Karjalainen, J., Keskinen, T., Laine, K., Nikinmaa, E., Peltonen-Sainio, P., 



 

| P a g e  197 
 

Rankinen, M., Setala, H. & Vuorenmaa, J. 2013. Impacts and adaptation options of climate 

change on ecosystem services in Finland: a model based study. Current Opinion in 

Environmental Sustainability, 5, 26–40. 

Forsyth, M., 2009. A Bird that Flies with Two Wings: Kastom and state justice systems in Vanuatu. 

ANU E Press. 

Foster, G. & Rahmstorf, S. 2011. Global temperature evolution 1979? 2010. Environmental Research 

Letters, 6, 044022. 

Franco, C., Hepburn, L. A., Smith, D. J., Nimrod, S. & Tucker, A. 2016. A Bayesian Belief Network to 

assess rate of changes in coral reef ecosystems. Environmental Modelling & Software, 80, 132-

142. 

Freire, P., Tavares, A. O., SA, L., Oliveira, A., Fortunato, A. B., Dos Santos, P. P., Rilo, A., Gomes, J. 

L., Rogeiro, J., Pablo, R. & Pinto, P. J. 2016. A local-scale approach to estuarine flood risk 

management. Natural Hazards, 84, 1705-1739. 

Frieler, K., Meinshausen, M., Golly, A., Mengel, M., Lebek, K., Donner, S. & Hoegh-Guldberg, O., 

2013. Limiting global warming to 2 C is unlikely to save most coral reefs. Nature Climate Change 

3(2) 165. 

Friedrich, E. & Kretzinger, D. 2012. Vulnerability of wastewater infrastructure of coastal cities to sea 

level rise: A South African case study. Water Sa, 38, 755-764. 

Fuldauer, L. I., Ives, M. C., Adshead, D., Thacker, S. & Hall, J. W. 2019. Participatory planning of the 

future of waste management in small island developing states to deliver on the Sustainable 

Development Goals. Journal of cleaner production, 223, 147-162. 

Füssel, H.-M. 2007. Adaptation planning for climate change: concepts, assessment approaches, and key 

lessons. Sustainability science, 2, 265-275. 

Fussel, H. M. & Klein, R. J. T. 2006. Climate change vulnerability assessments: An evolution of 

conceptual thinking. Climatic Change, 75, 301-329. 

Gari, S.R., Newton, A. & Icely, J.D., 2015. A review of the application and evolution of the DPSIR 

framework with an emphasis on coastal social-ecological systems. Ocean & Coastal 

Management 103 63-77. 

Genovese, E. & Green, C. 2015. Assessment of storm surge damage to coastal settlements in Southeast 

Florida. Journal of Risk Research, 18, 407-427. 

Geselbracht, L. L., Freeman, K., Birch, A. P., Brenner, J. & Gordon, D. R. 2015. Modeled Sea Level 

Rise Impacts on Coastal Ecosystems at Six Major Estuaries on Florida's Gulf Coast: 

Implications for Adaptation Planning. Plos One, 10, 28. 

Gacutan, J., Galparsoro, I. & Murillas-Maza, A. 2019. Towards an understanding of the spatial 

relationships between natural capital and maritime activities: A Bayesian Belief Network 

approach. Ecosystem Services, 40, 101034. 

Giffin, A.L., Rueger, T. & Jones, G.P., 2019. Ontogenetic shifts in microhabitat use and coral selectivity 

in three coral reef fishes. Environmental biology of fishes 102, 55-67. 

Giglio, V. J., Luiz, O. J. & Ferreira, C. E. 2020. Ecological impacts and management strategies for 

recreational diving: A review. Journal of Environmental Management, 256, 109949. 

Gilby, B.L., Olds, A.D., Connolly, R.M., Stevens, T., Henderson, C.J., Maxwell, P.S., Tibbetts, I.R., 

Schoeman, D.S., Rissik, D. & Schlacher, T.A., 2016. Optimising land-sea management for 

inshore coral reefs. Plos One 11(10) e0164934. 

Glass, G. V. 1976. Primary, Secondary, and Meta-Analysis of Research. Educational Research, 5, 3-8. 

Godet, m. 2006. creating futures: scenario planning as a strategic management tool (pp. 280). 

washington, dc: economica. economica brookings diffusion. 

Gladstone, W., Curley, B., Shokri & M.R., 2013. Environmental impacts of tourism in the Gulf and the 

Red Sea. Marine Pollution Bulletin 72(2) 375-388. 

Godfrey, B., 2009. Management Options to Prevent Anchoring, Grounding, and Accidental Impacts to 

Coral Reef and Hardbottom Resources in Southeast Florida – Phase 1. Florida Department of 

Environmental Protection: Florida DEP. Miami, p. Fl. 45. 



 

| P a g e  198 
 

Gössling, S. & Hall, C.M., 2006. Tourism and global environmental change: Ecological, social, 

economic and political interrelationships. Geographical Research by Taylor & Francis 45(2) 

203-204. 

Government of Vanuatu, 2017. Vanuatu 2030, the poeple's plan In: The Department of Strategic Policy, 

P.A.A.C. (Ed.): the Department of Strategic Policy, Planning and Aid Coordination, The 

Government of Vanuatu, Port Villa, the Republic of Vanuatu, p. 20. 

Government of Vanuatu, 2014. Vanuatu Strategic Tourism Action Plan (VSTAP), In: Tourism, D.o. 

(Ed.). Ministry of Tourism, Trade, Industry and Ni-Vanuatu Business, 65.  

Gough, D., Thomas, J. & Oliver, S. 2012. Clarifying differences between review designs and methods. 

Systematic Reviews, 1, 1-9. 

Gracia, A., Rangel-Buitrago, N., Oakley, J.A., Williams, A., 2018. Use of ecosystems in coastal erosion 

management. Ocean & coastal management 156, 277-289. 

Graham, N.A., Jennings, S., MacNeil, M.A., Mouillot, D. & Wilson, S.K., 2015. Predicting climate-

driven regime shifts versus rebound potential in coral reefs. Nature 518, 94. 

Gray, S.A., Gray, S., Cox, L.J. & Henly-Shepard, S., 2013. Mental modeler: a fuzzy-logic cognitive 

mapping modeling tool for adaptive environmental management, 2013 46th Hawaii 

International Conference on System Sciences. IEEE, 965-973. 

Gray, S.A., Gray, S., De Kok, J.L., Helfgott, A.E., O'Dwyer, B., Jordan, R. & Nyaki, A., 2015. Using 

fuzzy cognitive mapping as a participatory approach to analyze change, preferred states, and 

perceived resilience of social-ecological systems. Ecology and Society 20. 

Gray, S. R. J., Gagnon, A. S., Gray, S. A., O’dwyer, B., O’mahony, b., Muir, D., Devoy, R. J. N., 

Falaleeva, M., Gault, J., Devoy, R. J. N., Falaleeva, M. & Gault, J. 2014. Are coastal managers 

detecting the problem? Assessing stakeholder perception of climate vulnerability using Fuzzy 

Cognitive Mapping. Ocean & Coastal Management, 94, 74-89. 

Grasso, M., Moneo, M. & Arena, M. 2014. Assessing social vulnerability to climate change in Samoa. 

Regional environmental change, 14, 1329-1341. 

Great Barrier Reef Marine Park, A., 2014. Great Barrier Reef outlook report 2014 / Australian 

Government, Great Barrier Reef Marine Park Authority. Great Barrier Reef Marine Park 

Authority, Townsville, Queensland 

Griggs, D., Stafford-Smith, M., Gaffney, O., Rockström, J., Öhman, M. C., Shyamsundar, P., 

STEFFEN, W., GLASER, G., KANIE, N. & NOBLE, I. 2013. Policy: Sustainable development 

goals for people and planet. Nature, 495, 305-307. 

Hafezi, M., Sahin, O., Stewart, R., Connolly, R., Mackey, B. & Ware, D. 2019. Adaptation strategies 

for coral reef ecosystems in Small Island Developing States: Integrated modelling of local 

pressures and long-term climate changes. Journal of Cleaner Production, 119864.  

Hafezi, M., Giffin, A. L., Alipour, M., Sahin, O. & Stewart, R. A. 2020. Mapping long-term coral reef 

ecosystems regime shifts: A small island developing state case study. Science of The Total 

Environment, 716, 137024. 

Hafezi, M., Sahin, O., Stewart, R. & Mackey, B. 2018. Creating a Novel Multi-Layered Integrative 

Climate Change Adaptation Planning Approach Using a Systematic Literature Review. 

Sustainability, 10, 4100. 

Hallegatte, S., Ranger, N., Mestre, O., Dumas, P., Corfee-Morlot, J., Herweijer, C. & Wood, R. M. 

2011. Assessing climate change impacts, sea level rise and storm surge risk in port cities a case 

study on Copenhagen. Climatic Change, 104, 113-137. 

Hamilton, S. H., Elsawah, S., Guillaume, J. H. A., Jakeman, A. J. & Pierce, S. A. 2015. Integrated 

assessment and modelling: Overview and synthesis of salient dimensions. Environmental 

Modelling & Software, 64, 215-229. 

Hansen, H. S. 2010. Modelling the future coastal zone urban development as implied by the IPCC SRES 

and assessing the impact from sea level rise. Landscape and Urban Planning, 98, 141-149. 

Hansen, H. S. & Fuglsang, M. 2014. An Operational Web-Based Indicator System for Integrated 

Coastal Zone Management. ISPRS International Journal of Geo-Information, 3, 326-344. 



 

| P a g e  199 
 

Harary, F., Norman, R.Z. & Cartwright, D., 1965. Structural models: An introduction to the theory of 

directed graphs. Wiley. 

Hardy, P.-Y., Béné, C., Doyen, L. & Schwarz, A.-M. 2013. Food security versus environment 

conservation: A case study of Solomon Islands'small-scale fisheries. 

EnvironmentalDevelopment, 8, 38-56. 

Harvey, B.J., Nash, K.L., Blanchard, J.L. & Edwards, D.P., 2018. Ecosystem‐based management of 

coral reefs under climate change. Ecology and evolution 8, 6354-6368. 

Haggarty, I., Kaitip, J. & Bartlett, C., 2013. Vanuatu National Land Use Planning and Zoning Policy, 

Kastom, Equity and Sustainable Developement of Tanna. 

Hamilton, S.H., Elsawah, S., Guillaume, J.H.A., Jakeman, A.J. & Pierce, S.A., 2015. Integrated 

assessment and modelling: Overview and synthesis of salient dimensions. Environmental 

Modelling & Software 64 215–229. 

Hannak, J.S., Kompatscher, S., Stachowitsch, M. & Herler, J., 2011. Snorkelling and trampling in 

shallow-water fringing reefs: risk assessment and proposed management strategy. Journal of 

Environmental Management 92(10) 2723-2733. 

Hardy, P.-Y., Béné, C., Doyen, L. & Schwarz, A.M., 2013. Food security versus environment 

conservation: A case study of Solomon Islands'small-scale fisheries. Environmental 

Development 8 38-56. 

Hay, J.E., 2013. Small island developing states: coastal systems, global change and sustainability. 

Sustainability Science 8(3) 309-326. 

Hauer, M. E., Evans, J. M. & Alexander, C. R. 2015. Sea-level rise and sub-county population 

projections in coastal Georgia. Population and Environment, 37, 44-62. 

Hay, J. E. 2013. Small island developing states: coastal systems, global change and sustainability. 

Sustainability Science, 8, 309-326. 

Hekimoğlu, M. & Barlas, Y. 2016. Sensitivity analysis for models with multiple behavior modes: a 

method based on behavior pattern measures. System Dynamics Review, 32, 332-362. 

Henly-Shepard, S., Gray, S. A. & Cox, L. J. 2015. The use of participatory modeling to promote social 

learning and facilitate community disaster planning. Environmental Science & Policy, 45, 109-

122. 

Henriques, C. & Tenedorio, J. A. 2009. Remote Sensing, GIS Application and Simulation of Coastal 

Land Use Changes Based on Cellular Automata- A Case Study of Maputo, Mozambique. 

Journal of coastal research, SI 56, 1518-1521. 

Hinkel, J. & Bisaro, A. 2015. A review and classification of analytical methods for climate change 

adaptation. Wiley Interdisciplinary Reviews: Climate Change, 6, 171-188. 

Hinkel, J., Lincke, D., Vafeidis, A. T., Perrette, M., Nicholls, R. J., Tol, R. S. J., Marzeion, B., Fettweis, 

X., Ionescu, C. & Levermann, A. 2014. Coastal flood damage and adaptation costs under 21st 

century sea-level rise. Proceedings of the National Academy of Sciences of the United States of 

America, 111, 3292-3297. 

Hiwasaki, L., Emmanuel, L., Syamsidik & Shaw, R. 2014. Process for integrating local and indigenous 

knowledge with science for hydro-meteorological disaster risk reduction and climate change 

adaptation in coastal and small island communities. International Journal of Disaster Risk 

Reduction, 10, 15-27. 

Hobday, A.J., Cochrane, K., Downey-Breedt, N., Howard, J., Aswani, S., Byfield, V., Duggan, G., 

Duna, E., Dutra, L.X.C., Frusher, S.D., Fulton, E.A., Gammage, L., Gasalla, M.A., Griffiths, 

C., Guissamulo, A., Haward, M., Jarre, A., Jennings, S.M., Jordan, T., Joyner, J., Ramani, N.K., 

Shanmugasundaram, S.L.P., Malherbe, W., Cisneros, K.O., Paytan, A., Pecl, G.T., Plaganyi, 

E.E., Popova, E.E., Razafindrainibe, H., Roberts, M., Rohit, P., Sainulabdeen, S.S., Sauer, W., 

Valappil, S.T., Zacharia, P.U. &van Putten, E.I., 2016. Planning adaptation to climate change 

in fast-warming marine regions with seafood-dependent coastal communities. Reviews in Fish 

Biology and Fisheries. 26, 249-264. 



 

| P a g e  200 
 

Hoegh-Guldberg, O., Kennedy, E.V., Beyer, H.L., McClennen, C., Possingham, H.P., 2018a. Securing 

a long-term future for coral reefs. Trends in ecology & evolution. 

Hoegh-Guldberg, O., Kennedy, E.V., Beyer, H.L., McClennen, C., Possingham, H.P., 2018b. Securing 

a long-term future for coral reefs. Trends in ecology & evolution 33, 936-944. 

Hoegh-Guldberg, O., Pendleton, L., Kaup, A., 2019. People and the changing nature of coral reefs. 

Regional Studies in Marine Science, 100699. 

Hoque, M. A., Scheelbeek, P. F. D., Vineis, P., Khan, A. E., Ahmed, K. M. & Butler, A. P. 2016. 

Drinking water vulnerability to climate change and alternatives for adaptation in coastal South 

and South East Asia. Climatic Change, 136, 247-263. 

Hoshino, S., Esteban, M., Mikami, T., Takagi, H. & Shibayama, T. 2016. Estimation of increase in 

storm surge damage due to climate change and sea level rise in the Greater Tokyo area. Natural 

Hazards, 80, 539-565. 

Hovmand, P. 2013. Community based system dynamics, Springer New York, Springer Science & 

Business Media. 

Hughes T.P., Barnes M.L., Bellwood D.R., Cinner J.E., Cumming G.S., Jackson J.B.C., Kleypas J., 

Van de Leemput I.A., Lough J.M., Morrison T.H., Palumbi S.R., Van Nes E.H. & Scheffer M., 

2017. Coral reefs in the Anthropocene. Nature Climate Change 546 82-90. 

Hughes, T.P., Day, J.C., Brodie, J., 2015. Securing the future of the Great Barrier Reef. Nature Climate 

Change 5(6) 508. 

Hughes, T.P., Kerry, J.T., Álvarez-Noriega, M., Álvarez-Romero, J.G., Anderson, K.D., Baird, A.H., 

Babcock, R.C., Beger, M., Bellwood, D.R. & Berkelmans, R., 2017. Global warming and 

recurrent mass bleaching of corals. Nature Climate Change 543(7645) 373. 

