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Abstract 

Ecosystem services are the basis of all life on the planet and through their interaction with 

natural systems and with human civilization, are the main contributor to human well-being. 

As such, ecosystem services are subject to anthropogenic interferences aiming to manage, 

utilize and ideally optimize their benefits for humans. However, anthropogenic 

maintenance of an ecosystem service is likely to create trade-offs with the other consumers 

of those services. Thus, the study of ecosystem services is attracting considerable attention 

as it is recognized to be difficult to account for all the tangible and intangible values of 

such services. The aim of this study is to extend the understanding of ecosystem service 

trade-offs by analyzing the applicability of Bayesian belief networks in ecosystem service 

valuation to the Curonian Lagoon in Lithuania. Bayesian belief networks function on the 

basis of causal dependencies to perform probabilistic inferences between factors of 

interest. Initially, a network was constructed on knowledge derived from the literature. 

This was followed by a survey of experts which challenged the literature based network 

and resulted in an updated expert informed network. Experts were further surveyed for 

prior probabilities to parameterize the final model. Scenario analyses, conducted to assess 

the models’ ability to produce the intended outputs, revealed divergent views among the 

experts. Results further suggest high uncertainties allocated to the generated posterior 

probabilities of the ecosystem services under investigation. Thus, this study demonstrates 

the potential of using Bayesian belief networks for ecosystem service valuation in 

information restricted environments while shedding new light on the ecosystem services 

provided by the Curonian Lagoon. 
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1 Introduction  

1.1 Background 

The world is subjected to constant change induced by human development in industry, 

economy, and society. People are more effective in harvesting resources, which is needed 

to sustain the growing world population, but at the same time recognition for the need to 

protect nature areas has become manifested. In this light the concept of protected areas to 

safeguard areas of natural importance native flora and fauna as well as for humans and 

their well-being, has gained in popularity (UNEP-WCMC, 2014). The International Union 

for Conservation of Nature (IUCN) defines a protected area as “A clearly defined 

geographical space, recognized, dedicated and managed, through legal or other effective 

means, to achieve the long-term conservation of nature with associated ecosystem services 

and cultural values” (Dudely, 2008). Protected areas cover a diversity of environments 

including terrestrial landscape, such as forests, or seascapes, like freshwater lakes or 

marine areas. Though a universal definition of protected areas exists, the degree of 

protection and management strategies varies considerably between the types and location 

of such an area (UNEP-WCMC, 2014). Successfully managing protected areas is an 

inherently difficult approach. This is especially true where protected areas provide 

Ecosystem Services (ESs) directly utilized by humans, while simultaneously qualitative 

appropriate data is often scarce and biological interconnections are not fully understood. In 

these circumstances managers and decision-makers are often forced to make decisions 

within restricted time frames and under limited data availability (Douglas & Newton, 

2014). To counteract the loss of biodiversity (UNEP-WCMC, 2014) and safeguard the 

perpetuity of ecosystem services provided by protected areas, the need for a meaningful 

approach accounting for tangible and intangible values provided by ecosystem services has 

been expressed (e.g. Douglas & Newton, 2014). For this purpose, this study conducted in 

the framework of this master thesis has looked into an approach to evaluate ecosystem 

services.  
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The concept of ESs originated in the 1970s, but gained in popularity since the 1990s (de 

Groot, Alkemade, Braat, Hein, & Willemen, 2010). In essence, ESs are described as a 

combination of ecosystem goods and services derived from ecosystem functions and their 

utilization, which support the processes and conditions necessary to perpetuate the 

existence of humans (human well-being) and other species. ESs result in direct benefits for 

humans and society (Costanza et al., 1997; Millennium Ecosystem Assessment [MA], 

2005; de Groot et al., 2010; Folmer, van der Veen, & van der Heide, 2010; Maes et al., 

2016). Ecosystem functions are defined as the ability of an ecosystem to provide the 

essential mechanisms to create ESs that are directly or indirectly exploited by humans to 

sustain their well-being (Costanza et al., 1997; de Groot et al., 2010; Maes et al., 2016). 

Ecosystem functions and ESs are highly affected by changes in ecosystem properties 

and/or processes (Costanza et al., 1997). This notion of ESs and the measurement of their 

value has been rapidly growing in importance as means of communicating the complex 

interaction between ecosystem health and human well-being (Reise et al., 2010; Pascual, 

Miñana, & Giacomello, 2016). 

A Bayesian Belief Network (BBN) is a statistical model consisting of a combination of a 

directed acyclic graph and conditional probability tables (Haines-Young, 2011; Kjærulff & 

Madsen, 2013). This type of statistical model represents a means of investigating the 

likelihood of various futures given past and present experience. It is applicable in 

information rich and poor environments. BBNs are particularly beneficial in information 

poor situations, as they are able to incorporate uncertainties. Those uncertainties are 

propagated through the model and can be analyzed based on the posterior probabilities 

computed by the BBN. Prior probabilities used to generate posterior probabilities can be 

derived from various sources like experts, literature, or empirical data. Prior probabilities 

are drawn from probability distributions describing what is already known about the 

variable (Kuhnert, Martin, & Griffiths, 2010).  

For this thesis, the Curonian Lagoon in Lithuania is utilized as a case study and a selection 

of exemplar ESs. The Curonian Lagoon represents one of the several protected areas 

included into the ECOPOTENTIAL project (http://ecopotential-project.eu/2016-05-24-14-

52-12/protected-areas/16-curonian-lagoon). It is associated with many natural and cultural 

values. Figure 1 depicts a map of Europe indicating the geographic location of Lithuania 
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together with a picture showing an extract of the Curonian Lagoon’s lagoon fringes. The 

Curonian Lagoon is located on the western boarder of Lithuania.  

 

Figure 1: The Curonian Lagoon & its lagoon fringes in Lithuania (Ecopotential, 2015; 

Google, n.d.) 

The example ESs have been developed for BBN application for non-monetary ESs trade-

off evaluation. To accomplish such aims, the ESs chosen are based on previous work by 

the ECOPOTENTIAL working group (El Serafy et al., 2016) and extensive literature 

review is used to supplement and validate this election. Additionally, a panel of experts 

affiliated with the University of Klaipeda is involved. 

This thesis study as part of the ECOPOTENTIAL project is implemented under the 

umbrella of the Horizon 2020. Horizon 2020 is a European Union (EU) wide research and 

innovation program with the goal to promote research and innovation to facilitate Europe’s 
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global competitiveness (European Commission, n.d.). The aim of the ECOPOTENTIAL 

project is to make use of Earth observation data gathered by remote sensing and in-situ 

measurements to understand and investigate the state of ecosystems and associated ESs in 

selected protected areas throughout Europe. The selection of protected areas encompasses 

various types of ecosystems from mountain, arid and semi-arid, to marine ecosystems. 