Hughes, T.P., Kerry, J.T., Connolly, S.R., Baird, A.H., Eakin, C.M., Heron, S.F., Hoey, A.S., 

Hoogenboom, M.O., Jacobson, M. & Liu, G., 2018. Ecological memory modifies the cumulative 

impact of recurrent climate extremes. Nature Climate Change,  40–43. 

IPCC, 2013: Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to 

the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Stocker, T.F., 

D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. 

Midgley (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, 

NY, USA, 1535 pp. 

IPCC, 2014: Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to 

the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing 

Team, R.K. Pachauri and L.A. Meyer (eds.)]. IPCC, Geneva, Switzerland, 151 pp.  

Joffre, O. M., Bosma, R. H., Ligtenberg, A., Tri, v. p. d., ha, t. t. p. & bregt, a. k. 2015. combining 

participatory approaches and an agent-based model for better planning shrimp aquaculture. 

agricultural systems, 141, 149-159. 

ISRS, 2004. The effect of terrestrial runoff of sediments, nutrients, and and other pollutants on coral 

reefs,  International Society for Reef Studies Briefing paper 3 18. 

Jakóbczak, Dariusz Jacek, 2015. Analysing Risk through Probabilistic Modeling in Operations 

Research. IGI Global,  Journal of Bussiness Economics. 

Jackson, M., Stewart, R. A., & Beal, C. D., 2019a. Identifying and Overcoming Barriers to 

Collaborative Sustainable Water Governance in Remote Australian Indigenous 

Communities. Water, 11, 2410. 

Jackson, M., Stewart, R. A., Fielding, K. S., Cochrane, J., & Beal, C. D., 2019b. Collaborating for 

sustainable water and energy management: assessment and categorisation of indigenous 

involvement in remote Australian communities. Sustainability, 11, 427. 

Jones, G. S., Stott, P. A. & Christidis, N. 2013. Attribution of observed historical near‒surface 

temperature variations to anthropogenic and natural causes using CMIP5 simulations. Journal 

of Geophysical Research: Atmospheres, 118, 4001-4024. 

Johnson, J., Welch, D., Hooper, E., Edney, G., Waterhouse, J. &Kaltavara, J., 2018. Community Marine 

Monitoring Toolkit: A locally-developed toolkit to inform community-based management of 



 

| P a g e  201 
 

marine resources in Vanuatu. Climate change and environmental sustainability, Pacific 

Community, RESCCUE. 

Johnson, J. & Welch, D., 2016. Climate change impacts in north Efate, Vanuatu. Climate change and 

environmental sustainability, Pacific Community, RESCCUE. 

Jopp, R., Delacy, T., Mair, J. & Fluker, M. 2013. Using a Regional Tourism Adaptation Framework to 

Determine Climate Change Adaptation Options for Victoria s Surf Coast. Asia pacific journal 

of tourism research, 18, 144-164. 

Karim, S. & Harrison, S., 2016. Promoting sustainable agriculture and agroforestry to replace 

unproductive land use in Fiji and Vanuatu. Australian Centre for International Agricultural 

Research (ACIAR). 

Kane, H. H., Fletcher, C. H., Frazer, L. N., Anderson, T. R. & Barbee, M. M. 2015. Modeling sea-level 

rise vulnerability of coastal environments using ranked management concerns. Climatic 

Change, 131, 349-361. 

Kelly, R. A., Jakeman, A. J., Barreteau, O., Borsuk, M. E., Elsawah, S., Hamilton, S. H., HENRIKSEN, 

H. J., Kuikka, S., Maier, H. R., Rizzoli, A. E., Delden, H. & Voinov, A. A. 2013. Selecting 

among five common modelling approaches for integrated environmental assessment and 

management. Environmental Modelling & Software, 47, 159-181. 

Keskitalo, E. C. H., Juhola, S., Baron, N., Fyhn, H. & Klein, J. 2016. Implementing Local Climate 

Change Adaptation and Mitigation Actions: The Role of Various Policy Instruments in a Multi-

Level Governance Context. Climate, 4, 7. 

Khan, A. & Amelie, V. 2015. Assessing climate change readiness in Seychelles- implications for 

ecosystem-based adaptation mainstreaming and marine spatial planning. Regional 

Environmental Change, 15, 721-733. 

Khan, A. S., Ramachandran, A., Usha, N., Punitha, S. & Selvam, V. 2012. Predicted impact of the sea-

level rise at Vellar-Coleroon estuarine region of Tamil Nadu coast in India: Mainstreaming 

adaptation as a coastal zone management option. Ocean & Coastal Management, 69, 327-339. 

Kim, J.-O. & Suh, J.-H. 2016. A review of climate change adaptation policies applied to landscape 

planning and design in Korea. Landscape and ecological engineering, 12, 171-177. 

Kininmonth, S., Lemm, S., Malone, C. & Hatley, T., 2014. Spatial vulnerability assessment of anchor 

damage within the great barrier reef world heritage area, Australia. Ocean & Coastal 

Management 100 20-31. 

Klein, C. J., Jupiter, S. D., Watts, M. & Possingham, H. P. 2014. Evaluating the influence of candidate 

terrestrial protected areas on coral reef condition in Fiji. Marine Policy, 44, 360-365. 

Klint, L.M., Wong, E., Jiang, M., Delacy, T., Harrison, D. & Dominey-Howes, D., 2012. Climate 

change adaptation in the Pacific Island tourism sector: analysing the policy environment in 

Vanuatu. Current Issues in Tourism 15(3) 247-274. 

Krug, L.A., Gherardi, D.F.M., Stech, J.L., Leão, Z.M.A.N., Kikuchi, R.K.P., Hruschka, E.R. & Suggett, 

D.J., 2013. The construction of causal networks to estimate coral bleaching intensity. 

Environmental Modelling & Software 42 157-167. 

Ku‘ulei, S.R. & Cox, E.F., 2003. The effects of trampling on Hawaiian corals along a gradient of human 

use. Biological Conservation 112(3) 383-389. 

Knight, P. J., Prime, T., Brown, J. M., Morrissey, K. & Plater, A. 2015. Application of flood risk 

modelling in a web-based geospatial decision support tool for coastal adaptation to climate 

change. Natural hazards and earth system sciences, 15, 1457-1471. 

Ko, T.-T. & Chang, Y.-C. 2012. An integrated spatial planning model for climate change adaptation in 

coastal zones. Ocean and coastal management, 66, 36-45. 

Koks, E. E., Moel, H. D., Aerts, J. C. J. H. & Bouwer, L. M. 2014. Effect of spatial adaptation measures 

on flood risk: study of coastal floods in Belgium. Regional Environmental Change, 14, 413-

425. 

Kok, K., 2009. The potential of Fuzzy Cognitive Maps for semi-quantitative scenario development, 

with an example from Brazil. Global environmental change 19, 122-133. 



 

| P a g e  202 
 

Komugabe-Dixson, A. F., De Ville, N. S., Trundle, A. & Mcevoy, D. 2019. Environmental change, 

urbanisation, and socio-ecological resilience in the Pacific: Community narratives from Port 

Vila, Vanuatu. Ecosystem Services, 39, 100973.  

Kontogianni, A., Papageorgiou, E., Salomatina, L., Skourtos, M. & Zanou, B., 2012a. Risks for the 

Black Sea marine environment as perceived by Ukrainian stakeholders: A fuzzy cognitive 

mapping application. Ocean & coastal management 62, 34-42. 

Kontogianni, A.D., Papageorgiou, E.I. & Tourkolias, C., 2012b. How do you perceive environmental 

change? Fuzzy Cognitive Mapping informing stakeholder analysis for environmental policy 

making and non-market valuation. Applied Soft Computing 12, 3725-3735. 

Kosko, B., 1986. Fuzzy cognitive maps. International journal of man-machine studies 24, 65-75. 

Kont, A., Jaagus, J. & Aunap, R. 2003. Climate change scenarios and the effect of sea-level rise for 

Estonia. Global and Planetary Change, 36, 1-15. 

Kumar, S. N., Aggarwal, P. K., Rani, S., Jain, S., Saxena, R. & Chauhan, N. 2011. Impact of climate 

change on crop productivity in Western Ghats, coastal and northeastern regions of India. 

Current Science, 101, 332-341. 

Kuruppu, N. 2009. Adapting water resources to climate change in Kiribati: the importance of cultural 

values and meanings. Environmental science & policy, 12, 799-809. 

Kuruppu, N. & Liverman, D. 2011. Mental preparation for climate adaptation: The role of cognition 

and culture in enhancing adaptive capacity of water management in Kiribati. Global 

Environmental Change-Human and Policy Dimensions, 21, 657-669. 

Kuruppu, N. & Willie, R. 2015. Barriers to reducing climate enhanced disaster risks in Least Developed 

Country-Small Islands through anticipatory adaptation. Weather and Climate Extremes, 7, 72-

83. 

Lacerda, G. B. M., Silva, C., Pimenteira, C. A. P., Kopp, R. V., Grumback, R., Rosa, L. P. & De Freitas, 

M. A. V. 2014. Guidelines for the strategic management of flood risks in industrial plant oil in 

the Brazilian coast: adaptive measures to the impacts by relative sea level rise. Mitigation and 

Adaptation Strategies for Global Change, 19, 1041-1062. 

Landuyt, D., Broekx, S., D'hondt, R., Engelen, G., Aertsens, J. & Goethals, P.L., 2013. A review of 

Bayesian belief networks in ecosystem service modelling. Environmental Modelling & Software 

46 1-11. 

Lamarque, J.-F., Bond, T. C., Eyring, V., Granier, C., Heil, A., Klimont, Z., Lee, D., Liousse, C., 

Mieville, A. & Owen, B. 2010. Historical (1850–2000) gridded anthropogenic and biomass 

burning emissions of reactive gases and aerosols: methodology and application. Atmospheric 

Chemistry and Physics, 10, 7017-7039. 

Lamon, L., Rizzi, J., Bonaduce, A., Dubios, C., Lazzari, P., Ghenim, L., Gana, S., Somot, S., Melaku 

Canu, D., Solidoro, C., Pinardi, N. & Marcomini, A. 2014. An ensemble of models for 

identifying climate change scenarios in the Gulf of Gabes, Tunisia. Regional Environmental 

change, 14, 31-40. 

Lan, Y.-J., Hsu, T.-W., Lin, Y.-C. & Huang, C.-J. 2013. An Adaptation Due to Climate Change in 

Southwest Coast of Taiwan. Coastal Management, 41, 172–189. 

Lane, D. C. 2008. The emergence and use of diagramming in system dynamics: a critical account. 

Systems Research and Behavioral Science, 25, 3-23. 

Langridge, S. M., Hartge, E. H., Clark, R., Arkema, K., Verutes, G. M., Prahler, E. E., Stoner-Duncan, 

S., Revell, D. L., Caldwell, M. R., Guerry, A. D., Ruckelshaus, M., Abeles, A., Coburn, C. & 

O'connor, K. 2014. Key lessons for incorporating natural infrastructure into regional climate 

adaptation planning. Ocean & Coastal Management, 95, 189-197. 

Lasage, R., Veldkamp, T. I. E., De Moel, H., Van, T. C., Phi, H. L., Vellinga, P. & Aerts, J. 2014. 

Assessment of the effectiveness of flood adaptation strategies for HCMC. Natural Hazards and 

Earth System Sciences, 14, 1441-1457. 



 

| P a g e  203 
 

Le Cozannet , G., Garcin, M., Bultean, T., Mirgon, C., Yates, M. L., Mendez, M., Baills, A., Idier, D. 

& Oliveros, C. 2013. An AHP-derived method for mapping the physical vulnerability of coastal 

areas at regional scales. Natural hazards and earth system sciences, 13, 1209-1227. 

Leal Neto, A. D. C., Legey, L. F. L., Gonzalez-Araya, M. C. & Jablonski, S. 2006. A System Dynamics 

Model for the Environmental Management of the Sepetiba Bay Watershed, Brazil. 

Environmental management, 38, 879-888. 

Lee, M.-T. & Lin, T.-F. Developing an Interactive Decision Support System for Sustainable Coastal 

Tourism of Cijin, Taiwan. 2014 Taiwan. 2014 International Symposium on Computer, 

Consumer and Control. 

Leenhardt, P., Stelzenmüller, V., Pascal, N., Probst, W. N., Aubanel, A., Bambridge, T., Charles, M., 

Clua, E., Féral, F. & Quinquis, B. 2017. Exploring social-ecological dynamics of a coral reef 

resource system using participatory modeling and empirical data. Marine Policy, 78, 90-97. 

Leon, J. X., Hardcastle, J., James, R., Albert, S., Kereseka, J. & Woodroffe, C. D. 2015. Supporting 

Local and Traditional Knowledge with Science for Adaptation to Climate Change: Lessons 

Learned from Participatory Three-Dimensional Modeling in BoeBoe, Solomon Islands. 

Coastal Management, 43, 424-438. 

Li, O., Gray, S. & Sutton, S., 2016. Mapping recreational fishers’ informal learning of scientific 

information using a fuzzy cognitive mapping approach to mental modelling. Fisheries 

management and ecology 23, 315-329. 

Lim, B., Burton, I. & Nations, D. P. U. 2005. Adaptation policy frameworks for climate change: 

developing strategies, policies and measures, Citeseer. 

Lin, T.-F. & Chi, Y.-P. Using System Dynamics to Integrate Spatial-Temporal Model in Taiwan Coastal 

zone.  International Symposium on Computer, Consumer and Control, 2014 Taichung , Taiwan. 

IEEE-Computer Society.  

Liu, J., Liu, R., Zhang, Z., Cai, Y. & Zhang, L. 2019. A Bayesian Network-based risk dynamic 

simulation model for accidental water pollution discharge of mine tailings ponds at watershed-

scale. Journal of environmental management, 246, 821-831. 

Liping, C., Yujun, S. &, Saeed, S., 2018. Monitoring and predicting land use and land cover changes 

using remote sensing and GIS techniques—A case study of a hilly area, Jiangle, China. Plos One 

13 e0200493. 

Loehr, J., Becken S., Nalau J. and Mackey B. 2020. Exploring the multiple benefits of Ecosystem-based 

Adaptation in tourism for climate risks and destination well-being. Journal of Hospitality & 

Tourism Research, In press 

Loehr, J. 2020. The Vanuatu Tourism Adaptation System: a holistic approach to reducing climate 

risk. Journal of Sustainable Tourism, 28(4), 515-534. 

Lwasa, S. 2015. A systematic review of research on climate change adaptation policy and practice in 

Africa and South Asia deltas. Regional Environmental Change, 15, 815-824. 

Maani, K. & Cavana, R. Y. 2007. Systems thinking, system dynamics: Managing change and 

complexity, Prentice Hall. 

Mach, K. J. & Field, C. B. 2017. Toward the next generation of assessment. Annual Review of 

Environment and Resources, 42, 569-597. 

Mackey, B., & Ware, D. 2018. Limits to capital works for coastal zone adaptation. Limits to climate 

change adaptation. Springer Publishing International, Berlin, 301-323. 

 

Mackay, S., Brown, R., Gonelevu, M., Pelesikoti, N., Kocovanua, T., Iaken, R., Iautu, F., Tuiafitu-

Malolo, L., Fulivai, S. & Lepa, M.a., 2019. Overcoming barriers to climate change information 

management in small island developing states: lessons from pacific SIDS. Climate policy 19, 

125-138. 

Mackey, B., Ware, D., Nalau, J., Sahin, O., Fleming, C. M., Smart, J. C. R., Buckwell, A., Connolly, 

R. & Hallgren., W. 2017. Vanuatu Ecosystem and Socio-economic Resilience Analysis and 



 

| P a g e  204 
 

Mapping (ESRAM). Apia, Samoa: The Secretariat of the Pacific Regional Environment 

Programme (SPREP). 

Maier, H., Guillaume, J., Van Delden, H., Riddell, G., Haasnoot, M. & Kwakkel, J. 2016. An uncertain 

future, deep uncertainty, scenarios, robustness and adaptation: How do they fit together? 