ECOPOTENTIAL operates on the basis of “Storylines”, narratives developed to 

operationalize ESs in relation to real-life problems affecting the protected areas. It is 

intended to develop management policies to reach an optimization of ecosystem benefits in 

the light of societal, managerial and policy based objectives projects. To do so 

ECOPOTENTIAL aims to address existing data gaps, and identify Essential Variables of 

the ecosystems produced by operationalizing the concept of ecosystem services 

(Ecopotential, 2015.). For more information see the ECOPOTENTIAL website 

(http://ecopotential-project.eu/). Hence, to reach the aims of the ECOPOTENTIAL project, 

it is essential to develop strategies enabling the communication of the tangible and 

intangible value of ESs. In this light, the suitability of applying a Bayesian Belief Network 

(BBN) as non-monetary ESs valuation method is investigated in this thesis project. 

1.2 Research specifications 

In the subsequent section the problem statement defining research scope are elaborated 

upon. This further gave rise to the study objectives and ultimately allowed defining the 

research question and sub-question, respectively. A general outline with the most 

representative bullet point of each sub-section is illustrated on the next page in Figure 2. 
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Figure 2: From the problem statement to the research question 

Problem Statement 

The Curonian Lagoon is a popular tourist destination among Lithuanians as well as 

international visitors. Besides its high recreational value, commercial fishery plays an 

important role in the lagoon. All in all the Curonian Lagoon is associated with a multitude 

of ESs. As part of their work the ECOPOTENTIAL working group has categorized the 
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Curonian Lagoon into several spatially exclusive areas. For this study the lagoon fringe 

reed beds of the Curonian Lagoon are chosen as key area. The lagoon fringes themselves 

also provide a multitude of ESs. Such ESs include i.e. plant species heterogeneity, 

migration corridors and nesting grounds for birds, aesthetics and cultural value, and 

spawning, nursery, and migration grounds for fish. A continuous overgrowth of these 

fringes by extensive reed beds is perceived to be the driving force behind the loss or 

degradation of the fringes ESs. As a counter measure, cutting and harvesting of these 

lagoon fringe reed beds has been proposed. A prevailing management concept has been to 

stop the proliferation of reed beds by reed cutting. Simultaneously, it is promoted to utilize 

the cut reed a raw material, being sold as thatching material.  

Reed beds do not only pose a threat to ESs, extensive reed beds adequately distributed 

provide a variety of ESs. They facilitate essential spawning, feeding and nursery habitat for 

fish species. More over reed beds aid shoreline stabilization and act as a buffer by filtering 

land run-off by enhancing sedimentation and limiting turbidity cause by land run-off. 

Cutting and harvesting of the fringes reed belts, thus, could have major implications on the 

continuity of these ESs. Before introducing reed harvesting to the Curonian Lagoons’ 

lagoon fringe reed beds, it is of utmost importance to investigate the potential trade-offs 

between the various ESs, as they are closely interlinked (Figure 3). Such knowledge is 

needed to develop suitable management measures benefiting the integrity of the lagoon 

fringe reed belt system. 

 

Figure 3: Problems of the Curonian Lagoons’ lagoon fringes 
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Currently, empirical data on the Curonian Lagoon and lagoon fringe reed beds is still being 

processed, or not made publically available (in English) yet. Together with the knowledge 

of the multitude of ESs provided or affected by reed beds, it is inherently difficult to 

analyze the whole system. In a nutshell, there is great potential for the application of an 

alternative methodology suitable in depicting the interconnectivity of ESs, accounting for 

their ecological projections, and at the same time resulting in conclusive outcomes in a 

simplified system representation.  

Research scope  

The spatial focus of this study was set to the lagoon fringe reed beds of the Lithuanian part 

of the Curonian Lagoon including Ventė Cape, but excluding the further Nemunas River 

Delta. Since a multitude of ESs with the lagoon fringes and reed beds have already been 

identified exemplar ESs were picked from the ECOPOTENTIAL mind-map (El Serafy et 

al., 2016). The full mind-map developed for the Curonian Lagoon is presented in Appendix 

I. The exemplar ESs chosen for the literature based and expert informed BBNs were kept 

to a number high enough to represent trade-offs but low enough to practice model 

parsimony and facilitate expert elicitation. The constructed literature based BBNs served 

the sole purpose of providing the qualitative component, directed acyclic graph, of the 

modeling process. Quantitative aspects in form of prior probabilities to parameterize the 

conditional probability tables were only gathered for the expert based BBN. The prior 

probabilities were derived via expert elicitation. In this light, scenarios analyzed were 

based on the differing prior probabilities polled of the experts.  

Research objectives  

The objective of the study at hand is to investigate the suitability of BBNs in visualizing 

ramifications ESs management and/or utilization could have on the intervened ecosystem. 

It is of interest to depict and analyze uncertainties allocated to the knowledge of ESs 

interactions by using BBNs, particularly in systems with a limitation of readily available 

empirical data. As described earlier the lagoon fringe reed belts include but are not limited 

to providing essential grounds for fish reproduction in the Curonian Lagoon. At the same 

time the continued proliferation of reed beds is perceived a threat to the perpetuity of such 

ESs, hence appropriate management measure are sought. In this context this research 

project intends to find a suitable BBN outline by (i) analyzing the existing scientific 
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literature on the matter, and (ii) in cooperation with system experts. It is furthermore aimed 

to compare the graphical component of the literature based BBN with the expert informed 

BBN to investigate potential issues of uncertainty. Additionally, it is aimed to develop an 

expert survey able to elicit meaningful prior probabilities to parameterize the conditional 

probability tables. In this context, another objective is to evaluate the performance of the 

constructed expert survey and to highlight possible sources of uncertainties generated by 

this approach. Overall, it is anticipated to promote further application of the concept of ES 

valuation for ES-management by lifting the notion of ES from a conceptual level to an 

applicable level as a tool to promote and facilitate communication on the science-policy 

interface. 

Research question & sub-question  

All the above mentioned information leads to the primary research question of (i) “How 

can trade-offs between ESs, associated with the lagoon fringe reed beds of the Curonian 

Lagoon, be depicted most realistically by using a Bayesian belief network?” To answer this 

question one further goal of this study is to compare the appropriateness of a BBN 

structure developed based only on existing literature with a BBN structure developed in 

cooperation with experts. In this sense, a sub-question addressed in this thesis is (ii) “What 

are the advantages and constraints associated with using a Bayesian belief network 

developed based solely on available literature in contrast to a network developed in 

cooperation with experts?” The research and sub-question led to following null hypothesis: 

“BBNs based solely on literature are as suitable to adequately represent the effects ES 

management/utilization imposes on the ecosystem in as BBNs developed on experts 

cooperation.” To answer these questions and to accept or reject the null hypothesis it is 

aimed to develop an alpha level BBN aiding further work on decision-making process 

regarding the reed management of the Curonian Lagoons’ lagoon fringe reed belts 

1.3 Research outline 

In general it must be pointed out that this thesis was twofold. The first part was subject to 

desk study resulting in a literature base prototype BBN. This stage included the following 

chapters. Included is Chapter 2 which holds the literature review. Addressed is the state of 

knowledge on the topic of ESs and ES valuation. It further encompasses the state of 
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knowledge on the construction and application of BBNs. Lastly, facts about the Curonian 

Lagoon and ecological profile of the exemplar ESs are included. The 3rd Chapter describes 

the methodology. It contains all steps of the development stages of the literature and expert 

BBN, and the expert elicitation process. All results acquired during the desk study are 

listed in Chapter 4, comprising the system analysis and proposed qualitative BBN layout. 