Environmental Modelling & Software, 81, 154-164. 

Maina, J., Kithiia, J., Cinner, J., Neale, E., Noble, S., Charles, D. & Watson, J. E. M. 2016. Integrating 

social–ecological vulnerability assessments with climate forecasts to improve local climate 

adaptation planning for coral reef fisheries in Papua New Guinea. Reginal environmental 

change, 16, 881-891. 

Margaritis, M., Stylios, C. & Groumpos, P., 2002. Fuzzy cognitive map software, 10th International 

Conference on Software, Telecommunications and Computer Networks and Soft Computing, 8-

11. 

Margles Weis, S. W., Agostini, V. N., Roth, L. M., Gilmer, B., Schill, S. R., Knowles, J. E. & Blyther, 

R. 2016. Assessing vulnerability- an integrated approach for mapping adaptive capacity, 

sensitivity, and exposure. Climatic Change, 136, 615–629. 

Martin T.S.H., Connolly R.M., Olds A.D., Ceccarelli D.M., Fenner D.E., Schlacher T.A. & Beger M., 

2017. Subsistence harvesting by a small community does not substantially compromise coral reef 

fish assemblages. ICES Journal of Marine Sciences 74(8) 2191-2200. 

Marzloff, M. P., Melbourne-Thomas, J., Hamon, K. G., Hoshino, E., Jennings, S., Van putten, i. e. & 

pecl, g. t. 2016. modelling marine community responses to climate-driven species redistribution 

to guide monitoring and adaptive ecosystem-based management. global change biology, 22, 

2462-2474. 

Mayer, A. & Smith, E. K. 2019. Unstoppable climate change? The influence of fatalistic beliefs about 

climate change on behavioural change and willingness to pay cross-nationally. Climate policy, 

19, 511-523. 

Mccarthy, J. J. 2001. Climate change 2001: impacts, adaptation, and vulnerability: contribution of 

Working Group II to the third assessment report of the Intergovernmental Panel on Climate 

Change, Cambridge University Press. 

McClanahan, T.R., Graham, N.A., MacNeil, M.A., Muthiga, N.A., Cinner, J.E., Bruggemann, J.H. & 

Wilson, S.K., 2011. Critical thresholds and tangible targets for ecosystem-based management of 

coral reef fisheries. Proceedings of the National Academy of Sciences 201106861. 

Mcintosh, B. S., Ascough II, J. C., Twery, M., Chew, J., Elmahdi, A., Haase, D., Harou, J. J., HEPTING, 

D., Cuddy, S. & Jakeman, A. J. 2011. Environmental decision support systems (EDSS) 

development–challenges and best practices. Environmental Modelling & Software, 26, 1389-

1402. 

Mcleod, E., Anthony, K. R., Mumby, P. J., Maynard, J., Beeden, R., Graham, N. A., Heron, S. F., 

Hoegh-Guldberg, O., Jupiter, S. & Macgowan, P. 2019. The future of resilience-based 

management in coral reef ecosystems. Journal of environmental management, 233, 291-301. 

Mcnamara, D. E., Cortale, N., Edwards, C., Eynaud, Y. & Sandin, S. A. 2019. Insights into coral reef 

benthic dynamics from nonlinear spatial forecasting. Journal of the Royal Society Interface, 16, 

20190047. 

Meah, N. 2019. Climate uncertainty and policy making—what do policy makers want to know? 

Regional Environmental Change, 19, 1611-1621. 

Mellor, J., Kumpel, E., Ercumen, A. & Zimmerman, J. 2016. Systems Approach to Climate, Water, and 

Diarrhea in Hubli-Dharwad, India. Environmental Science & Technology, 50, 13042-13051. 

Metcalf, S. J., Putten, E. A. V., Frusher, S. D., Tull, M. & Marshall, N. 2014. Adaptation options for 

marine industries and coastal communities using community structure and dynamics. 

Sustainability Science, 9, 247-261. 

Michailidou, A. V., Vlachokostas, C. & Moussiopoulos, N. 2016. Interactions between Climate change 

and the tourism sector: Multiple-criteria decision analysis to assess mitigation and adaptation 

options in tourism areas. Tourism Management, 55, 1-12. 



 

| P a g e  205 
 

Milen, D., Ana, B. & Fernanda, Z. 2016. Vulnerability, Risk Reduction, and Adaptation to Climate 

Change: Small Island Developing States in Southern Pacific. The World Bank. 

Mills, M., Weeks, R., Pressey, R.L., Gleason, M.G., Eisma-Osorio, R.-L., Lombard, A.T., Harris, J.M., 

Killmer, A.B., White, A., Morrison, T.H., 2015. Real-world progress in overcoming the 

challenges of adaptive spatial planning in marine protected areas. Biological Conservation 181, 

54-63. 

Mills, M., Weeks, R., Pressey, R.L., Gleason, M.G., Eisma-Osorio, R.-L., Lombard, A.T., Harris, J.M., 

Killmer, A.B., White, A. & Morrison, T.H., 2015. Real-world progress in overcoming the 

challenges of adaptive spatial planning in marine protected areas. Biological Conservation 181, 

54-63. 

Mimura, N., R.S. Pulwarty, D.M. Duc, I. Elshinnawy, M.H. Redsteer, H.Q. Huang, J.N. nkem, AND 

R.A. Sanchez Rodriguez 2014. Adaptation planning and implementation. In: Climate Change 

2014: impacts, a., and vulnerability. part a: global and sectoral aspects. contribution of working 

group ii to the fifth assessment report of the intergovernmental panel on climate change [field, 

C.B., V.R. Barros, D.J. Dokken, K.J. Mach, M.D. Mastrandrea, T.E. Bilir, M. Chatterjee, K.L. 

Ebi, Y.O. Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S. Maccracken, P.R. 

Mastrandrea, and L.L. White (ed.). Cambridge, United Kingdom and New York, NY, USA: 

Cambridge University Press. 

Moser, S. C. & Ekstrom, J. A. 2010. A framework to diagnose barriers to climate change adaptation. 

Proceedings of the National Academy of Sciences, 107, 22026-22031. 

Mostofi Camare, H. & Lane, D. E. 2015. Adaptation analysis for environmental change in coastal 

communities. Socio-Economic Planning Sciences, 51, 34-45. 

Muis , S., Güneralp, B., Jongman, B., Aerts, J. C. J. H. & J.Ward, P. 2015. Flood risk and adaptation 

strategies under climate change and urban expansion: A probabilistic analysis using global data. 

Science of the Total Environment, 538, 445-457. 

Mycoo, M. A., Griffith-Charles, C. & Lalloo, S. 2017. Land management and environmental change in 

small-island-developing states: the case of St. Lucia. Regional Environmental Change, 17, 

1065-1076. 

Nakamura, p. e. & Chaim, R. M. Foresight and System Dynamics in modelling the dynamics of 

organizational knowledge.  proceeding of the 32nd International Conference of the System 

Dynamics Society, July 20-24, 2014 2014 Delft, Netherlands,. 

Nápoles, G., Leon, M., Grau, I. & Vanhoof, K., 2017. Fuzzy cognitive maps tool for scenario analysis 

and pattern classification, 2017 IEEE 29th International Conference on Tools with Artificial 

Intelligence (ICTAI). IEEE, 644-651. 

Nay, J. J., Abkowitz, M., Chu, E., Gallagher, D. & Wright, H. 2014. A review of decision-support 

models for adaptation to climate change in the context of development. Climate and 

Development, 6, 357-367. 

Nguyen, T. T., Bonetti, J., Rogers, K. & Woodroffe, C. D. 2016. Indicator-based assessment of climate-

change impacts on coasts: a review of concepts, methodological approaches and vulnerability 

indices. Ocean & Coastal Management, 123, 18-43. 

Niang, I., Dansokho, M., Faye, S., Gueye, K. & Ndiaye, P. 2010. Impacts of climate change on the 

Senegalese coastal zones: Examples of the Cap Vert peninsula and Saloum estuary. Global and 

Planetary Change, 72, 294-301. 

Nicholls, R. J., Wong, P. P., Burkett, V., Woodroffe, C. D. & HAY, J. 2008. Climate change and coastal 

vulnerability assessment: scenarios for integrated assessment. Sustainability Science, 3, 89-102. 

Nixon, R., Otto L. & Porter, R., 2012. Land Leasing on Tanna Island, Vanuatu (Justice for the Poor 

Research Report). The World Bank: Washington, DC, USA. 

Nikas, A., Ntanos, E. & Doukas, H., 2019. A semi-quantitative modelling application for assessing 

energy efficiency strategies. Applied Soft Computing 76, 140-155. 

Noble, I. R., S. Huq, Y.A. Anokhin, J. Carmin, D. Goudou, F.P. Lansigan, B. Osman-Elasha, And A. 

Villamizar 2014. Adaptation needs and options. In: FIELD, C. B., V.R. BARROS, D.J. 



 

| P a g e  206 
 

Dokken, K.J. Mach, M.D. Mastrandrea, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. 

Genova, B. Girma, E.S. Kissel, A.N. Levy, S. Maccracken, P.R. Mastrandrea, AND L.L. White 

(ed.) Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and 

Sectoral Aspects. Contribution of Working Group II to the Fifth Assessment Report of the 

Intergovernmental Panel on Climate Change. Cambridge, United Kingdom and New York, 

NY, USA: Cambridge University Press. 

Nurse, L. A., R.F. Mclean, J. Agard, L.P. Briguglio, v. Duvat-Magnan, N. Pelesikoti, E. Tompkins, and 

a. Webb 2014. small islands. In: Climate Change 2014: Impacts, A., and vulnerability. Part b: 

regional aspects. Contribution of working group ii to the fifth assessment report of the 

intergovernmental panel on climate change [Barros, V.R., C.B. Field, D.J. Dokken, M.D. 

Mastrandrea, K.J. Mach, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. 

Girma, E.S. Kissel, A.N. Levy, S. Maccracken, P.R. Mastrandrea, AND L.L. White] (ed.) 

Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part B: Regional 

Aspects.Contribution of Working Group II to the Fifth Assessment Report of the 

Intergovernmental Panel on Climate Change. Cambridge, United Kingdom and New York, 

NY, USA: Cambridge University Press. 

Norsys Software Corporation, 2009. Netica, Bayesian Network toolkits: www.norsys.com,. 

Nugues, M.M., Smith, G.W., Van Hooidonk, R.J., Seabra, M.I. & Bak, R.P., 2004. Algal contact as a 

trigger for coral disease. Ecology Letters 7 919-923. 

Nurdin, N., Komatsu, T. & Fakhriyyah, S., 2016. Coral reef destruction of Small island in 44 years and 

destructive fishing in Spermonde Archipelago, Indonesia, IOP Conference Series: Earth and 

Environmental Science. IOP Publishing, p. 012011. 

Onyango, E.A., Sahin, O., Chu, C., Mackey, B., 2016. An integrated risk and vulnerability assessment 

framework for climate change and malaria transmission in East Africa. Malaria Journal 15(1) 

551-556. 

Ojomo, E. & Bartram, J. 2016. Adapting drinking-water systems to coastal climate change: evidence 

from Viet Nam and the Philippines. Regional Environmental Change, 16, 2409-2418. 

Okey, T. A., Agbayani, S. & Alidina, H. M. 2015. Mapping ecological vulnerability to recent climate 

change in Canada's Pacific marine ecosystems. Ocean & Coastal Management, 106, 35-48. 

Omo-Irabor, O. O., Olobaniyi, S. B., Joe, A., Venus, V., Maina, J. M. & Paradzayi, C. 2011. Mangrove 

vulnerability modelling in parts of Western Niger Delta, Nigeria using satellite images, GIS 

techniques and Spatial Multi-Criteria Analysis (SMCA). Environmental Monitoring and 

Assessment, 178, 39–51. 

Ostrom, E. 2009. A general framework for analyzing sustainability of social-ecological systems. 

Science, 325, 419-422. 

Özesmi, U. & Özesmi, S.L., 2004. Ecological models based on people’s knowledge: a multi-step fuzzy 

cognitive mapping approach. Ecological modelling 176, 43-64. 

Ozyurt, G. & Ergin, A. 2009. Application of Sea Level Rise Vulnerability Assessment Model to 

Selected Coastal Areas of Turkey. Journal of Coastal research, 56, 248-251. 

Pascal, N., Allenbach, M., Brathwaite, A., Burke, L., Le Port, G. & Clua, E. 2016. Economic valuation 

of coral reef ecosystem service of coastal protection: A pragmatic approach. Ecosystem 

services, 21, 72-80. 

Papageorgiou, E.I., 2011. A new methodology for decisions in medical informatics using fuzzy 

cognitive maps based on fuzzy rule-extraction techniques. Applied Soft Computing 11, 500-

513. 

Papageorgiou, E.I., Hatwágner, M.F., Buruzs, A., Kóczy, L.T., 2017. A concept reduction approach for 

fuzzy cognitive map models in decision making and management. Neurocomputing 232, 16-

33. 

Papageorgiou, E.I., Subramanian, J., Karmegam, A., Papandrianos, N., 2015. A risk management model 

for familial breast cancer: A new application using Fuzzy Cognitive Map method. Computer 

methods and programs in biomedicine 122, 123-135. 



 

| P a g e  207 
 

Pearl, J., 1988. Probabilistic reasoning in intelligent systems: networks of plausible inference. Elsevier. 

P. 552. 

Penn, A.S., Knight, C.J., Lloyd, D.J., Avitabile, D., Kok, K., Schiller, F., Woodward, A., Druckman, 

A. & Basson, L., 2013. Participatory development and analysis of a fuzzy cognitive map of the 

establishment of a bio-based economy in the Humber region. PloS one 8, e78319. 

Peng, Z., Zhang, L., Yin, J. & Wang, H., 2018. Study of impact factors of willingness to pay regarding 

water reserve of South-to-North Water Diversion Project in Beijing based on Bayesian network 

model. Journal of Cleaner Production 184 569-578. 

Perry, R.I. & Masson, D., 2013. An integrated analysis of the marine social–ecological system of the 

Strait of Georgia, Canada, over the past four decades, and development of a regime shift index. 

Progress in Oceanography 115 14-27. 

Petzold, J. & Ratter, B. M. W. 2015. Climate change adaptation under a social capital approach - An 

analytical framework for small islands. Ocean & Coastal Management, 112, 36-43.  

Phan, T. D., Smart, J. C., Sahin, O., Capon, S. J. & Hadwen, W. L. 2018. Assessment of the vulnerability 

of a coastal freshwater system to climatic and non-climatic changes: A system dynamics 

approach. Journal of Cleaner Production, 183, 940-955. 

 

Phan, T.D., Smart, J.C., Capon, S.J., Hadwen, W.L. & Sahin, O., 2016a. Applications of Bayesian belief 

networks in water resource management: A systematic review. Environmental Modelling & 

Software 85 98-111. 

Phan, T.D., Sahin, O. and Smart, J.C., 2016b. System dynamics and Bayesian network models for 

vulnerability and adaptation assessment of a coastal water supply and demand system.  

Popova, E., Yool, A., Byfield, V., Cochrane, K., Coward, A. C., Salim, S. S., Gasalla, M. A., Henson, 

S. A., Hobday, A. J., Pecl, G. T., Sauer, W. H. & Roberts, M. J. 2016. From global to regional 

and back again: common climate stressors of marine ecosystems relevant for adaptation across 

five ocean warming hotspots. Global Change Biology, 22, 2038-2053. 

Pratchett, M., Thompson, C., Hoey, A., Cowman, P. & Wilson, S., 2018. Effects of coral bleaching and 

coral loss on the structure and function of reef fish assemblages, Coral Bleaching. Springer. 

265-293. 

Preston, B. L., Westaway, R. M. & Yuen, E. J. 2011. Climate adaptation planning in practice: an 

evaluation of adaptation plans from three developed nations. Mitigation and Adaptation 

Strategies for Global Change, 16, 407-438. 