The 5th Chapter indicated the beginning of the second part of this thesis, dominated by 

cooperation with a panel of experts. Results of the qualitative and quantitative building 

blocks of the expert based BBN are represented in this chapter, rounded off with the 

outcomes of different scenarios. Chapter 6 is reserved for the discussion section. Here, a 

critical reflection on the prior described results is provided leading to Chapter 7, the 

conclusion. In this chapter the research question and sub-questions are answered to the 

degree possible. The final Chapter 8 holds a short statement about the study limitations, 

and further recommendations for subsequent and future research. The thesis is rounded off 

with the Bibliography and Appendices. 
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2 Literature Review 

2.1 Ecosystem services – the story  

Ecosystems and their respective services are related to processes important for human 

well-being (Costanza et al., 1997; MA, 2005; de Groot et al., 2010; Folmer et al., 2010; 

Maes et al., 2016). The idea behind ESs assessment for human well-being has been 

translated into a number of classifications and frameworks, which have been described in 

the literature (e.g., MA, 2005; Folmer et al., 2010; UNEP-WCMC, 2011; Maes et al., 

2016). The most widely used interpretation of ESs (Fisher, Turner, & Morling, 2009) is 

provided by the Millennium Ecosystem Assessment (MA, 2005). However, for this 

research, the Common International Classification of Ecosystem Services (CICES) 

categorization of ESs was used. The driving difference between the CICES and 

Millennium Ecosystem Assessment categorizations is that CICES recognizes three output 

services, “provisioning, regulating & maintenance and cultural,” and sees the supporting 

services as an underlying structure for the other services. Additionally, CICES identifies 

five hierarchical levels of ESs (Figure 4) (CICES, 2016a). In order to optimize the desired 

services, an appropriate balance can be reached through suitable ecosystem management. 

This can be only done if all facets of ESs, as well as correlations between those services 

and ecosystem processes, are considered (MA, 2005; UNEP-WCMC, 2011; Arkema et al., 

2015). 

 

Figure 4: CICES hierarchical structure of ecosystem services (CICES, 2016a) 
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In order to fully grasp the conceptual context of ESs, it is crucial to understand the notion 

of “value”. The Oxford English Dictionary defines the word “value” as “the regard that 

something is held to deserve; the importance, worth or usefulness of something” (Oxford 

University Press, 2016). In the existing literature, much emphasis has been placed on 

assessment and assessment methods of the monetary value of ESs (e.g., Costanza et al., 

1997; MA, 2005; Folmer et al., 2010; UNEP-WCMC, 2011). At the same time, problems 

related to the (monetary) valuation of ESs are widely discussed (e.g., Gee & Burkhard, 

2010; de Groot et al., 2010; UNEP-WCMC, 2011; Gómez-Baggethun et al., 2014; Maes et 

al., 2016). It is, therefore, of the utmost importance to shift the perception of the word 

“value” from its mostly monetary connotation to a wider understanding of importance 

(Gómez-Baggethun et al., 2014; Maes et al., 2016). The focus should lie on human well-

being (MA, 2005), rather than solely on monetary incentives. Despite this awareness and 

the wide range of theoretical literature, non-monetary valuation of ESs is still primarily a 

conceptual exercise (Heink, Hauck, Jax, & Sukopp, 2016). Research looking into the 

valuation of ESs based on their interconnectivity, trying to assign values based on trade-

offs between ES arising from their management and leading to disadvantages for human 

well-being, is still in its infancy (Bennet, Peterson, & Gordon, 2009). A method, able to 

translate this non-monetary conceptual idea of ES into practical application utilizable for 

management, is needed (Bennet et al., 2009; Heink et al., 2016).  

Even though the efforts of the Millennium Ecosystem Assessment (MA, 2005) made the 

concept of ESs available for mainstream use (de Groot et al., 2010), literature still argues 

about how to best define and classify ESs and functions and how to make them 

quantifiable (Fisher et al., 2009; de Groot et al., 2010). One factor that makes ESs 

valuation inherently difficult is that ecosystems and their services are not homogenous, 

neither on land nor in the marine environment. Fisher et al. (2009) describes them as being 

“heterogeneous in space and [evolving] over time”. In other words, ESs might be produced 

in a different temporal and spatial scale as they often possess a delay between their 

generation and final consumption (Fisher et al., 2009). This attribute exacerbates attempts 

to define an approach to operationalize the concept of ESs valuation. Nonetheless, despite 

advances in technology designed to cope with environmental changes, humanity’s survival 

is contingent on its existence on ESs (MA, 2005). Thus, it must be acknowledged that the 

vital necessity of ESs must be accompanied by an appropriate method able to account for 
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both the monetary and non-monetary value of ESs into decision-making processes (Folmer 

et al., 2010; UNEP-WCMC, 2011). 

As Costanza et al. (1997) describes, every time a decision is made, some kind of a 

valuation process must take place. But valuation, especially of non-marketed (intangible) 

values, is problematic (Fisher et al., 2009). The issue of not being able to fully grasp the 

market value of intangible ESs often leads to underestimation of the total value of an 

ecosystem (Folmer et al., 2010; Gee & Burkhard, 2010). In addition, the prevailing social 

system in an area always influences the perception of ES values as well as the utilization 

context in which the ESs are described (Fisher et al., 2009). 

Some last points of concern, formulated by the UNEP-WCMC (2011), regard treatment of 

risks and uncertainties. They ask the question of how to handle the scale-dependence of 

values for certain services, and how to account for cumulative impacts. All these issues 

must be considered when communicating and utilizing the concept of ESs. 

2.2 Operationalization of the ecosystem service 

concept  

The operationalization of the concept of ESs has been discussed in the scientific literature. 

Different approaches have been applied in the course of attempting to utilize the idea of 

ESs. Methods applied cover strategies from assigning monetary (tangible) values to ESs to 

case study aiming at accounting for intangible values of ESs, such as aesthetic values. An 

extract of some of the studies using ESs is provided in the section below, synthesizing the 

different approaches. 

One of the most famous examples of applying the concepts of ESs is provided by Costanza 

et al. (1997), who attempted to define the annual value of ESs produced worldwide. The 

annual value was determined by assigning an estimated monetary value to every ES linked 

to each major ecosystem type per unit area. The driving force behind the reasoning was the 

understanding that ESs have a value in the sense that they provide benefits for humans, 

which might change in cost if they have to be replaced. For intensification purposes they 

compared the annual value of ESs with the global GNP (Gross National Product) at that 

time, to stress the importance of accounting for the value of ESs in project management. 
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Other instances in which the monetary value of ESs has been applied are listed in the 

UNEP-WCMC (2011) report. Operationalization of the notion of ESs aimed at the 

assessments of costs and benefits of an action to inform decision makers, and the increase 

of knowledge in regards of benefits extracted from ESs. Valuation techniques discussed by 

UNEP-WCMC (2011) fall within the frameworks of market based analysis, revealed 

preferences, and stated preferences. Methods encompassed in these techniques are i.e. cost 

–benefit analyses, travel cost methods which looks at prices paid for recreational activities, 

or value transfer where studies determining the economic value of one area are 

extrapolated to act as proxies for another area. UNEP-WCMC (2011) further provides a 

number of case studies applying a selection of valuation methods discussed in their report. 

The overall goal of all methods applied is to operationalize the concept of ESs to raise 

awareness and communicate the value of ESs and how the influence human well-being 

(UNEP-WCMC, 2011).  

Other studies tried different approaches, by going away from economic incentives towards 

a more generic value of ESs. The study of Maes et al. (2016), which attempted to 

operationalize the concept of ESs in order to reach the targets, set by the European 

Biodiversity Strategy to 2020. They implemented four case studies mapping ecosystems 

and identify indicators fit to communicate the characteristics and trends of ESs to inform 

policy- and decision-makers (Heink et al., 2016; Maes et al., 2016). This has been done in 

a participatory context involving volunteering Member State and respective stakeholder 

groups (Maes et al., 2016). Others, like Gee & Burkhard (2010), have assigned values to 

cultural ESs provided by the German Wadden Sea in a participatory manner, surveying 

local residents. They investigated the perceived potential of a degradation of cultural ESs 

provided by the Wadden Sea in context of offshore wind farming project. This was done 

via surveys first identifying the cultural values of the Wadden Sea experienced by local 

residents. Second surveying for residents attitude towards offshore wind farms and then 

compared how the construction of offshore wind farms could impact the identified cultural 

ESs (Gee & Burkhard, 2010)  

Rodríguez et al. (2006) used scenarios to describes how trade-offs in ESs over space and 

time are potentially impacted. In this case trade-offs are classified along three axes, 

namely, the spatial and temporal scale and reversibility. The scenarios visualize how the 

modification of supply and variety of ESs by society might impact the availability of 
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different ESs. They created two “reactive”-scenarios and two “proactive”-scenarios. Those 

scenarios were developed to illustrate the importance of acknowledging the 

interconnectivity of ESs in a variety of ways, and how management choices can 

intentionally or unintentionally impact the value and availability of these services provided 

by ecosystems (Carpenter, Bennett, & Peterson, 2006; Rodríguez et al., 2006). In the case 

of Carpenter et al. (2006) for the Millennium Ecosystem Assessment, interviews with 

leaders and feedback from the Millennium Ecosystem Assessment Board and Convention 

Secretariats were used to identify the main differences to be addressed in the scenarios. 

Another option of creating scenarios described in the literature (e.g. McKenzie et al., 2012; 

Grunewald & Bastian, 2015) is to use the InVEST tool created by the Natural Capital 

Project (InVEST | Natural Capital Project, n.d.). InVEST is “a tool for integrating 

ecosystem services into policy and decision-making” (TEEB, 2010) by modeling the 

production functions of ecosystems and creating maps as output (InVEST | Natural Capital 

Project, n.d.).  

Generally, scenarios are recognized as a useful tool to visualize potential futures of a 

subject. They create a basis to describe possible developments in science and policy and 

the interaction between the two. It is an element used with forecasting that designs 

plausible futures based on knowledge of the current situation (policy-directives and 

environmental status). By developing and analyzing scenarios, issues that are likely to 

require attention in planning and decision making processes are revealed (Wortelboer & 

Bischof, 2012). Using scenarios as a tool to visualize trade-offs and synergies between ESs 

due to different management strategies has been applied and discussed in various cases 

(e.g. Carpenter et al., 2006; Wortelboer & Bischof, 2012). Scenarios can be either 

developed by experts alone (analytically) or in collaboration with various stakeholders 

(Grunewald & Bastian, 2015).  

In essence, application of the ESs concept has been addressed in the literature and a wide 

range of techniques have been covered. Methods described covered data intensive 

approaches (e.g. InVEST tool) anywhere to data poor environments (e.g. Value transfer). 

In other cases participatory approaches have led to the application of the notion of ESs 

valuation, e.g. the ESs indicator assessment. All of these studies have either been 

economic, data or stakeholder driven. However, issues of combining different approaches 

in order to pay justice to the complexity of ESs and the variety, and types of values they 
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can provide became apparent. The concept of scenario development, however, is a widely-

used approach to predict potential futures in order to influence decision-making processes 

in the present. Nonetheless, the aura of uncertainty associated with such scenarios cannot 

be neglected. This is particularly true for scenarios based solely on the perceptions of 

individual people. Humans are always subject to biases, thereby, potentially compromising 

the credibility of such an approach. Applying monetary valuation of ESs is one way to 

incorporate values into scenarios to make them more approachable to decision-makers. As 

discussed previously, monetary valuation of ESs comes with many disadvantages and 

difficulties. Other conventional modeling approaches have a high demand of qualitative 

appropriate empirical data (Landuyt et al., 2013) which is often not available for ESs. In 

order to promote application of non-monetary valuation of ESs an alternative approach is 

needed. However, descriptive scenarios build only on the subjective perceptions are often 

seen as unreliable. Only when supported with some evidence or data scenarios are more 

likely to be widely accepted (Landuyt et al., 2013). Thus, an approach creating scenarios 

on the basis of data or evidence would be beneficial. Therefore, this study investigated the 

applicability of BBNs as such an alternative, to address these issues by investigating the 

ability of BBNs to integrate the multitude of values and benefits provided by ESs into one 

assessment framework. The concept of BBNs is elaborated upon in the following chapters.  

2.3 Bayesian Belief Networks – an introduction 

One approach which is gaining attention in the field of ES assessment and scenario 

development is the Bayesian belief network (BBN; sometimes referred to as probability 

network, (Marcot, Steventon, Sutherland, & McCann, 2006; Haines-Young, 2011; Landuyt 

et al., 2013; Pascual et al., 2016). As discussed previously, it is inherently difficult to 

evaluate the interplay between ecosystems and ESs, let alone quantifying affiliations 

between observations and ESs (Haines-Young, 2011; Landuyt et al., 2013). With 

increasing research efforts on ESs, more and more challenges regarding their modeling 

became apparent, especially, since ES research often has to deal with a scarcity of 

empirical data (Landuyt et al., 2013). According to the literature, BBNs have the potential 

to fill this known research gap, bridging quantitative and qualitative approaches (Landuyt 

et al., 2013). A brief introduction to Bayes’ Theorem and the underlying math is provided 
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in Appendix II. For a detailed explanation of the statistical backbone see Kjærulff & 

Madsen (2013). In the following, basic components of BBNs are touched upon. 