Pruyt, E. Dealing with uncertainties? combining system dynamics with multiple criteria decision 

analysis or with exploratory modelling.  Proceedings of the 25th International Conference of 

the System Dynamics Society, 2007. 

Pollino, C., Henderson, C., 2010. Bayesian networks: A guide for their application in natural resource 

management and policy. Landscape Logic, Technical Report 14. 

Pollino, C.A., Woodberry, O., Nicholson, A., Korb, K. & Hart, B.T., 2007. Parameterisation and 

evaluation of a Bayesian network for use in an ecological risk assessment. Environmental 

Modelling & Software 22(8) 1140-1152. 

Purvis, M. J., Bates, P. D. & Hayes, C. 2008. A probabilistic methodology to estimate future coastal 

flood risk due to sea level rise. Coastal Engineering, 55, 1062-1073. 

Rahman, M.M., Hagare, D., Maheshwari, B., 2015. Framework to assess sources controlling soil 

salinity resulting from irrigation using recycled water: an application of Bayesian Belief 

Network. Journal of Cleaner Production 105 406-419. 

Ramachandra, T. & Setturu, B., 2019. Sustainable Management of Bannerghatta National Park, India, 

with the Insights in Land Cover Dynamics. FIIB Business Review 8, 118-131. 

Ramm, T. D., White, C. J., Chan, A. H. C. & Watson, C. S. 2017. A review of methodologies applied 

in Australian practice to evaluate long-term coastal adaptation options. Climate Risk 

Management, 17, 35-51.  



 

| P a g e  208 
 

Randall, C. J., Negri, A. P., Quigley, K. M., Foster, T., Ricardo, G. F., Webster, N. S., BAY, L. K., 

Harrison, P. L., Babcock, R. C. & Heyward, A. J. 2020. Sexual production of corals for reef 

restoration in the Anthropocene. Marine Ecology Progress Series, 635, 203-232. 

Rasmussen, K., May, W., Birk, T., Mataki, M., Mertz, O. & Yee, D. 2009. Climate change on three 

Polynesian outliers in the Solomon Islands: impacts, vulnerability and adaptation. Geografisk 

Tidsskrift-Danish Journal of Geography, 109, 1-13. 

Raymundo, L.J., Halford, A.R., Maypa, A.P., Kerr & A.M., 2009. Functionally diverse reef-fish 

communities ameliorate coral disease. Proceedings of the National Academy of Sciences pnas. 

0900365106. 

Reef-2050, 2017. Reef 2050 Water Quality Improvement Plan 2017–2022, In: The Office of the Great 

Barrier Reef, D.o.E.a.S. (Ed.). Queensland Government, Australia: State of Queensland, 

Australia. 

Rendle, E.J. & Rodwell, L.D., 2014. Artificial surf reefs: A preliminary assessment of the potential to 

enhance a coastal economy. Marine Policy 45 349-358. 

Reyes, S. R. C. & Blanco, A. C. Assessment of coastal vulnerability to sea level rise of Bolinao, 

Pangasinan using remote sensing and geographical information system.  International Archives 

of Photogrammetry, Remote sensing and Spatial information sciences, 2012 Melbourne, 

Australia. ISPRS Congress.  

Roelfsema, C., Kovacs, E., Ortiz, J. C., Wolff, N. H., Callaghan, D., Wettle, M., Ronan, M., Hamylton, 

S. M., Mumby, P. J. & Phinn, S. 2018. Coral reef habitat mapping: A combination of object-

based image analysis and ecological modelling. Remote Sensing of Environment, 208, 27-41. 

Rositano, F., Piñeiro, G., Bert, F.E. & Ferraro, D.O., 2017. A comparison of two sensitivity analysis 

techniques based on four bayesian models representing ecosystem services provision in the 

Argentine Pampas. Ecological Informatics 41 33-39. 

Richards, R. G., Sano, M. & Sahin, O. 2016. Exploring climate change adaptive capacity of surf life 

saving in Australia using Bayesian belief networks. Ocean & Coastal Management, 148-159, 

120. 

Richmond, N. & Sovacool, B. K. 2012. Bolstering resilience in the coconut kingdom: Improving 

adaptive capacity to climate change in Vanuatu. Energy Policy, 50, 843–848. 

Risk, M.J., 2014. Assessing the effects of sediments and nutrients on coral reefs. Current Opinion in 

Environmental Sustainability 7 108-117. 

Rivera, C. & Wamsler, C. 2014. Integrating climate change adaptation, disaster risk reduction and urban 

planning: A review of Nicaraguan policies and regulations. International Journal of Disaster 

Risk Reduction, 7, 78-90. 

Rizvi, A. R., Baig, S. & Verdone, M. 2015. Ecosystems based adaptation: Knowledge gaps in making 

an economic case for investing in nature based solutions for climate change. Gland, 

Switzerland: IUCN, 48. 

Rizzi, J., Gallina, V., Torresan, S., Critto, A., Gana, S. & Marcomini, A. 2016. Regional Risk 

Assessment addressing the impacts of climate change in the coastal area of the Gulf of Gabes 

(Tunisia). Sustainability Science, 11, 455-476. 

Robins, P. E., Skov, M. W., Lewis, M. J., Gimenez, L., Davies, A. G., Malham, S. K., Neill, S. P., 

Mcdonald, J. E., Whitton, T. A., Jackson, S. E. & Jago, C. F. 2016. Impact of climate change 

on UK estuaries: A review of past trend and potential projections. Estuarine, Coastal and Shelf 

Science, 169, 119-135. 

Robinson, S.. 2015. Climate change adaptation trends in small island developing states. Mitigation and 

Adaptation Strategies for Global Change, 669-691. 

Rodríguez, I., Montoya, I., Sanchez, M. J. & Carreno, F. 2009. Geographic Information Systems applied 

to Integrated Coastal Zone Management. Geomorphology, 107, 100-105. 

Rogers, K., Saintilan, N. & Copeland, C. 2014. Managed Retreat of Saline Coastal Wetlands: 

Challenges and Opportunities Identified from the Hunter River Estuary, Australia. Estuaries 

and Coasts, 37, 67-78. 



 

| P a g e  209 
 

Rosegrant, M. W., Dey, M. M., Valmonte-Santos, R., & Chen, O. L. 2016. Economic impacts of climate 

change and climate change adaptation strategies in Vanuatu and Timor-Leste. Marine Policy, 

67, 179-188.  

Ruane, A. C., Major, D. C., Yu, W. H., Alam, M., Hussain, S. G., Khan, A. S., Hassan, A., Al Hossain, 

B. M. T., Goldberg, R., Horton, R. M. & Rosenzweig, C. 2013. Multi-factor impact analysis of 

agricultural production in Bangladesh with climate change. Global Environmental Change-

Human and Policy Dimensions, 23, 338-350. 

Sadovy, Y. & Domeier, M., 2005. Are aggregation-fisheries sustainable? Reef fish fisheries as a case 

study. Coral Reefs 24 254-262. 

Sahin, O., Stewart, R.A., Faivre, G., Ware, D., Tomlinson, R.& Mackey, B., 2019. Spatial Bayesian 

Network for predicting sea level rise induced coastal erosion in a small Pacific Island. Journal 

of Environmental Management 238, 341-351. 

Sahin, O. & Mohamed, S. 2014. Coastal vulnerability to sea-level rise: a spatial–temporal assessment 

framework. Natural hazards, 70, 395-414. 

Sahin, O. & Mohamed, S. Decision Dilemmas for Adaptation to Sea Level Rise: How to, when to? 

International Conference ; Industrial Engineering and Engineering Management, 2009 Hong 

Kong. IEEE, 1622-1626. 

Sahin, O. & Mohamed, S. 2013. A spatial temporal decision framework for adaptation to sea level rise. 

Environmental Modelling & Software, 46, 129-141. 

Sahin, O. & Mohamed, S. 2014. Coastal vulnerability to sea-level rise: a spatial–temporal assessment 

framework. Natural Hazards, 70, 395-414.  

Sakai, K. 1998. Delayed maturation in the colonial coral Goniastrea aspera (Scleractinia): whole-colony 

mortality, colony growth and polyp egg production. Researches on Population Ecology 

40, 287–292. 

Salik, K. M., Jahangir, S., Zahdi, W. U. Z. & Ul Hasson, S. 2015. Climate change vulnerability and 

adaptation options for the coastal communities of Pakistan. Ocean & Coastal Management, 

112, 61-73. 

Salinas, C. X., Gironas, J. & Pinto, M. 2016. Water security as a challenge for the sustainability of La 

Serena-Coquimbo conurbation in northern Chile: global perspectives and adaptation. 

Mitigation and Adaptation Strategies for Global Change, 21, 1235-1246. 

Santos-Martín, F., Martín-López, B., García-Llorente, M., Aguado, M., Benayas & J., Montes, C., 2013. 

Unraveling the relationships between ecosystems and human wellbeing in Spain. Plos One 8(9) 

e73249. 

Sánchez-Arcilla, A., García-León, M., Gracia, V., Devoy, R., Stanica, A. & Gault, J. 2016. Managing 

coastal environments under climate change: Pathways to adaptation. Science of The Total 

Environment. 

Sanderson, B. & Knutti, R. 2012. Climate change projections: Characterizing uncertainty using climate 

models. Climate Change Modeling Methodology. Springer. 

Sano, M., Baum, S., Bussey, M., Carter, B., Crick, F., Golshani, A., Choy, D. L., Richards, R., ROIKO, 

A., Serrao-Neumann, S., Splinter, K., Smith, T. & Tomlinson, R. Adapting coasts to climatic 

futures. an australian perspective. 2012. Coastal Engineering Proceedings. 

Sano, M., Gainza, J., Baum, S., Choy, D. L., Neumann, S. & Tomlinson, R. 2015. Coastal vulnerability 

and progress in climate change adaptation: An Australian case study. Regional Studies in 

Marine Science, 2, 113-123. 

Sano, M., Golshani, A., Splinter, K. D., Strauss, D., Thurston, W. & Tomilnson, R. 2011. A detailed 

assessment of vulnerability to climate change in the Gold Coast, Australia. SI 64, 245 - 249. 

Santoro, F., Tonino, M., Torrean, S., Critto, A. & marcomini, A. 2013. Involve to improve: A 

participatory approach for a Decision Support System for coastal climate change impacts 

assessment. The North Adriatic case. Ocean & Coastal Management, 78, 101-111. 



 

| P a g e  210 
 

Satta, A., Snoussi, M., Puddu, M., Flayou, L. & Hout, R. 2016. An index-based method to assess risks 

of climate-related hazards in coastal zones: The case of Tetouan. Estuarine Coastal and Shelf 

Science, 175, 93-105. 

Savo, V., Lepofsky, D., Benner, J., Kohfeld, K.E., Bailey, J.   &  Lertzman, K., 2016. Observations of 

climate change among subsistence-oriented communities around the world. Nature Climate 

Change 6, 462. 

Schmitt, K., Albers, T., Pham, T. T. & Dinh, S. C. 2013. Site-specific and integrated adaptation to 

climate change in the coastal mangrove zone of Soc Trang Province, Viet Nam. Journal of 

Coastal Conservation, 17, 545-558. 

Scott, M.E., Smith, J.A., Lowry, M.B., Taylor, M.D. & Suthers, I.M., 2015. The influence of an offshore 

artificial reef on the abundance of fish in the surrounding pelagic environment. Marine and 

Freshwater Research 66(5) 429-437. 

Semakula, H.M., Song, G., Achuu, S.P. & Zhang, S., 2016. A Bayesian belief network modelling of 

household factors influencing the risk of malaria: a study of parasitaemia in children under five 

years of age in sub-Saharan Africa. Environmental Modelling & Software 75 59-67. 

Selig, E.R., Hole, D.G., Allison, E.H., Arkema, K.K., McKinnon, M.C., Chu, J., de Sherbinin, A., 

Fisher, B., Glew, L.  &  Holland, M.B., 2019. Mapping global human dependence on marine 

ecosystems. Conservation Letters 12, e12617. 

Schwebel, M. B. 2018. Measuring climate change adaptation in Pacific small island states: nissology 

and success. Journal of Water and Climate Change, 9, 112-123. 

Seinfeld, J. H. & Pandis, S. N. 2016. Atmospheric chemistry and physics: from air pollution to climate 

change, John Wiley & Sons. 

Sekovski, I., Armaroli, C., Calabrese, L., Mancini, F., Stecchi, F. & Perini, L. 2015. Coupling scenarios 

of urban growth and flood hazards along the Emilia-Romagna coast (Italy). Natural Hazards 

and Earth System sciences, 15, 2331-2346. 

Senge, P. M. & Forrester, J. W. 1980. Tests for building confidence in system dynamics models. System 

dynamics, TIMS studies in management sciences, 14, 209-228. 

Serrao-Neumann, S., Schuch, G., Harman, B., Crick, F., Sano, M., Sahin, O., Van Staden, r., Baum, s. 

& Choy, D. L. 2015. One human settlement: a transdisciplinary approach to climate change 

adaptation research. Futures, 65, 97-109. 

Seto, K. C., Solecki, W. D. & griffith, C. A. 2015. The Routledge Handbook of urbanization and global 

environmental change, Routledge. 

Silva, R., Mendoza, E., Mariño-Tapia, I., Martínez, M.L. & Escalante, E., 2016. An artificial reef 

improves coastal protection and provides a base for coral recovery. Journal of Coastal Research 

75(sp1) 467-471. 

Sherman, M., Berrang‐Ford, L., Lwasa, S., Ford, J., Namanya, D. B., Llanos‐Cuentas, A., MAILLET, 

M. & Harper, S. 2016. Drawing the line between adaptation and development: a systematic 

literature review of planned adaptation in developing countries. Wiley Interdisciplinary 

Reviews: Climate Change, 7, 707-726. 

Sherman, M. H. & Ford, J. 2014. Stakeholder engagement in adaptation interventions: an evaluation of 

projects in developing nations. Climate Policy, 14, 417-441. 

Shikazono, N. 2012. Material Circulation in the Earth. Introduction to Earth and Planetary System 

Science. Springer. 

Sierra-Correa, P. C. & Kintz, J. R. C. 2015. Ecosystem-based adaptation for improving coastal planning 

for sea-level rise: A systematic review for mangrove coasts. Marine Policy, 51, 385-393.  

Smith, R. I., Barton, D. N., Dick, J., Haines-Young, R., Madsen, A. L., Rusch, G. M., Termansen, M., 

Woods, H., Carvalho, L. & Giucă, R. C. 2018. Operationalising ecosystem service assessment 

in Bayesian Belief Networks: Experiences within the OpenNESS project. Ecosystem Services, 

29, 452-464. 



 

| P a g e  211 
 

Smith, J. B., Strzepek, K. M., Cardini, J., Castaneda, M., Holland, J., Quiroz, C., Wigley, T. M. L., 

Herrero, J., Hearne, P. & Furlow, J. 2011a. Coping with climate variability and climate change 

in La Ceiba, Honduras. Climatic Change, 108, 457-470. 

Smith, T. F., Daffara, P., O’toole, K., Matthews, J., Thomsen, D. C., Sohail, I., Fien, J. & Graymore, 

M. 2011b. A method for building community resilience to climate change in emerging coastal 

cities. Futures, 43, 673–679. 

Smith, T. M., Reynolds, R. W., Peterson, T. C. & Lawrimore, J. 2008. Improvements to NOAA’s 

historical merged land–ocean surface temperature analysis (1880–2006). Journal of Climate, 

21, 2283-2296. 

Snoussi, M., Ouchani, T., Khouakhi, A. & Niang-Diop, I. 2009. Impacts of sea-level rise on the 

Moroccan coastal zone: Quantifying coastal erosion and flooding in the Tangier Bay. 

Geomorphology, 107, 32-40. 

Solana-Gutiérrez, J., Rincón, G., Alonso, C. & García-de-Jalón, D., 2017. Using fuzzy cognitive maps 

for predicting river management responses: A case study of the Esla River basin, Spain. 

Ecological Modelling 360, 260-269. 