BBNs have been first introduced by J. Pearl in 1986 (Landuyt et al., 2013) as a tool to 

tackle problems characterized by uncertainties and human reasoning. Its attributes make it 

popular in the field of medical diagnoses, classification problems and environmental 

management. It has been applied in projects such as, habitat suitability models, risk 

assessments, management evaluation, decision support, and lately in ES modeling 

(Landuyt et al., 2013; Ban, Pressey, & Graham, 2014).  

Haines-Young (2011) and Landuyt et al., (2013) compiled a collection of publications 

which have been applying the concept of BBNs in their environmental management studies 

(Haines-Young, 2011) and ES modeling (Landuyt et al., 2013). An example of a topic is 

BBNs in habitat suitability models for endangered mammals using a variety of quantitative 

and qualitative data. Hamilton, Pollino, & Jakeman (2015) did a case study on the 

modeling of habitat suitability using BBNs. Others, listed by Haines-Young (2011) did 

their research on evidence-based conservation management; applied BBNs as a decision 

support tool for marine spatial planning research, populating the BBN on the basis of data 

compiled during literature reviews; or, used it during participatory water resource 

management, while additionally reflecting on the stakeholders’ response to the tool. The 

studies reviewed by Landuyt et al. (2013), using BBN in ES-modeling, cover a wide range 

of topics. Addressed have been genetic resources, water regulation, recreation, climate 

regulation and food provisioning, just to name a few. Research conducted by Ban et al. 

(2014, 2015), uses BBNs for predicting impacts of multiple stressors on coral reefs under 

hypothetical scenarios. 

One outstanding characteristic of the BBN, giving it such an advantage over conventional 

complex quantitative models, is its ability to incorporate a variety of information 

(qualitative, categorical and/or quantitative, numerical) from differing sources. Such 

sources include expert and/or stakeholder knowledge, survey data, or historical data. This 

ability is especially advantageous as it enables modeling of systems with high uncertainties 

and a lack of empirical data (Marcot et al., 2006; Uusitalo, 2007; Chen & Pollino, 2012; 

Landuyt et al., 2012; Ban et al., 2014; Hamilton et al., 2015). 
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BBNs function on the basis of causal dependencies between the factors under 

investigation. In order to predict those causal dependencies, BBNs make use of two 

structural model components (1) a directed acyclic graph; which depicts the current 

knowledge of causal inter- and independence of all variables included in the model 

(qualitative part) (Haines-Young, 2011; Kjærulff & Madsen, 2013; Landuyt et al., 2013); 

(2) the Conditional Probability Tables (often referred to as CPTs; quantitative part), hold 

the strength of the links illustrated in the directed acyclic graph. The strength of those 

defined causal relations is expressed as probabilistic dependency (Bromley, 2005; Chen & 

Pollino, 2012; Kjærulff & Madsen, 2013; Landuyt et al., 2013). 

The basic components of a BBN are presented in Figure 5. Variables in a BBN are called 

nodes. Nodes are categorized in an ancestral manner with (i) parent nodes; a node solely 

depicting a cause within the network and no other nodes feed into a parent node; (ii) child 

nodes; representing the effects of their parent nodes (causes). The causal relationship 

between a parent and its child node is indicated via an arc (also referred to as link). Besides 

the ancestral categorization all nodes are catalogued compliant with their role within the 

BBN. A node can either be (a) an input node; (b) an intermediate node; (c) an output node. 

(Bromley, 2005; Chen & Pollino, 2012; Kjærulff & Madsen, 2013, Landuyt et al., 2013; 

Ban et al., 2014)  

 

Figure 5: Representation of BBN modules 
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Regarding the second type of cataloguing, input nodes must always be a parent node only 

(Bromley, 2005; Chen & Pollino, 2012; Ban et al., 2014). Input nodes always represent a 

management action, scenario or observed state whose impact on the system is investigated 

(Bromley, 20005). The final node is called an output node. This type of node must not 

have any children. An output node represents the target variable in the system, whose 

change in its state, based on entered evidence, is of interest for the systems’ investigation 

(Chen & Pollino, 2012; Kjærulff & Madsen, 2013; Hamilton et al., 2015). In the case of 

this research this would be the target ESs. Evidence in this context means external 

information denoted as a likelihood distribution regarding the state of a variable (Kjærulff 

& Madsen, 2013). All nodes placed between the input- and output nodes are called 

intermediate nodes. Intermediate nodes represent key factors necessary to facilitate the 

propagation of beliefs from the input- to the output node (Bromley, 2005; Kjærulff & 

Madsen, 2013). Last, the arcs in a BBN do not only illustrate the cause-effect relationship 

between the nodes. The type of connection further determines the propagation of 

information throughout the BBN depending on the evidence fed into the model (Bromley, 

2005; Kjærulff & Madsen, 2013). For a more detailed explanation about information 

propagation, see Appendix III for examples or Kjærulff & Madsen (2013).  

An example of a BBN  

Consider the simple example BBN introduced earlier in Figure 5 (page 18): Agricultural 

runoff and Stratification are both parent nodes to Eutrophication. At the same time 

Eutrophication is a parent node to Algae blooms, which in return becomes a child node of 

Eutrophication. The ancestral ranking is shown by the direction of the arc. A parent node 

can have a multitude of child nodes and vice versa. In this particular case Eutrophication 

has two parent nodes. 

Conditional probability tables are the second structural component of BBNs and their 

backbone. They hold information about every node in the network and describe the 

strength of their relationships with other linked nodes. In a conditional probability table, 

prior probability are assigned to every possible state of a child node in accordance all states 

of the parent nodes (Bromley, 2005; Marcot et al., 2006; Kjærulff & Madsen, 2013; Ban et 

al., 2014).  
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The state of a node represents the current condition of the node in regards to the initial 

situation, as well as a range of probable condition the node might shift into depending on 

evidence inserted. An example of how a conditional probability table for the node 

Eutrophication from the previous example (Figure 5, page 18) could look like is presented 

in Table 1. In this case, the first column of the conditional probability table (green) holds 

the conditional probability that the node Eutrophication will be in any of its two states 

(High or Low) if Agricultural runoff is “High” (yellow) and Stratification in the state 

“Stratified” (grey). The assigned prior conditional probabilities must add up to 1. States of 

discrete nodes can be denoted either as labels (like in this example, High and Low), 

numbers (2, 4, 6), intervals (0-2, 2-7) or Boolean (yes, no) (Bromley, 2005; Kjærulff & 

Madsen, 2013). Nodes are usually discrete, meaning that they are described with a series of 

individual states. Continuous nodes do exist and are represented as “Gaussian (normal) 

conditional distribution function” (Bromley, 2005) applying the mean and variance of the 

data. They are not very commonly used. Lastly, for parentless (input) nodes the probability 

tables are unconditional (Bromley, 2005; Kjærulff & Madsen, 2013), and the user has the 

power to determine the condition of the state the node is in.  

Table 1: Example conditional probability table, node “Eutrophication” 

 Eutrophication      

  State parents  

Parent nodes  
Agricultural runoff High Low 

Stratification  Stratified Unstratified  Stratified Unstratified  

Child node 
state  

High  0.8       

Low   0.2       
 

Applying Bayes’ Theorem enables BBNs to compute both the posterior probability 

distribution of child nodes in relation to their parents’ state and vice versa. In other words, 

BBNs allow for exploring relationships from cause to consequence as well as estimating 

probabilities of causes depending on known consequences (Uusitalo, 2007), based on the 

underlying conditional probability tables. 

Probabilities function as a measure of uncertainty in a BBN. Uncertainty in this context is 

defined as “a lack of knowledge about the accuracy of a measure of a system and is an 

inherent property of the limitations of observing or understanding a system” (Chen & 
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Pollino, 2012). In other words, the chances that a variable takes certain values are 

represented in the form of probability distributions. Posterior probability distributions are 

computed for each node based on the prior probabilities hold by the conditional probability 

tables. The wider these probabilities are distributed over the states the larger is the 

uncertainty associated with them (Uusitalo, 2007). With an increase in available 

information or observation, knowledge of the true value of a variable increases due to the 

probabilistic inference applied on the basis of Bayes Theorem. Updating of the BBN 

network via evidence usually reduces initial uncertainty, reflected by the posterior 

probabilities growing narrower (Bromley, 2005; Uusitalo, 2007).  

Consider Figure 6, on the left side the states of the node indicate a 25% chance that algae 

blooms will be severe and a 75% chance they will be non-severe. In contrary, the node on 

the right side predicts a 58% chance of a severe algae bloom and a 42% chance of a non-

severe algae bloom. The uncertainty attached to the predicted posterior probabilities is 

much greater for the example on the right side than for the computed posterior probabilities 

in the node on the left side. Those uncertainties might change, once more or different 

evidence is inserted into the BBN and all believes are updated accordingly, propagating 

information through the network.  

 

Figure 6: Example of uncertainty in BBNs 

Advantages of BBNs 

What are the benefits of BBNs, nurturing the gaining of attention? To start with, a standard 

BBN includes only “chance” nodes (Bromley, 2005) . This enables the networks to show 

possible impacts on the target nodes in relation to the inserted evidence, on the foundation 

of the underlying conditional probability table. In other words, the constructed BBN does 

not result in a final decision readily applicable for the user, instead enables the user to 

investigate a variety of potential futures whereupon discussions can be build and decisions 

be made (Bromley, 2005; Kjærulff & Madsen, 2013). 
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Another benefit of using BBNs comes from the graphical representation of inserted nodes. 

Expressing relationships in the form of directed acyclic graphs forces the researcher to 

consider the system’s elements interconnectivity and requires translation of these 

interactions into a more readily understandable model (Uusitalo, 2007). This graphic set-up 

simplifies the process of converting the points of interest, ESs in this case, from the 

original mind-mapping structure in the BNN model structure (Pascual et al., 2016). Based 

on all these attributes, the underlying skeleton of the model results in a high model 

transparency (Chen & Pollino, 2012; Pascual et al., 2016), making it a valuable tool. 

Another benefit of BBNs is the fact that they are a very useful tool in operationalizing 

scenarios (Hamilton et al., 2015). Together with the mind-mapping structure or directed 

acyclic graph, BBNs allow for making comparisons between scenarios. Eventually, this 

can support the detection of components seen most influential on the studied system. In 

this way management efforts can focus on the focal factors (Pascual et al., 2016). This is of 

particular interest for this study, since its aim is to develop scenarios to investigate trade-

offs between ESs.  

Advantageous is furthermore the possibility to introduce poorly documented ESs together 

with well-documented ESs into one framework for a mutual assessment (Uusitalo, 2007; 

Chen & Pollino, 2012; Landuyt et al., 2013; Ban et al., 2014). This attribute is of great 

benefit for this research, as qualitative suitable data might be scarce.  

The potential to incorporate stakeholder values into decision-making processes is an 

important peculiarity of BBNs. When used as an exploratory framework of investigation 

and representation, BBNs promote an increased communication across knowledge 

cultures, like modelers, experts, economists, stakeholders and decision-makers. The 

manner in which BBNs use directed acyclic graphs and facilitate model transparency was 

found to stimulate stakeholder participation. It was concluded by Bromley et al. (2005), 

that a better understanding of ecosystems and their benefits for human well-being can be 

achieved for participants. This aspect is crucial, since the end-user must understand the 

underlying rationale and principle of using BNNs for ES-modeling in order to deploy it 

(Haines-Young, 2011; Landuyt et al., 2013). All above mentioned factors are desirable for 

this research and supporting the decision to adopt the BBN framework. Especially, since 

ES research often includes a variety of linked scientific domains (Landuyt et al., 2013). 
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Building the foundation for a sound decision-making process is beneficial for developing 

management strategies for the Curonian Lagoon.  

Finally, the fact that BBNs have the ability to be easily updated and modified as additional 

data becomes available gives them a great advantage over other traditional modeling 

concepts. Enabling the end-user to incorporate additional information or exchange expert 

driven probabilities with empirical data elongates the life-span of these models (Uusitalo, 

2007). 

Limitations of BBNs 

Nonetheless, the literature also states challenges related to the application of BBNs. For 

e.g. it is of outmost importance to grasp the decision-making context and potential 

variations in the requirements of involved actors (Haines-Young, 2011). Also, the 

necessity to evaluate the constructed BBN is stressed. Model validation should always take 

place irrespective of the availability and/or quality of the used data (Chen & Pollino, 2012; 

Ban et al., 2014; Hamilton et al., 2015). In this framework, it implies that the research 

context has to be described thoroughly and the BBN has to be created in a holistic way. An 

evaluation of the BBN by a panel of experts, for example, could be performed as a model 

validation.  

Limitations of the BBN concept must be mentioned too. Firstly, the complexity of BBN 

models is limited. Marcot et al. (2006) states that an exhaustive number of nodes tend to 

have a lot of intermediate layers as an output. Ultimately, this might weaken the 

investigated relationships between input and output nodes (Marcot et al., 2006; Uusitalo, 

2007). A low number of nodes, on the other hand, simplify the model considerably 

(Landuyt et al., 2013). This could be seen as an oversimplification of the system and 

perceived as a weakness of the BBN by end-users.   

Secondly, BBNs assume a static relationship of the nodes over time, hence, are incapable 

of incorporating dynamic relationships (Hamilton et al., 2015). This can lead to further 

simplification of the system investigated. Thirdly, when modeling habitat suitability, 

commission errors (e.g. false positive errors) cannot be avoided. There is no guarantee that 

a species will be present even though the habitat is suitable (Hamilton et al., 2015). 

Therefore, it must be kept what factors and interactions are represented in a BBN, and 
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what factors could lead to dissimilarities between model prediction and empirical data. 

Fourthly, the necessity to discretize continuous input variables creates a loss of information 

(Uusitalo, 2007; Landuyt et al., 2013). Lastly, the lack of incorporated feedback loops is, 

as stated i.e. by Uusitalo (2007) and Landuyt et al. (2013) perceived as a critical restriction 

by multiple authors.  