Solomon, S. 2007. Climate change 2007-the physical science basis: Working group I contribution to 

the fourth assessment report of the IPCC, Cambridge University Press. 

Solomon, S. M. & Forbes, D. L. 1999. Coastal hazards and associated management issues on South 

Pacific Islands. Ocean & Coastal Management, 42, 523-554. 

Spector, B. I., Sjöstedt, G. & Zartman, I. W. 1994. Negotiating international regimes: lessons learned 

from the United Nations Conference on Environment and Development (UNCED), Graham & 

Trotman/Martinus Nijhoff. 

Spalding, M.D., Ruffo, S., Lacambra, C., Meliane, I., Hale, L.Z., Shepard, C.C. & Beck, M.W., 2014. 

The role of ecosystems in coastal protection: adapting to climate change and coastal hazards. 

Ocean & Coastal Management 90 50-57. 

SPREP, 2016a. Assessment Of Ecosystems On Tanna Island, Vanuatu Commences, Island and Ocean 

Ecosystems News. the Secretariat of the Pacific Regional Environment Programme (SPREP): 

SPREP webpage. viewed 30 September 2018, <https://www.sprep.org/news/assessment-

ecosystems-tanna-island-vanuatu-commences> 

SPREP, 2016b. Assessment of ecosystems on Tanna island, Vanuatu commences, Biodiversity & 

Ecosystem Management Headlines: Online reports. viewed 30 September 2018, < 

https://www.sprep.org/news/island-and-ocean-ecosystems?page=7 > 

Sperotto, A., Torresan, S., Gallina, V., Coppola, E., Crittoa, A. & Marcomini, A. 2016. A multi-

disciplinary approach to evaluate pluvial floods risk under changing climate: The case study of 

the municipality of Venice (Italy). Science of the Total Environment, 562, 1031-1043. 

Spirandelli, D. J., Anderson, T. R., Porro, R. & Fletcher, C. H. 2016. Improving Adaptation Planning 

for Future Sea-Level Rise: Understanding Uncertainty and Risks Using a Probability-Based 

Shoreline Model. Journal of Planning Education and Research, 36, 290-303. 

Srivastav, A., Srivastav & Nishida 2019. The Science and Impact of Climate Change, Springer. 

Stark, J., Plancke, Y., Ides, S., Meire, P. & Temmerman, S. 2016. Coastal flood protection by a 

combined nature-based and engineering approach: Modeling the effects of marsh geometry and 

surrounding dikes. Estuarine Coastal and Shelf Science, 175, 34-45. 

Sterman, J.D., 2001. System dynamics modeling: tools for learning in a complex world. California 

management review, 43(4) 8-25. 

Sterman, J. D. J. D. 2000. Business dynamics: systems thinking and modeling for a complex world. 
McGraw Hill. 

Stephens, S.A. & Ramsay, D., 2014. Extreme cyclone wave climate in the Southwest Pacific Ocean: 

Influence of the El Niño Southern Oscillation and projected climate change. Global and 

Planetary Change 123 13-26. 

Stokke, K. B. 2014. Adaptation to sea level rise in spatial planning e Experiences from coastal towns 

in Norway. Ocean & Coastal Management, 94, 66-73. 



 

| P a g e  212 
 

Stylios, C.D. & Groumpos, P.P., 2004. Modeling complex systems using fuzzy cognitive maps. IEEE 

Transactions on Systems, Man, and Cybernetics-Part A: Systems and Humans 34, 155-162. 

Sugiyama, T. 2015. Movement of global warming issues. Kiho Enerugi Sogo Kogaku, 38, 11-19. 

Sukumara-Pillai, K. K.-P., Bala, G., Cao, L., Duan, L. & Caldeira, K. 2019. Climate system response 

to stratospheric sulfate aerosols: sensitivity to altitude of aerosol layer. Earth System 

Dynamamic Discussions 13 23-34.  

Suprun, E., Sahin, O., Anthony Stewart, R. & Panuwatwanich, K. 2019. Examining transition pathways 

to construction innovation in Russia: a system dynamics approach. International Journal of 

Construction Management, 1-23. 

Suprun, E., Sahin, O., Stewart, R., Panuwatwanich, K. & Shcherbachenko, Y. 2018. An Integrated 

Participatory Systems Modelling Approach: Application to Construction Innovation. Systems, 

6, 33. 

Suprun, E., Sahin, O., Stewart, R. A. & Panuwatwanich, K. 2016. Model of the Russian Federation 

Construction Innovation System: An Integrated Participatory Systems Approach. Systems, 4, 

29. 

Suroso, D. S. A., Kombaitan, B. & Setiawan, B. 2013. Exploring the use of risk assessment approach 

for climate change adaptation in Indonesia: Case study of flood risk and adaptation assessment 

in the South Sumatra province. In: Utama, N. A., Mclellan, B. C., Tarno, H., Hamzah, S., 

Bramantoro, A., Apip, Trihartono, A., Suryatmojo, H., Widodo, S. & Himmi, S. K. (eds.) 3rd 

International Conference on Sustainable Future for Human Security, Sustain 2012. 

Amsterdam: Elsevier Science Bv. 

Sušnik, J., Molina, J.-L., Vamvakeridou-Lyroudia, L. S., Savić, D. A. & Kapelan, Z. 2013. Comparative 

analysis of system dynamics and object-oriented bayesian networks modelling for water 

systems management. Water Resources Management, 27, 819-841. 

Sweeney, L.B. & Sterman, J.D., 2000. Bathtub dynamics: initial results of a systems thinking 

inventory. System Dynamics Review: The Journal of the System Dynamics Society, 16(4), 249-

286. 

Thomas, M., Pidgeon, N., Whitmarsh, L. & Ballinger, R. 2015. Mental models of sea-level change: A 

mixed methods analysis on the Severn Estuary, UK. Global Environmental Change-Human 

and Policy Dimensions, 33, 71-82. 

Tompkins, E. L., Few, R. & Brown, K. 2008. Scenario-based stakeholder engagement: incorporating 

stakeholders preferences into coastal planning for climate change. Journal of Environmental 

Management, 88, 1580-1592. 

Torres, N. & Olaya, C. Tackling the mess: System conceptualization through cross-impact analysis.  

Proceeding of the 28th International Conference of the System Dynamics Society, Seoul, Korea, 

2010. 25-29. 

Torresan, S., Critto, A., Rizzi, J. & Marcomini, A. 2012. Assessment of coastal vulnerability to climate 

change hazards at the regional scale- the case study of the North Adriatic Sea. Natural Hazards 

and Earth System Sciences, 12, 2374-2368. 

Torresan, S., Critto, A., Rizzi, J., Zabeo, A., Furlan, E. & Marcomini, A. 2016. DESYCO: A decision 

support system for the regional risk assessment of climate change impacts in coastal zones. 

Ocean and Coastal Management, 120, 49-63. 

Turner, R. K., Palmieri, M. G. & Luisetti, T. 2016. Lessons from the Construction of a Climate Change 

Adaptation Plan: A Broads Wetland Case Study. Integrated Environmental Assessment and 

Management, 12, 719-725. 

UNDESA 2015. Report of the Capacity Building Workshop and Expert Group Meeting on Integrated 

Approaches to Sustainable Development Planning and Implementation. New York, USA: 

United Nations Department of Economic and Social Affairs 

UNDESA, U.N., Department of Economic and Social Affairs, Population Division 2017. World 

Population Prospects: The 2017 Revision, Key Findings and Advance Tables. Working Paper 

No. ESA/P/WP/248. 



 

| P a g e  213 
 

UNEP, 2018. Working with regional seas, coral reefs. The Coral Reef Unit (CRU), The United Nations 

Environment Programme (UNEP) https://www.unenvironment.org/explore-topics/oceans-

seas/what-we-do/working-regional-seas/coral-reefs.  

UNEP-WCMC. 2015. Review of selected corals from Indonesia. The UNEP World Conservation 

Monitoring Centre (UNEP-WCMC), Cambridge. 

United Nations, 2015. World population prospects: the 2015 revision: key findings and advance tables. 

UN. 

Ung, M., Luginaah, I., Chuenpagdee, R. & Campbell, G. 2016. Perceived Self-Efficacy and Adaptation 

to Climate Change in Coastal Cambodia. Climate, 4, 16. 

Van Der Gaast, W., W., 2017. Towards a future climate policy—From the Kyoto protocol to the Paris 

agreement. In International Climate Negotiation Factors Springer, Cham 91-123 

Van Hooidonk, R., Maynard, J., Tamelander, J., Gove, J., Ahmadia, G., Raymundo, L., Williams, G. 

J., Heron, S., Tracey, D. & Parker, B. 2017. Coral Bleaching Futures: Downscaled Projections 

of Bleaching Conditions for the World’s Coral Reefs, Implications of Climate Policy and 

Management Responses. 

Vanuatu 2030, 2017. Vanuatu 2030, the poeple's plan In: The Department of Strategic Policy, P.A.A.C. 

(Ed.): the Department of Strategic Policy, Planning and Aid Coordination, The Government of 

Vanuatu, Port Villa, the Republic of Vanuatu, p. 20. 

Vasslides, J.M. & Jensen, O.P., 2016. Fuzzy cognitive mapping in support of integrated ecosystem 

assessments: Developing a shared conceptual model among stakeholders. Journal of 

Environmental Management 166, 348-356. 

Vega Thurber, R.L., Burkepile, D.E., Fuchs, C., Shantz, A.A., McMinds, R. & Zaneveld, J.R., 2014. 

Chronic nutrient enrichment increases prevalence and severity of coral disease and bleaching. 

Global Change. Biology 20 544-554. 

Vennix, J.A., 1996. Group model building facilitating team learning using system dynamics. Wiley. 

Veron, J., Hoegh-Guldberg, O., Lenton, T., Lough, J., Obura, D., Pearce-Kelly, P., Sheppard, C., 

Spalding, M., Stafford-Smith, M. & Rogers, A., 2009. The coral reef crisis: The critical 

importance of< 350 ppm CO2. Marine Pollution Bulletin 58 1428-1436. 

Vogiatzakis, I. N., Mannion, A. M. & Sarris, D. 2016. Mediterranean island biodiversity and climate 

change: the last 10,000 years and the future. Biodiversity and Conservation, 25, 2597-2627. 

Voinov, A. & Bousquet, F. 2010. Modelling with stakeholders. Environmental Modelling & Software, 

25, 1268-1281. 

Voinov, A. & Shugart, H. H. 2013. 'Integronsters', integral and integrated modeling. Environmental 

Modelling & Software, 39, 149-158. 

Voinov, A. A. 2010. Systems science and modeling for ecological economics, Academic Press. 

Wabnitz, C.C., Cisneros-Montemayor, A.M., Hanich, Q., Ota, Y., 2017. Ecotourism, climate change 

and reef fish consumption in Palau: Benefits, trade-offs and adaptation strategies. Marine Policy. 

Walsh, K.J., McInnes, K.L. & McBride, J.L., 2012. Climate change impacts on tropical cyclones and 

extreme sea levels in the South Pacific—A regional assessment. Global and Planetary Change 

80 149-164. 

Wamsler, C. 2017. Stakeholder involvement in strategic adaptation planning: Transdisciplinarity and 

co-production at stake? Environmental Science & Policy, 75, 148-157. 

Wamsler, C. & Brink, E. 2014. Planning for climatic extremes and variability: A review of Swedish 

municipalities’ adaptation responses. Sustainability, 6, 1359-1385. 

Ward, P. J., Marfai, M. A., Yulianto, F., Hizbaron, D. R. & Aerts, J. 2011. Coastal inundation and 

damage exposure estimation: a case study for Jakarta. Natural Hazards, 56, 899-916. 

Warrick, R., YE, W., Kouwenhoven, P., Hay, J. E. & Cheatham, C. 2005. New Developments of the 

SimCLIM Model for Simulating Adaptation to Risks Arising from Climate Variability and 

Change. Modsim 2005: International Congress on Modelling and Simulation: Advances and 

Applications for Management and Decision Making: Advances and Applications for 

Management and Decision Making, 551-558. 



 

| P a g e  214 
 

Weis, S.W.M., Agostini, V.N., Roth, L.M., Gilmer, B., Schill, S.R., Knowles, J.E. & Blyther, R., 2016. 

Assessing vulnerability: an integrated approach for mapping adaptive capacity, sensitivity, and 

exposure. Climatic Change 136, 615-629. 

Wiek, A. & Walter, A. I. 2009. A transdisciplinary approach for formalized integrated planning and 

decision-making in complex systems. European Journal of Operational Research, 197, 360-

370. 

Williamson, J.E., Byrnes, E.E., Clark, J.A., Connolly, D.M., Schiller, S.E., Thompson, J.A., Tosetto, 

L., Martinelli, J.C. & Raoult, V., 2017. Ecological impacts and management implications of 

reef walking on a tropical reef flat community. Marine Pollution Bulletin 114(2) 742-750. 

Willows, R., Reynard, N., Meadowcroft, I. & Connell, R. 2003. Climate adaptation: Risk, uncertainty 

and decision-making. UKCIP Technical Report, Oxford, UK Climate Impacts Programme. 

Wilson, T. J., Cooley, S. R., Tai, T. C., Cheung, W. W. & Tyedmers, P. H. 2020. Potential 

socioeconomic impacts from ocean acidification and climate change effects on Atlantic 

Canadian fisheries. PloS one, 15, e0226544. 

Withey, P., Lantz, V. A. & Ochuodho, T. O. 2016. Economic costs and impacts of climate-induced sea-

level rise and storm surge in Canadian coastal provinces: a CGE approach. Applied Economics, 

48, 59-71. 

Woodhead, A.J., Hicks, C.C., Norström, A.V., Williams, G.J. & Graham, N.A., 2019. Coral reef 

ecosystem services in the Anthropocene. Functional Ecology. 

Woodruff, S. C. & regan, P. 2018. Quality of national adaptation plans and opportunities for 

improvement. Mitigation and Adaptation Strategies for Global Change, 1-19. 

Yan, B., LI, S., Wang, J., Ge, Z. & Zhang, L. 2016. Socio-economic vulnerability of the megacity of 

Shanghai (China) to sea-level rise and associated storm surges. Regional Environmental 

Change, 16, 1443-1456. 

Yoo, G., Hwang, J. H. & Choi, C. 2011. Development and application of a methodology for 

vulnerability assessment. Ocean & Coastal Management, 54, 524-434. 

Yulandhika, T. & Nugrahanti, I. M. 2014. Mitigation and Adaptation Planning of Climate Change in 

East Kalimantan: A Critical Review. Procedia-Social and Behavioral Sciences, 135, 64-69. 

Zanetti, V. B., De Sousa, W. C. & De FREITAS, D. M. 2016. A Climate Change Vulnerability Index 

and Case Study in a Brazilian Coastal City. Sustainability, 8, 12. 

Zanuttigh, B. 2011. Coastal flood protection: what perspective in a changing climate? The THESEUS 

approach. Environmental Science & Policy, 14, 845-863. 

Zanuttigh, B., Simcic, D., Bagli, S., Bozzeda, F., Pietrantoni, L., Zagonari, F., Hoggart, S. & Nicholls, 

R. J. 2014. THESEUS decision support system for coastal risk management. Coastal 

Engineering, 87, 218-239.  

Zare, F., Elsawah, S., Bagheri, A., Nabavi, E. & Jakeman, A. J. 2019. Improved integrated water 

resource modelling by combining DPSIR and system dynamics conceptual modelling 

techniques. Journal of Environmental Management, 246, 27-41. 

Zari, M. P., Kiddle, G. L., Blaschke, P., Gawler, S. & Loubser, D. 2019. Utilising nature-based solutions 

to increase resilience in Pacific Ocean Cities. Ecosystem Services, 38, 100968. 

 

 

 

 

 

 



 

| P a g e  215 
 

APPENDIX A 

CHAPTER 5 SUPPLEMENTARY MATERIALS 

 

Appendix A-1. Quality assurance and the quality control of the data. 