To sum up, BBNs experience an ever-increasing application and popularity in ecosystem 

and ES research. As concluded by Haines-Young (2011) and Landuyt et al. (2013), based 

on their literature review, and as reflected by Hamilton et al. (2015) and Ban et al. (2015), 

a general consensus on the suitability of adopting the concept of BBNs into ES research 

was stated promoting the further application of this approach. The concept of BBNs 

encompasses a variety of components, such as the ability to work in data limited 

environments, which are believed to be advantageous for this study. Nonetheless, its 

limitations have to be kept in mind when the applying the method and interpreting results 

presented here. Therefore, guidelines for good practice in BBN modeling (i.e. Chen & 

Pollino, 2012) were followed during the model construction in this study. All in all, it is 

believed that the advantages of this method outweigh the limitations and its application 

allowed putting light on possible trade-offs between ESs of the lagoon fringes. 

2.4 Bayesian Belief Networks – do it yourself  

There are two different ways of building a BBN. The first option is the manual 

construction of a BBN in the form of a directed acyclic graph based on system knowledge. 

A second option is the so-called machine learning (or automatic learning), in which the 

software builds a BBN based on empirical observations. Regardless of which strategy is 

applied in the construction process, both are able to handle a combination of expert 

knowledge and empirical data (Uusitalo, 2007; Haines-Young, 2011; Ban et al., 2014,  

2015; Pascual et al., 2016). Applying machine learning from data has one critical 

disadvantage, as it requires an extensive amount of high quality data without gaps in the 

database to be satisfactory for the underlying algorithm to compute a reliable conditional 

probability distribution (Uusitalo, 2007). This is particularly problematic in environmental 

sciences and when focusing on ES research. A lack of high quality data for ESs is common 

and can be traced back to the complex interactions generating ESs and difficulties in 

measuring them (Uusitalo, 2007; Landuyt et al., 2013). In the context of this study, the 
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latter strategy of developing a BBN based on machine learning was unsuitable due to a 

lack of data. Expert knowledge, on the other hand, was available. 

Using expert elicitation during the BBN development process enables experts not only to 

provide insights of the used parameters, but also to influence the model structure, whereby 

a deeper understanding for interactions between and effects on stressors is achieved (Ban 

et al., 2015). An expert in the context of this study is defined as an individual who has 

knowledge on factors investigated. This knowledge was gained through education, training 

and experiences (Kuhnert et al., 2010). Building a BBN based on expert elicitation can 

follow two approaches (i) the expert develops the directed acyclic graph and provides the 

prior probabilities, or (ii) the expert is provided with a pre-mediated BBN structure and 

only populates the conditional probability tables by estimating prior probabilities 

(Uusitalo, 2007). Examples of studies on ecosystem research using expert elicitation as 

base for BBN construction which were used as models for this project are Ban et al. (2015) 

and Hamilton et al. (2015). 

The decision of which approach to follow depends on the complexity of the studied system 

and knowledge available. If interactions are too difficult to model reliably, it is advised to 

follow the first approach (i) (Uusitalo, 2007). If the experts are only consulted to 

parameterize the conditional probability tables for a pre-mediated structure, several 

conditions must be fulfilled to elicit reliable data. The expert must: 

1. Understand the variables used  

2. Confirm and support the developed BBN model structure (Uusitalo, 2007; Ban et 

al., 2014) 

Benefits and constraints of expert knowledge based BBNs 

Advantages of including expert knowledge in constructing BBNs to overcome data 

limitations, to strengthen and/or adjust networks based on empirical data, fine-tune 

conceptualization of causal relationships and in break down the complexity of the system 

easing the ascription of probabilities, are widely discussed in the literature (e.g. Uusitalo 

(2007); Landuyt et al. (2013); Ban et al. (2015)). Landuyt et al. (2013) furthermore 

describes that integrating expert knowledge during the individual steps of constructing a 

BBN improves the process flexibility, allowing for integrating causal relations that might 
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otherwise not be supported by the available data. Nevertheless, parameterizing conditional 

probability tables by using (only) expert knowledge must be done with care (Landuyt et al., 

2013). 

Disadvantages and difficulties arising from expert knowledge based BBNs are related to 

the collection and structuring of the data. Experiences described in the literature, (Uusitalo, 

2007; Landuyt et al., 2013; Ban et al., 2014, 2015), state that experts felt comfortable in 

providing feedback on the model structure and causal relationships, but perceived it as 

rather difficult to assign probabilities to these relationships. Most ecological researchers 

are accustomed to work with real data and/or the use of classical statistical analysis, thus, 

might show reservation toward the methodology. To avoid distrust of the expert towards 

the BBN, it is important to provide a sufficient introduction to the topic and transparency 

of the building process. One way of doing this is to involve the expert early enough in the 

development process and to minimize the complexity of the BBN model (Landuyt et al., 

2013). Ban et al. (2014) and Hamilton et al. (2015) provide well-documented strategies of 

how to successfully include experts in the development process. 

Potential variations in expert’s interpretation of questionnaires pose another source of 

variation in collected data (Ban et al., 2014). Expert knowledge is susceptible to cognitive 

biases (Hamilton et al., 2015), which can exacerbate combining data from multiple experts 

(Uusitalo, 2007). In contrary, relying on knowledge only provided by a single expert can 

be inaccurate as well. Due to a small sample size, biases will be exaggerated. With 

multiple experts populating the BBN dissimilarities potentially arising from biases, can be 

detected more easily. This facilitates a more critical reflection on the generated results.  

Furthermore, uncertainty allocated to surveyed estimates must be accounted for. Several 

researchers, i.e. Renooij & Witteman (1999), Speirs-Bridge et al. (2009), or Kuhnert et al. 

(2010) have been discussing the problem of over- and under confidence of experts and 

stakeholders when populating the conditional probability tables. It is advised to not only 

elicit a single point estimate, but work with quantitative intervals instead (Kuhnert et al., 

2010). Measures of uncertainty allocated to expert elicited prior probabilities can be 

measured using the 95% Bayesian Credible Interval (BCI) (Kuhnert et al., 2010; Hamilton 

et al., 2015). The 95% BCI refers to the upper and lower limit between which the expert 

beliefs that there is a 95% probability of the true value lying in between. Lastly, BBNs 
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build solely on expert knowledge run the risk of being perceived as unscientific or 

subjective (Landuyt et al., 2013).  

The above listed problems must not be ignored. If the rules of good-practice described in 

the literature (e.g. Uusitalo (2007); Ban et al. (2014, 2015), and Hamilton et al. (2015)) are 

followed, BBNs represent a valuable tool aiding system understanding. Practicing model 

parsimony and ensuring model validation have been borne in mind in this study. 

Feedback mechanisms and sensitivity analysis on the model structure are good validation 

practices (Haines-Young, 2011). Besides, there is no guarantee of empirical data being 

uncertainty-free (Ban et al., 2014). Differences in results should also be embraced. As 

Hamilton et al. (2015) describes it, it is beneficial to “encourage acceptance of a plurality 

of legitimate perspectives on how a system behaves “. This approach is useful in systems 

characterized by uncertainties.  