Details of the quality assurance and the quality control of the data are provided in Table S1. It 

should be mentioned that the stepwise FCM modelling procedure as shown in Figure 3 comprises of 

three major steps in which the first two steps (i.e. Research structuring and problem articulation and 

Perception assessment steps) involves participatory data input, and therefore, require data quality 

control and assurance. 

 

Table S1.  

Details of the quality assurance and the quality control of the data. 

 

Modelling step Quality assurance Quality control 

Step I 

Research structuring 

and problem 

articulation 

• Authentic literature review for 

identifying all relevant and 

potential concepts (factors), as 

well as defining the edges of the 

scope. 

• Careful selection and involvement 

of the stakeholders. 

• Training and familiarising the 

stakeholders with the principle of 

mapping and adjacency matrix. 

• Designing a guideline for input 

values. 

• Provide feedback on the 

determination and definition of the 

identified concepts for possible 

modification, filtration, and 

merging or breaking down. 

• Provide feedback on the individual 

mapping to ensure links are 

correctly assigned. 

• Unsatisfactory responses from 

stakeholders lead to identifying 

more stakeholders until reaching 

satisfactory responses from 

stakeholders.   

Step II 

Perception assessment 

 

 

• The ambiguity analysis sub-step is 

to ensure the satisfactory 

perception and data input by 

stakeholders prior to compiling 

the results. It is to pinpoint any 

probable diverges in problem 

understanding and framing among 

the experts. 

• Provide feedback on the adjacency 

matrix to ensure the integrity of the 

weights. 

• Ambiguity analysis results indicate 

whether the individual mapping 

needs to be repeated or the provided 

input by stakeholders are 

satisfactory. 

• FCM statistical metrics including 

modularity, density, and Average 

clustering coefficient, and average 

path length. These metrics warrants 

the connectivity and validity of the 

developed network. 
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Appendix A-2. Participant information sheet and invitation 

The participant information sheet that was sent to all experts in order to invite and engage them 

in the modelling and data elicitation procedure is attached in this supplementary file (See the 

questionnaire). 

Invitation 

You are kindly invited to participate in a participatory research project. It is important for 

you to understand why the research is being done and what it will involve before you decide 

whether or not you wish to participate in this study. Please take the time to read the following 

information carefully and discuss it with others if you wish. You are required to submit your 

response by replying to our email or contacting the chief investigator of the project. The research 

forms a component of an academic program at Griffith University under Griffith university’s ethics 

(no: GU 2019/581). This project is undertaken alongside a large philanthropically funded research 

project titled “EcoAdapt in the Pacific” to address the ongoing problems being imposed by rapid 

urbanism and climate change using adaptation interventions. The project funders requested 

research to be undertaken that was focused on the vulnerable Pacific Island context and this noble 

goal has framed the authors' scope of research and objectives for the study presented in this paper 

as well as other related work packages. The overall research programme is summarised at the 

following URL address:  

https://www.griffith.edu.au/research/research-excellence/griffith-climate-change-response-

program/ecoadapt-pacific 

Research title 
Mapping long-term coral reef ecosystems regime shifts: a small island developing state case 

study 
 

About the study 
This study aims at exploring the causal relationships of key variables which can influence 

the health and resilience of coral reefs directly or indirectly in Small Islands. For this purpose, the 

Fuzzy Cognitive Mapping (FCM) technique was selected as a proper approach to undertake this 

study. The FCM technique is employed for solving decision-making problems, modelling and 

simulating complex systems, and for causal knowledge acquisition and representation, and 

therefore, requires the elicitation of knowledge (i.e. fuzzy sets) from experts in the field. Thus, your 

contribution to share your knowledge and judgement are highly valuable and essential for the 

accomplishment of this research.  

 

 

https://www.griffith.edu.au/research/research-excellence/griffith-climate-change-response-program/ecoadapt-pacific
https://www.griffith.edu.au/research/research-excellence/griffith-climate-change-response-program/ecoadapt-pacific
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You are eligible to participate in the study if you are: 
▪ a researcher with PhD or MScs relevant to marine ecological sciences, environment, or 

social sciences about SIDS  

Or  

▪ An expert in marine ecological sciences, environment, or social sciences about SIDS  

 

Risks to the participants in taking part in this study 

It is not anticipated that there are any risks to participation in this study beyond those encountered 

during everyday life 

Important Notes 

 

▪ If a participant wants to withdraw his/her inputs later, the participant should participant 

inform us via email within 3 months of submitting the responses.  

▪ All research data (questionnaire responses and analysis) will be retained in a password 

protected electronic file at Griffith University for a period of five years before being 

destroyed 

▪ Griffith University conducts research in accordance with the National Statement on Ethical 

Conduct in Human Research. If you have any concerns or complaints about the ethical 

conduct of this research project, you are encouraged to contact the Manager, Research 

Ethics on +61 7 3735 4375 or research-ethics@griffith.edu.au. 

▪ If participants wish to access the outputs of a summary of research results, they can access 

once published or contact investigators via email.  

▪ The conduct of this research involves the collection, access, storage and/or use of your 

identified personal information. The information collected is confidential and will not be 

disclosed to third parties without your consent, except to meet government, legal or other 

regulatory authority requirements. A de-identified copy of this data may be used for other 

research purposes, including publishing openly (e.g. in an open access repository). 

However, your anonymity will at all times be safeguarded. For further information consult 

the University's Privacy Plan at  

http://www.griffith.edu.au/about-griffith/plans-publications/griffith-university-

privacy-plan. 

▪ Completion of the questionnaire will be taken as your consent to participate in the research 

 

 

 

 

 

 

 

 

mailto:research-ethics@griffith.edu.au
http://www.griffith.edu.au/about-griffith/plans-publications/griffith-university-privacy-plan
http://www.griffith.edu.au/about-griffith/plans-publications/griffith-university-privacy-plan
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Appendix A-3. Questionnaire  

 

Research title 

Mapping long-term coral reef ecosystems regime shifts: a small island developing state case 

study 

 
Study Overview 

A detailed understanding and quantification of the potential relationships are identified using a 

matrix linking all of the constitutive elements/variables. This method identifies the main variables 

which are both influential and dependent; those which are essential to the evolution of the system. 

At this stage, we are aiming to obtain input from experts through populating the provided structural 

analysis matrix (next page) to understand the relationships (influence and dependency) between 

key factors/variables inflecting and/or influenced by the coral reef health and resilience. 

 YOU CAN FILL EACH CELL of THE MATRIX (in the next sheet) by assigning -3,-2 ,-1 ,0 ,+1 

,+2 and + 3 intensities.  

 

Methodology  

“What is the direct impact of variable A on variable B?” 

 

Example:  

If you believe the future climate change trajectory has a strong positive impact (OR strong relation 

or interreference) on sea level rise, you should enter +3 in the cell (Row: climate trajectory - 

Column: Sea level rise). On the other hand, if you feel sea level rise doesn't have any impact on the 

future climate change trajectory, the cell will be populated with 0  (in this case Row: sea level rise 

climate trajectory and Column: climate trajectory).  

 

The relationship evaluation can be chosen from on the following seven intensities: 

Please note that completion of this questionnaire will be taken as your consent to participate 

in the research. Also, please make sure that you have read the participants information sheet  
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Strong POSITIVE             direct relation/influence +3 

Medium POSITIVE         direct relation/influence +2 

Weak POSITIVE              direct relation/influence +1 

No relation or direct impact                                       0 

Weak NEGATIVE            direct relation/influence   -1 

Medium NEGATIVE       direct relation/influence   -2 

Strong NEGATIVE          direct relation/influence   -3 

Please populate the matrix on the next sheet/page.   

 

Queries 

If you believe an important variable / variable need to be added, please feel free to add in the empty 

cells in both vertical and horizontal axes. Or, you can send it back to us, then we will modify the 

matrix accordingly and resend.  Ecological factors, such as the role of herbivores on macroalgae and 

reef health have been omitted as this study aims to understand human-environment interactions from a 

high level. 

If you don't know how to answer for one of the relationships, please leave the related matrix cell 

blank (leave blank not filled with a zero). 

 

 

 

 

THANKS FOR YOUR TIME AND COOPERATION WITH THIS IMPORTANT 

EVALUATION PROCESS. 

 

-THE MATRIX IS NEXT PAGE- 
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Table S2.  

Structural analysis matrix 
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Climate change 

trajectory (RCPs) - global 

higher future emission 

scenarios 

                                                    

Temperature  

(Land surface) 

                                                    

Sea level rise                                                     
Ocean warming –  

Sea Surface 

Temperature (SST) 

                                                    

Ocean acidification                                                     

Rainfall on land                                                     

Local Population                                                      

Storms and cyclones 

frequency and intensity 

                                                    

Catchment land use                                                      

Catchment land cover 

condition  

                                                    

Fishing scale 

(commercial, local or 

recreational) 

                                                    

Fishing intensity (High, 

medium, low) 

                                                    

Sediment load                                                     

Nutrient load                                                     

Bay water quality                                                     
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Capital works and 

infrastructure 
                                                    

Tourist activities or the 

number of tourists 
                                                    

Coastal damage or 

protection 
                                                    

Tourism income                                                     

Fish stock                                                     

Fishing income                                                     

Bleaching                                                      

Coral disease                                                      

Physical damage                                                     

Coral health and 

resilience 
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In the map: 

If you prefer not to fill the matrix, you can also provide us with your responses by drawing the intensity 

lines in a map. For this purpose, an expert who is responding should print the list of variables on page 

4 and map on page 5, and then, present the relationships by drawing arrows between the variables and 

show their strength of impact on each other by adding a number from -3 to +3 next to each arrow.  

Example: 

If you believe the future climate change trajectory has a strong positive impact (OR strong relation or 

interference) on sea level rise, you should enter +3 in the cell (Row: climate trajectory - Column: Sea 

level rise). On the other hand, because sea level rise doesn't have any impact on the future climate 

change trajectory, so the cell will be populated with 0 (in this case Row: sea level rise climate trajectory 

and Column: climate trajectory). In the figure below the arrow show the direction of influence, and 

because the SLR doesn’t have any impact on the RCP variable, no link should be drawn for this 

relationship (a hidden link was drawn).  

 

 

 

List of acronyms 

RCP Climate change trajectory (RCPs) - global higher future emission scenarios 

LST Temperature (Land surface) 

SLR Sea Level Rise 

OW Ocean warming - Sea Surface Temperature (SST) 

OA Ocean acidification 

RaL Rainfall on land 

Pop Local Population  

Stm Storms and cyclones frequency (ENSO) and intensity 

CLU Catchment land use  

CLC Catchment land cover condition  

FSc Fishing scale (commercial, local or recreational) 

FInt Fishing intensity (High, medium, low) 

Sed Sediment load 

Nut Nutrient load 

WQ Bay water quality 

CW Capital works and infrastructure 

Tac Tourist activities or number of tourists 

CPr Coastal damage or protection 

Tin Tourism income 

FSt Fish stock 

Fin Fishing income 

Ble Bleaching  

RCP 

 

SLR 

 

+3 

 

0 
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Dis Coral disease  

Phy Physical damage 

Cor Coral health and resilience 
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Appendix A-4. Mean projected impacts of different RCP by 2070  

The ranges of RCPs impacts based on interquartile range, 90% intervals and mean values of the 

predicated climatic conditions according to Alexander et al. (2018), Australian Bureau of Meteorology 

and CSIRO (2014) and Walsh et al. (2012) predicted for 2070 is summarised in Table S.3. 

Table S.3 

Mean projection of impacts different RCP by 2070  

(The 5%-95% intervals are shown in brackets) 

Label Concept RCP 2.6 RCP 4.5 RCP 6.0 RCP 8.5 

C3 Sea level rise  

 

32 cm 

(20cm to 48cm) 

39 cm 

(17cm to 59cm) 

37 cm 

(18cm to 57m) 

43 cm 

(21cm to 72cm) 

C4 Ocean warming 

(SST anomaly) 

 

0.2 °C 

(-0.4°C to 0.5 °C) 

0.4 °C 

(0.2°C to 0.7°C) 

0.4 °C 

(0.2 °C to 0.7 °C) 

0.8 °C 

(0.4 °C to 1.5°C) 

C5 Ocean 

acidification 

based on 

aragonite 

saturation rate  

-0.4 Ωar 

(-0.01 Ωar   to       

-0.77 Ωar) 

-0.69 Ωar 

(-0.4 Ωar    to       

-1.13 Ωar) 

-0.8 Ωar 

(-0.49 Ωar   to     

-1.18Ωar) 

-1.2 Ωar 

(-0.83 Ωar    to    

-1.44Ωar) 
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Appendix A-5. Outcome of the steady state with no intervention and starting 

state vectors 

 

Fig S.1 The baseline or steady-state (scenario) of concepts with no adaptation or management 

intervention  
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APPENDIX B 

CHAPTER 6 SUPPLEMENTARY MATERIALS 

 

Appendix B-1. List and description of the nodes  

Table.B1  

 Node title Category1 Quantification 

method2 

Mechanism of impact The data source or 

reference/bibliography  

1 Climate 

scenario 

Driver  

(climatic) 

D&E + S&MO Representative Concentration Pathways (RCPs) are four greenhouse gas 

concentration) trajectories adopted by the IPCC for its fifth Assessment 

Report (AR5) in 2014. The climatic nodes are linked as child nodes.   

(IPCC, 2014) 

2 Temperature 

(Land 

surface) 

Driver  

(climatic) 

D&E Future land surface temperature will have direct impacts on future 

catchment land use, farming intensity, and land cover, and tourism 

comfort level. Therefore, tourism and agriculture incomes and 

productivity of subsistence farming can be stated as important instances.    

(IPCC, 2014); (Meteorology 

and CSIRO, 2014) 

3 Sea level rise Driver  

(climatic) 

D&E Sea level variations can affect the frequency and intensity of tropical 

storms and altered ocean circulation patterns. Also, sedimentary 

processes are likely to increase due to sea level rise. So, physiological 

reef processes such as feeding, recruitment photosynthesis may interfere.  

(IPCC, 2014); (Meteorology 

and CSIRO, 2014) 

4 Ocean 

warming 

(Sea Surface 

Temperature) 

Driver 

(climatic) 

D&E As a critical impact of Climate Change and global warming, the SST will 

increase sea urchin density and erosion rates, increase the loss of reef 

structure, increase bleaching rate that these stress responses to warming 

waters can reduce coral fitness or cause diseases and mortality. 

(IPCC, 2014), (Stephens and 

Ramsay, 2014), (Franco et 

al., 2016); (Ban et al., 2015); 

(Pierre et al., 2017); (Ban et 

al., 2015); (Pierre et al., 

2017); (Krug et al., 2013) 

;(Attoweber et al., 2013); 

(Shenton et al., 2010) 

5 Aragonite 

saturation 

state  

Driver  

(climatic) 

D&E Modification of ocean chemistry produces changes in aragonite 

saturation with modification of seawater pH and reduces carbonate, and 

aragonite concentration will result in a reduction of coral growth rates, 

decreased coral skeletons and reef framework strength. 

(IPCC, 2014); (Franco et al., 

2016); (Ateweberhan et al., 

2013); (Veron et al., 2009); 

(Frieler et al., 2013) 

 
6 Ocean 

acidification 

Pressure 

(climatic) 

EE 
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7 Rainfall on 

land 

Driver  

(climatic) 

D&E Coastal flooding caused by intense rainfalls. Rainfall pattern (intensity) 

has an important impact on water quality by causing sedimentation and 

nutrient loading to the ocean.  This is also linked with storms intensity in 

coastal zones of the island.  

(IPCC, 2014); (Franco et al., 

2016); (Pierre et al., 2017); 

(Krug et al., 2013) 

 

8 Population 

growth 

Driver 

(Social/scenario) 

D&E + S&MO Parallel to global scale pressures, local anthropogenic can also degrade 

the ecological function of coral reefs individually or alongside other 

pressures (Ban et al., 2014). Population growth, including locals, 

residents and visitors, have been considered as the primary driver for 

human-induced impacts on a local scale. Current and population 

projected based on Mackey et al. (2017) and UN World Population 

Prospects (2015). 

UN World Population 

Prospects (2016) 

9 Storms and 

cyclones 

frequency and 

intensity 

Pressure  

(climatic) 
D&E + EE 
 

Tropical cyclones (TCs) alongside with heavy waves, rainfalls, storms 

and strong winds are considered among the most destructive natural 

events. Due to the greater inconsistency of predictions about the South 

Pacific’s cyclone intensity changes (Meteorology and CSIRO, 2014, 

Stephens and Ramsay, 2014, Johnson et al., 2016), only frequency of 

such events in the south Pacific region with an annual exceedance 

probability of 0.01 was linked and impacted by rainfall pattern and future 

sea level rise were used to populate the Storm frequency node’s CPT.  

(IPCC, 2014); (Meteorology 

and CSIRO, 2014); (Walsh 

et al., 2012) 

10 Catchment 

land use  

Driver 

(land-based) 

GD According to Watershed loading function (WLF), non-point source flow 

into the ocean is a function of land characteristics, specifically land-cover 

and land-use conditions (Haith and Shoenaker, 1987). Catchment land 

use and catchment land condition nodes can have an important role in the 

health and resilience of coral reefs through their impact on water quality.  

GIS modelling and Mackey 

et al. (2017) 

11 Catchment 

land cover 

condition  

 

 

Pressure 

(land) 

GD 

12 Harvesting 

scale 

Pressure 

(land) 

 For Vanuatu in particular, according to the latest studies using valuation 

approach, currently coral reefs were estimated to deliver around 82,000 

USD per hectare per annum of value which food provisioning is counted 

as a significant ecosystem service (Mackey et al., 2017). Despite the 

essential role of coral reefs in providing habitat to different species of 

fishes, coral reefs are being threatened from unsustainable harvesting 

physically and ecologically as the most devastating local threat (Burke et 

al., 2011). Destructive fishing and overfishing will result in damaging 

reef structures physically as well as declining fish abundance and 

biomass due to accelerated rates of habitat loss and fish fertility rate 

degradations (Hughes et al., 2015), and subsequently can have a crucial 

(Gilby et al., 2016) ;(Ban et 

al., 2014) ; (Renken and 

Mumby, 2009); (Spalding et 

al., 2014); (Dunstan et al., 

2017); (Roessig et al., 2004)   

 

 

13 Harvesting 

intensity 

14 Total 

harvesting 

pressures 
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role in algal dominance due to reduction in herbivores (Graham et al., 

2015). 

15 Sediment 

load 

 

 

Pressure 

(Environmental 

and biological) 

 

KD The excessive richness of nutrients can cause from lack of oxygen that 

results in death or change in the growth process of marine ecosystems. 

These nodes express the probability of changing in nutrient level, and the 

factors impacting nutrient loading as well as sediment loadings. The 

natural controls on the sedimentation process by coastal waterways are 

climatic factors (rainfall, seasonality), geology, slope (or topography), 

sea level, vegetation and the size of the catchment. The potential for 

raindrop impact to affect flow hydraulics and sediment transport is high. 

However, the exact relationship between declining water quality and 

disease susceptibility of coral reefs is yet to be formulated and is not well-

understood up till now (Hughes et al., 2015). However, poor water 

quality facilitates the coral diseases considerably (Nugues et al., 2004, 

D’Angelo and Wiedenmann, 2014, Maynard et al., 2015, Hughes et al., 

2015), mostly as a result of eutrophication and sedimentation specifically 

in the absence of industrial wastes (Harvell et al., 2007). Despite of 

existing literature signifying both land- and marine-based pollutions as 

the primary sources of pollutants, marine-based sources was neglected 

compared to land-based pollutions for Port Resolution based on the 

assumption that there will not be any offshore plants in the region, and 

there will be a low impact from marine vessels on water quality due to 

bathymetry of the bay. 

Similarly, the CPT of the node representing marine-based recreational 

activities linked to water quality node, as a result of trash or debris 

deposited in the water bay, was populated by experts and confirmed 

based on the evaluations of previous studies, reviewed and discussed by 

Hardiman and Burgin (2010). 

(Cazenave and Cozannet, 

2014) ;(Franco et al., 2016); 

(Ban et al., 2015); 

(Beuselinck et al., 2002)  

16 Nutrient load 

 

 

KD (Cazenave and Cozannet, 

2014); (Ban et al., 2015) 

;(Beuselinck et al., 2002); 

(Shenton et al., 2010)  

17 Water quality EE (D’Angelo and 

Wiedenmann, 2014); (ISRS, 

2004); (Risk, 2014); 

(Fabricius, 2005) 

18 Capital works 

impacts 

 Pressure 

(Socioeconomic) 

EE According to Frost et al. (2014), the future ecotourism of Vanuatu can be 

affected by a range of drivers and scenarios that are mostly linked with 

climate change impacts, demographic factors, and urbanisation and 

infrastructure conditions. Capital work such as construction, repair and 

arrangement of guest lodges and infrastructure; reconstruction of the 

access roads to sites of rural tourism; the equipment purchases.  

Mackey et al. (2017) 

19 Tourist 

activity 

 Pressure 

(Socioeconomic) 

EE The health and resilience of coral reefs can negatively be impacted by 

tourist or locals’ recreational activities through: 

Tourist and recreational activities can harm coral reefs as the result of: 

(Klint et al., 2012); 

(Cashman et al., 2012); 

(Belle and Bramwell, 2005); 

(Gössling and Hall, 2006); 

(Nurdin et al., 2016)  
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• Direct contact that cause coral colonies and tissue damages from 

such as walking, touching, kicking, standing etc. 

• Boat anchors contact and harm-causing breakage of coral tissues 

or coral colonies.  

• Feeding or other human-based harassments which lead to 

Invasive species or marine life behaviour. 

• Deposing trash and debris causing water contamination. 

20 Bleaching  Pressure 

(Environmental 

and biological) 

D&E + EE Coral reefs respond to increasing the sea temperature, known as ocean 

warming, through the breakdown of Coral–dinoflagellate symbioses 

which result in coral bleaching. Some coral reef types are also sensitive 

to ocean acidification, resulting in dissolving the exposed coral skeletons 

in water. Therefore, the bleaching node is directly linked with ocean 

warming and ocean acidification nodes as parents, and the target node as 

the child. Both the frequency and intensity of coral bleaching events are 

projected to increase (Reef-2050, 2017). This event is known as a wide-

reaching phenomenon by scientists jeopardising the survival of coral 

reefs that may reach to a catastrophic level for health and resilience of 

coral reefs across the globe in the absence of implementation of active 

mitigation or adaptation plans (James et al., 2017). In the reef area of Port 

Resolution, some bleached corals were recorded by the ecological expert 

teams site survey in late 2016.  

 

(Frieler et al., 2013); 

(Meteorology and CSIRO, 

2014); (Krug et al., 2013) 

21 Coral disease  Pressure 

(Environmental 

and biological) 

KD Viruses, protozoa, bacteria or fungi can cause coral disease which may 

result in the death of part or the whole of the coral colonies by changing 

their growth and reproduction rate, impacting on the structure of the 

community, and altering the diversity of species (Harvell et al., 2007). 

Changes in surrounding ecosystem and habitat condition such as algal 

contact and reef-fish stock changes; poor water quality mostly as a result 

of nutrient enrichment and sedimentation; ocean acidification; ocean 

warming are considered as the main drivers of coral disease in the 

existing literature (Raymundo et al., 2009, Vega Thurber et al., 2014, 

Harvell et al., 2007, Cooper et al., 2009, Oliver et al., 2018, Brodie et al., 

2017, Anthony et al., 2008, Albright et al., 2016, Bruno et al., 2007, 

Bruno et al., 2003). 

Consequently, the inclusion of all environmental and anthropogenic 

drivers of coral disease in the DAG as parent nodes was unavoidable to 

conclude with agreeable results despite producing in a complex CPT. 

Moreover, decreasing the aragonite saturation state of seawater or 

(Renken and Mumby, 

2009); (Gilby et al., 2016); 

(Ateweberhan et al., 2013); 

(Casey et al., 2014) 
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Description of the nodes categorised within DPSI framework 

1: Category within DPSI framework and discipline (in bracket)  

2: Filling methods: 

• D&E: Data-induced from equations and probability distributions using the available downscaled modelling results  

• GD: GIS modelling/analysis  

• KD: Knowledge and data based confirmed by experts 

• EE: Coupled evidence-based and expert-driven 

• S&MO: Scenarios and management options that should be set differently in scenario-modellings  

 

 

increasing ocean acidification, as geochemical indicators of the saturated 

sweater, coupled with ocean warming can significantly degrade the 

corals’ reproduction and growth ability (Burke et al., 2011). Anthony et 

al. (2008) determined and reported the relationship between productivity 

loss in corals and ocean acidification and warming based on the measured 

data from GBR. Also, Bruno et al. (2007) have consolidated the ocean 

temperature data from a high-resolution satellite dataset with annual 

surveys of 48 reefs in GBR, and as a result, formulated a group of the 

potential Pacific-coral diseases. 

22 Physical 

damage 

Pressure 

(Environmental 

and biological) 

EE Physical damage to coral reef structures has been measured as a potential 

hazard for their health and resilience by the modelling experts. Although 

the site inspections indicate a moderate level of human disturbance in 

Port Resolution, physical damage is projected to turn into a serious threat 

to coral reefs in the absence of adequate supervision and regulations. 

According to the reviewed papers the coral reefs are being threatened 

physically by human activities through 1) coral colonies breakage and 

tissue damage because of direct human contact by locals or tourists such 

as diving, touching, kicking, snorkelling, or vessel gears or boat anchors 

contact; 2) unwanted invasive species to the environment; feeding or 

harassment by tourists which may cause behaviour-change of marine 

ecosystem life; or 3)  unintentional transfer of invasive species by 

visitors. 

(Thomas et al., 2009); 

(Gössling and Hall, 2006) 

23 Coral health 

and resilience 

 EE the health and resilience of coral reefs is negatively correlated with the 

future trend of bleaching, projections of disease and algal dominance, and 

the potential climatic and non-climatic physical threats (Burke et al., 

2011) 
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Appendix B-2. All potential management options 

 

Table. B2  

All potential management options for improving the health and resilience of coral reefs  

 Title Category1 Key actions Mechanism of impact / 

Rationale 

Reference2 

1 Fisheries 

management 

 

 

 

Marine-

based 

(Structural, 

Social 

Regulatory, 

Technologic

al support) 

1.1. Manage overfishing (e.g., 

herbivores) 

1.2. Change fishing pattern and 

method (from destructive to 

less harmful) 

1.3. Alterations of the coral sea 

fishing zones by supporting 

local with transport and 

modern fishing facilities 

1.4. Community-based marine 
protection  

1.5. Regulating Port settings for 

Fisheries (Including 

Selectively controls, 

temporal closures, spatial 

closures, catch restrictions, 

and efforts limits) 

 

▪ Prevent overexploitation of 

marine ecosystems including 

fish, invertebrates, and algae 

for food or any other trade. 

▪ Preserve species with having 

multiple trophic levels of 

impacts. 

▪ Prevent changes from coral 

to algal dominance that can 

be because of reduction in 

herbivores in any kind. 

▪ Preserve corals from physical 

impacts to reef environments 

associated with fishing 

paradigm and methods. 

(Mumby et al., 

2014, 

Weijerman et 

al., 2018, 

Albright et al., 

2016, Anthony 

et al., 2015, 

Leenhardt et 

al., 2013, 

Rassweiler et 

al., 2012, Pears 

et al., 2012) 

2 Recreational 

activities 

supervision and 

management 

Marine-

based 

(Structural, 

Social 

Regulatory, 

Institutional

) 

2.1. Community marine 

conservation areas, including 

through use of kastom 

seasonal taboos, is an 

approach used in Vanuatu 

and other Pacific SIDS as a 

governance mechanism for 

fisheries management in 

coral reef ecosystems. 

2.2.  Marine protected area 

(Including selective controls, 

temporal closures, spatial 

closures, activity restrictions) 

▪ Preserving coral reef sites 

from harms of recreational 

activities including extractive 

or non-extractive  
▪ Protect reefs from harmful 

recreational activities 

through changes in marine 

life behaviour from feeding 

or harassment by humans as 

well as protection against 

breakage of coral skeletons 

from destructive activities. 

(Authority, 

2014, Godfrey, 

2009, Green et 

al., 2014) 

3 Managing risks 

from invasive 

species 

Marine-

based 

(Structural, 

Social) 

3.1. Monitoring and minimising 

the abundance of native 

species through control, 

prevention, or restoration. 

▪ Invasive species such as 

some invertebrates, fishes, 

alages or fish may spread 

rapidly. Control the severe 

and lasting damage caused by 

invasive species to the 

habitats they invade can 

prevent associated economic 

or environmental harms. 
 

(Otero et al., 

2013, Jackson, 

2008, Keith et 

al., 2016) 

4 Control of coral 

predators 

Marine-

based 

(Structural, 

Social) 

4.1. Control spread of 

predators including Crown-

of-thorns starfish (COTS) 

through the following major 

ways of effective at killing, 

removing or preventing the 

spread of COTS: injection, 

manual removal, underwater 

fences, and other emerging 

techniques 

▪ Coral-eating snails (such as 

Drupella and Coralliophila 

abbreviata) and crown-of-

thorns starfish (Acanthaster 

planci) and are among the 

examples of corallivores. An 

uninhibited abundance of 

such corallivores can have 

serious advrese impacts on 

coral cover. 

(Schaffelke and 

Anthony, 2015, 

Authority, 

2014, De’ath et 

al., 2012) 
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5 Natural and 

artificial 

restoration or 

recovery plans 

Marine-

based 

(Structural, 

Social) 

 

 

5.1. Coral seeding and 

transplantation 

5.2. Using artificial structures and 

FADs in protection and 

restoration 

5.3. Algae Control (Methods used 

to control microalgae, 

including community-based 

manual removals, removal 

technologies, and urchin 

cultivation) 

 

▪ Coral reef restoration efforts 

can improve or restore coral 

communities/sites through 

relocation of coral from 

another site, provide physcial 

protection or repairing reef 

damaged habitats  

(Lirman and 

Schopmeyer, 

2016, Edwards, 

2010) 

6 Water Quality 

Improvement 

Plans (WQIPs) 

 
(Wastewater 

discharge 

treatment and 

reducing 

chemical inputs 

from agriculture) 

Land-

based 
(Structural, 

Social 

Regulatory, 

Technologic

al support) 

6.1. Installation of sewage 

treatment plants to divert or 

neutralise harmful 

constituents. 

6.2. Reducing the local-sourced 

contaminants by relocating 

the exisiting discharge 

points.  

6.3. Assisting and encouraging 

the locals to maintain septic 

systems or improve their 

exisitng systems and convert 

cesspools to septic systems.  

6.4. Providing farmers (including 

subsisting and commercial) 

with optimal and 

environmentally friendly 

fertiliser types and guiding 

them on the application of 

modern and more effective 

gardening techniques.  

 

▪ Point sources of pollution are 

significant causes of stress 

for marine ecosystems.  

▪ Excess fertilisers entering 

water bays can have 

significant impact on water 

quality that may cause coral 

diseases. In addition, this can 

alter the ecosystem habitat 

condition that can cause 

abundance or even loss of 

invasive species.  

(Kittinger et 

al., 2012, EPA, 

2013, 

Wilkinson and 

Brodie, 2011) 

7 Erosion/sedime

nt reduction 

Land-

based 
(Structural, 

Social 

Regulatory, 

Technologic

al support) 

7.1. Revegetation of riparian 

(streamside) areas 

7.2. Avoiding overstocking, 

vegetated swales, road 

drainage and sediment traps 

(settlement ponds, wetlands, 

etc.). 

 

 

 

▪ Excess sediments are 

entering watercourses which 

can kill corals and can also 

decrease the ability of 

zooxanthellae to 

photosynthesise which slows 

coral growth. 

 

(Wilkinson and 

Brodie, 2011, 

EPA, 2013) 

8 Tourism 

supervision and 

management 

Land-

based 
(Structural, 

Social 

Regulatory 

and 

institutional

) 

8. Restrict the number of 

tourists to prevent land-based 

pollution and find a substitute 

source of income, and also 

introduce coastal reserve 

areas 

▪ Similar to wastewater 

treatment, it will impose 

stress for marine ecosystems. 

(Cesar et al., 

2003, 

Davenport and 

Davenport, 

2006, Kennish, 

2017, 

Weijerman et 

al., 2018, 

Cowburn et al., 

2018) 

 

1 Structural option include physical actions such as ecosystem-based or engineering-based solutions; 

Social category include employment of social capital for educational and behavioural reforms or 

change; Regulatory category include improvement and reinforcement of management plans and 

restrictions in decision-making 
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2 Refers to an academic peer-reviewed journal, standard, technical report, or published guidelines 
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Appendix B-3. The BN model created by NETICA  

 

 The final DAG, nodes with their states, and the joint probability distribution over the nodes was 

developed by NETICA software version 5.4 (Figure B1).  

  

FIGURE B1 Colour-coded bn model representing nodes and the associated states 

(scenario nodes: light red; land-based nodes: orange; management nodes: dark blue; climatic nodes: light blue; 

environmental and ecological nodes: green; socioeconomic nodes: yellow; and the target node: grey) 
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Appendix B-4. Climate change projections  

Firgures below demonstare a summary of data and information used to fomualte the probability 

distributions using the presented inter-quartile range, 90% intervals and mean values of the climatic 

nodes for projecting the future ranges and changes of climate related conditions. It should be noted that 

the projected variations in Figures 1, 2 and 3 are based on the 20-year mean variations centred on 2070 

relative to a 20-year period centred on 1995. In other words, all probability distribution functions of 

variations of the climatic nodes (including the nodes namely land temperature, sea surface temperature, 

ocean acidification, rainfall pattern and strom pattern) were completed based on the mean projected 

varaitions from 2060 to 2079 (centred on 2070) relative to the recorded varaitions from 1986 to 2005 

(centred on 1995) reported by different reserachers in the selected references.  

 

(a) 

(b) 
Figure B2 Projections of aragonite saturation rate changes (a) and surface air temperature changes (b) 

by 2070  
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(Adopted from Australian Bureau of Meteorology and CSIRO (2014), where the central line shows the mean 

value, the inter-quartile range (25%–75%) was shown by box boundaries, and the 5%-95% intervals were shown 

by error bars.) 

 
Figure B3 Projections of sea level changes by 2070 

(Adopted from Walsh et al. (2012), where the central line shows the mean value, the inter-quartile 

range (25%–75%) was shown by box boundaries, and the 5%-95% intervals were shown by error 

bars.) 

 

Quantification of rainfall pattern node was completed adopted from the predicated annual rainfall 

changes reported by Bureau of Meteorology and CSIRO (2018) as documented in Table 1. Therefore, 

the presented data (i.e. Table 1) was used to formulate a triangular probability distribution function 

under different RCPs where the values of annual mean predictions based on maximum decrease was 

assumed as the lower limit, the values of annual mean predictions based on minimum increase was used 

upper limit, and the annual mean prediction value based on maximum consensus climate future mode 

was considered as the mode value. 

 

Table B3  

Projections of annual of rainfall changes based on potential maximum and minimum increase and 

decrease predictions by 2070 

 Climate trajectory 

RCP 2.6 RCP 4.5 RCP 6.0 RCP 8.5 

Annual mean predicted based on maximum 

decrease (± 5%) 

-16% -20% -20% -22% 

Annual mean predicted based on maximum 

increase (± 5%) 

21% 29% 30% 24% 

Annual mean predicted based on maximum 

consensus climate future (± 5%) 

1% 1.5% 1.5% 1% 
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APPENDIX C 

CHAPTER 7 SUPPLEMENTARY MATERIALS 

Appendix C-1. List and description of main variables and stocks for SFD  

 

The stock and flow diagram of the system dynamic model consists of different variables, including level, auxiliary, constant, and delay. Specifically, nine levels 

or stocks that are linked with fourteen flows, as well as twenty-one constant variables, fifty-two auxiliary variables , and thirteen variables with look-up function 

are causally linked with other to develop the SFD. The main variables and stocks are listed and detailed in Table D1.   

Table D1. List and description of main variables and stocks 
 

Name Type Description  

(Dimension) 

Formula 

Functional coral 

cover 

Stock 

(Level) 

The functional coral reef cover was used in 

this modelling to represent the percentage of 

coral cover capable of delivering the 

ecosystem services compared to the current 

level. (coral reef) 

= ∫Recruiting-Climatic declining impacts - NON 

Climatic declining impacts) ) dt + [Initial value* = 100 ] 

 

*Initial value here represents the current condition 

which is equal to 100% cover.  

 

Monetary value 

ecosystem services  

Stock 

(Level) 

The accumulated total net benefit of the Port 

Resolution coral reef ecosystems through 

provisional services, coastal protection and 

tourism and recreation. 

(Million US dollar) 

= ∫Income flow - Expenditure flow dt + [Initial value* = 

0] 

 

* Initial value here is considered as zero because the 

calculations of  cumulative economic valuation start 

from 2020 (i.e. the beginning of this modelling)  

 

file:///G:/My%20Drive/Mehdi%20PhD%20works/Hafezi%20et%20al_Reef%20economics%20SD%20(Paper%204)/Models%20(Vensim)/Coral_model%2013-11-19-T.html%23a149
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Reproduced / 

regenerated young 

coral cover  

Stock 

(Level) 

Recruits or regenarated coral reefs cover to 

turn into mature adult coral colonies and 

become functional reef ecosystem.  

(coral reef) 

= ∫Reproducing - Juvenile loss (death) - Recruiting dt + 

[initial value* = 15]  

 

*Initial value here represents the current regenerating or 

recovering rate per year which is assumed as 15% 

 

Accessibility 

capacity 

 

Stock 

(Level) 

The capacity of island capacity of the island to 

be reached.  

(person) 

= ∫Change Accessibility - Decrease accessibility dt + 

[Initial value = 13500] 

 

*Initial value here represents the current annual tourism 

capacity person/day. 

 

Accommodations 

under construction 

Stock 

(Level) 

The number of accommodation rooms being 

constructed to increase the tourism capacity.  

(person) 

 

= ∫Constructing-Completing dt + [Initial value = 

Constructing × Construction time] 

 

Available tourism 

accommodations 

Stock 

(Level) 

The number of accommodation rooms 

currently available for tourists to 

accommodate.  

(person) 

= ∫STEP(Completing-Demolishing,0) dt + [Initial value 

= Current annual tourism] 

 

Local Population Stock 

(Level) 

The population of local people, exclusing 

tourists and temporary visitors. 

(Person) 

= ∫Changing Population dt + [Initial value* = 32000] 

 

*Initial value here represents the local population. 

 

Tourism population Stock 

(Level) 

The total number of tourists and non-resident 

visitors to the island. 

(Person) 

= ∫Increasing annual tourists-Decreasing annual tourists 

dt + [Initial value = Current annual tourism] 

 

Planned tourism 

accommodation 

Stock 

(Level) 

The number of accommodation rooms being 

planned to increase tourism capacity.  

(person) 

= ∫Planning-Constructing dt + [Planning × Plan and 

documentation time] 

 

Tourism carrying 

capacity 

Auxilary The maximum capacity of people that may 

visit. 

(person/year) 

= MIN (Acceessibiliy capacity , Available tourism 

accommodations) 
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Reproducing rate Auxilary The average annual time for the reproduction 

rate/sexual maturity duration for corals 

spawn, or brood. 

(coral reef) 

6 years 

Reproducing rate 

(actual) 

Auxilary The current actual reproducing rate 

considering the impacts of poor water quality 

on coral reefs reproduction rate.  

(coral reef) 

= Reproduction rate × Water quality impact index on 

reproduction 

Coral reproducing Flow  The flow of reproducing young corals 

undergone larval settlement and become part 

of the functional coral reef cover. 

(coral reef /year) 

= Adult coral cover × Reproducing rate (Actual) 

Fraction juvenile 

death 

Constant The fraction of young coral death portion 

dying prior to becoming a part of adult coral 

reef cover, 

(coral reef /year) 

0.01 

Construction time Constant The assumed average construction time for 

accommodations 

(year) 

3  

 

Plan and 

documentation time 

Constant The assumed average Plan and documentation 

time for accommodations 

(year) 

1.5 

Gap in 

accommodation 

Auxilary The difference between the number of 

required accommodation and available 

tourism accommodations. 

= Number of required accommodation - Available 

tourism accommodations 

 

Constructing Flow  The flow of planned tourism accommodation 

to start construction procedure.  

(person/year) 

= Planned tourism accommodation ÷ Plan and 

documentation time 

 

Planning Flow  The flow of calculating the planned tourism 

after demolishing tourism accommodations. 

(person/year) 

= MAX( 0, Demolishing + (Gap in accommodation ÷ 

Respond to need gap time)) 

 

Completing Flow  The flow of under construction tourism 

accommodation to be completed.  

(person/year) 

= Accommodations under construction ÷ Construction 

time 
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Demolishing Flow  The flow of demolishing of outdated tourism 

accommodations. 

(person/year) 

= Available tourism accommodations ÷ Average life of 

accommodations 

Coral Recruiting Flow  The flow of young corals undergone larval 

settlement and become part of the functional 

coral reef cover. 

(coral reef /year) 

= Reproduced young corals cover ÷ Ave. maturity time 

(functional coral) 

 

Climatic declining 

impacts 

Flow  The impacts of climate change pressures on 

declining the coral reef cover. 

(coral reef/year) 

= Functional coral cover × RCP Reef impact index 

NON-Climatic 

declining impacts 

Flow  The impacts of human-based stressors, 

including water quality and physical damage, 

on declining the coral reef cover. 

 

= (Water quality impact index on coral diseases × Adult 

coral cover + Physical damage impact rate × Adult coral 

cover) 

 

RCP reef impact 

indices 

Auxilary The impacts of four RCPs on declining the 

coral cover. This variable is linked to 4 

Lookup functions from BN modelling, as 

shown in Fig.5 in the manuscript. 

 

= IF THEN ELSE(RCP Scenario =1, "RCP 2.6", IF 

THEN ELSE(RCP Scenario=2, "RCP 4.5", IF THEN 

ELSE(RCP Scenario =3, "RCP 6.0", "RCP 8.5") ) )  

 

Water quality impact 

index on coral 

diseases 

Auxilary The impacts of local and tourism population 

on water quality which leads to coral disease 

and lower coral reefs reproduction rate. This 

variable is also linked to the WQIPs 

management variable.  

Lookup function from BN modelling. 

Physical damage 

impact rate 

Auxilary The impacts of local and tourism population 

on reefs exposure tp physical damages which 

leads to declining the coral cover. This 

variable is also linked to community 

conservation and supervision efficiency 

management variables through the reef 

exposure to physical damage variable. 

Lookup function from BN modelling, as explained in 

Section 3.4.2 of the Manuscript based on the total 

population and reef exposure.  

Water quality impact 

index on 

reproduction 

Auxilary As the reproduction rate can change, the 

impact of water quality has been considered 

on the coral reefs reproduction rate. 

lookup function using studies by Darling et al. (2019) 

and Tan et al. (2016) confirmed by expert’s knowledge. 
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Income from 

Tourism (rate) 

Constant The average yearly income from each tourist 

according to the Vanuatu tourism plan 2030 

(Department of Strategic Policy of Vanuatu, 

2017). 

(Million US dollar /year) 

0.00167  

Income period  Constant The yearly period of tourism income 

considered in the modelling 

1 

Reef attraction factor  Constant This represents the share of the tourism 

industry or attraction of the Island. In other 

words, the estimated perctange of the tourism 

income which is related to the exisitnce of 

coral reefs according the Vanuatu tourism 

plan 2030.  

0.28 

Income from 

Tourism  

Auxilary The total annual income from tourists = Income from Tourism (rate) × Tourism annual 

population 

The average life of 

accommodations 

Constant The average life of tourism accommodations 

(years) 

25  

Accessibility index Auxilary An index associated with the selected capital 

work scenario.  

(Dimensionless) 

3 Lookup functions according to the scenario. 

Weather conditions 

impacts on 

accessibility 

Auxilary An index associated with the selected RCP, 

which is related to the number of days in 

which the weather limits the accessibility 

capacity. Accessibility RCPs are the lookup 

function over time.  

(Dimensionless) 

= IF THEN ELSE(RCP Scenario =1, "Accessibility 

RCP 2.6", IF THEN ELSE(RCP Scenario=2, 

"Accessibility RCP 4.5", IF THEN ELSE(RCP Scenario 

=3, "Accessibility RCP 6.0", "Accessibility RCP 8.5") ) 

) 

Local population 

growth rate 

Constant Local population annual growth rate that was 

assumed according to Mackey et al. (2017)  

(Person/year) 

1.31 

 

Expenditure flow Flow  The flow of annual costs associated with each 

scenario based on the expenditures of 

different management variables.  

(Million US dollar /year) 

= WQIP annual cost + capital work scenarios associated 

cost 
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Income from 

provisioning 

ecosystem services 

Auxilary Income from provisioning services which are 

ecosystem services that provide raw materials, 

genetic resources, ornamental resources, and 

food from ecosystems for Port Resolution, 

Tanna and close surrounding reef sites 

according to Mackey et al. (2017). The coral 

reef sites area was calculated based on GIS 

analysis by Sahin et al. (2019)  

(Million US dollar /year) 

1.84* 

 

 

* Converted from Vatu to US dollar which is equal to 

around 225 million Vatu/year) 

Tourism 

attractiveness 

Auxilary The impacts of coral cover and management 

interventions and restriction on the tourism 

attractiveness 

= Coral cover impact on attractiveness × Coastal 

protection zone impact on tourism attractiveness, Delay 

awareness time ,1 

Delay awareness 

time 

Auxilary The delay time, which takes to observe the 

impacts of recovered or damaged coral cover 

and tourism activities limits or improvements 

on the number of tourists.  

(year) 

5 

Coral cover impact 

on the attractiveness 

Auxilary An index to make assumptions about the 

impact of healthy coral cover on tourism 

attractiveness based on the method by Klint et 

al. (2012).  

(Dimensionless) 

Lookup functions linked with the coral cover condition. 

Income flow Flow  The flow of annual economic benefits or 

ecosystem monetary added associated with 

each scenario based on the expenditures of 

different management variables.  

(Million US dollar /year) 

= Coastal protection value (annual) + Total annual 

Income from Tourism + Income from provisioning 

ecosystem services 

 

Coastal protection 

value (annual) 

Auxilary Economic valuation of coral reef ecosystem 

service of coastal protection was calculated 

based on the study and formula provided by 

Pascal et al. (2016).  

(Million US dollar /year) 

= ("Coastal exposed area (UW)" × "Coastal asset repair 

cost (RC)" × "Coastal asset repair cost (RC)") × 

"Cyclones and storms frequency increase rate (P)" × 

"Contributing coastal protection factor of coral reefs 

index (CPI)" 
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Contributing coastal 

protection factor of 

coral reefs index 

(CPI) 

Auxilary The contribution index of coral cover to 

coastal protection presented by Pascal et al. 

(2016). 

(Dimensionless) 

= IF THEN ELSE(Adult coral cover>0.8,5,IF THEN 

ELSE(Adult coral cover>0.5,4,IF THEN ELSE(Adult 

coral cover>0.3,3, IF THEN ELSE(Adult coral 

cover>0.15,2,1)))) 

Model time-bound 

 

- From 2020 to 2070 50 years 

 

Simulation time step  

 

- The unit of time in the model is years. The 

simulation algorithm is Euler numerical 

integration. 

The step size (dt) is equal to 1 year. 
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Appendix C-2. The graphical representation of detailed SFD 

 

Figure D1. The detailed SFD 

(Management variables: green boxes; Main stocks: grey boxes; Climate change scenario: yellow box; other stocks: white box)
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