If acknowledging and accounting for the limitations of expert elicitation as well as 

applying good practice when developing model structures, expert based BBNs provide a 

great starting point of ESs research (Ban et al., 2015). They have the ability to identify key 

data gaps and threats on the system and identifying uncertainties within the system is 

useful for managers and policy makers (Ban et al., 2014). In the light of this study, it is 

concluded that expert elicitation represented a viable methodology to causal relationships 

of ESs in the Curonian Lagoon.  

Available computer software for construction BBNs 

BBNs are built using computer software. The expanding use of BBNs resulted in an 

increased number of readily available computer applications. Software programs applied in 

the literature is mostly restricted to two programs, Hugin and Netika. The review on BBNs 

made by Landuyt et al. (2013) concluded the same. Hugin and Netika were unsuitable for 

this research, since they are both only commercially available. An online search and 

literature review on alternative open-source software was implemented. A variety of 

different open-source software was found. 
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A selection of software programs is: 

• WEKA API http (://www.cs.waikato.ac.nz/ml/weka/) 

• Scikit-learn (http://scikit-learn.org/stable/index.html) 

• BDAGL (http://www.cs.ubc.ca/~murphyk/Software/BDAGL/) 

• Bnlearn (http://www.bnlearn.com/) 

• UnBBayes (http://unbbayes.sourceforge.net/) 

• SamIam (http://reasoning.cs.ucla.edu/samiam/) 

• GeNIe (http://www.bayesfusion.com/) 

• TETRAD (http://www.phil.cmu.edu/tetrad/) 

The main difference between the above listed programs is that some, like WEKA API, 

scikit-learn, Bnlearn and BDAGL are based on coding (in R) (Eaton & Murphy, 2007; Hall 

et al., 2009; Pedregosa et al., 2011; Scutari, 2016) and others, UnBBayes, SamIam, 

TETRAD and GeNIE are working with graphical user interface instead (Darwiche, 2010; 

UnBBayes, 2010; Gylmour, Scheines, Spirets, & Ramsey, 2015; BayesFusion, LLC, 

2016). The approach followed in this study, using a directed acyclic graph for illustrating 

the system understanding, hence, benefited more from a program working with graphical 

user interfaces. 

Three of the above listed software packages (SamIam, GeNIe, UnBBayes) were given a 

trial. All three software programs are able to create directed acyclic graphs using graphical 

user interfaces, depicting the strength of influence of nodes and compute probabilities of 

total evidence. SamIam and GeNIe also provide well organized help functions. For GeNIE, 

furthermore a comprehensive user manual is available. SamIam’s setback is the lack of a 

sensitivity analysis function. UnBBayes disadvantage over the other two programs is that 

to this point the help function is only available in Portuguese (Darwiche, 2010; UnBBayes, 

2010; BayesFusion, LLC, 2016). In the end, the decision to work with GeNIe 2.1 

Academic was based on its performance options, the extensive supporting material 

provided and personal preference regarding the interface of the program. GeNIe 2.1 

Academic is only free for academic use though.  
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2.5 The study area – Curonian Lagoon 

2.5.1 A general overview of the Curonian Lagoon 

The Curonian Lagoon is Europe’s largest lagoon with an area of 1585 km² situated at the 

south-eastern edge of the Baltic Sea (Figure 7). The two water bodies are connected via an 

11 km long and 0.4 to 1.1 km wide strait at the northern end of the lagoon, at Klaipeda. 

Further characteristics of the lagoon are that it is a non-tidal, shallow (3.8 m mean depth) 

and highly eutrophic water body, dominated by the freshwater input of the Nemunas River. 

Occasional inflow of seawater from the Baltic Sea, however, creates a fluctuating salinity 

of 0.1 to 7 PSU. The eastern shoreline is characterized by the Nemunas Delta, whereas the 

western border of the lagoon is formed by the Curonian Spit. Overall, the lagoon hosts 

marine, brackish and freshwater species (Breber, Povilanskas, & Armaitienė, 2008; 

Gasiūnaitė, Daunys, Olenin, & Rasikovas, 2008; Razinkovas-Baziukas, Morkūnė, Ruginis, 

& Povilanskas, 2016). 

 

Figure 7: Map of the Curonian Lagoon including reed beds (Breber et al., 2008) 
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The Curonian Spit is a 97 km long sand dune peninsula, forming the boundary between the 

Baltic Sea and the Curonian Lagoon. Coastal erosion is a critical topic concerning the Spit 

and large efforts are put into conserving the sandy coastline (Kursiu, Nerija National Park, 

n.d.; UNESCO, n.d.). The Curonian Lagoon and adjacent spit are associated with a large 

variety of ESs (El Serafy et al., 2016). I.e. the spit functions as a barrier against storm 

surges and marine influence on the lagoon and its shorelines (Breber et al., 2008). Most of 

the spit is dominated by forest, providing a variety of habitats for rare species of birds, 

insects and plants (Kursiu, Nerija National Park, n.d.; UNESCO, n.d.). The lagoon, 

furthermore, provide key functions for fish as spawning and nursing grounds and habitat 

for invertebrates (Breber et al., 2008). Migratory and wintering water birds (till ice 

coverage) use the benthic habitats of the Curonian Lagoon. Abundant anadromous fish 

migrate from the Baltic Sea to spawn in rivers using the Curonian Lagoon as migrator 

corridor (Zolubas, Kontautas & Shibaev, 2014). The spit is rich in cultural heritage, 

making it socially and culturally important (Kursiu, Nerija National Park, n.d.; UNESCO, 

n.d.). This multitude of existing ESs is of great interest for this study, since its aim is to 

investigate potential trade-offs between ES management and utilization. An extended list 

of the ESs, identified for the reed beds of the region, is provided in Appendix IV. In the 

map presented above (Figure 7) by Breber et al. (2008) the locations of reed beds around 

the Curonian Lagoon are indicated.  

The Curonian Spit and lagoon are subject to transboundary governance, shared between 

the Republic of Lithuania in the north and the Russian Federation in the south. Both 

nations designated their part of the spit as National Parks, the Curonian Spit National Park 

in Lithuania and the Kurshskaya National Park of the Russian Federation. As a whole the 

spit is listed on the UNESCO World Heritage list with and Outstanding Universal Value 

(UNESCO, n.d.). The Curonian Spit National Park also embraces parts of the Curonian 

Lagoon (Gasiūnaitė et al., 2008). The Lithuanian part of the lagoon is designated protected 

area under the EU habitat and bird directive and Natura 2000 site. Ramsar protected 

wetlands are located in the Nemunas river delta and Nemuno delta regional park. 

Additionally, the EU Water Framework Directive (WFD) applies for the lagoon (European 

Commission, n.d.; Ecopotential, 2015.). The whole northern area of the lagoon is entitled 

as Baltic Sea Protected territory by HELCOM (Ecopotential, 2015). Because of this 
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transboundary governance, only the Lithuanian part of the Curonian Lagoon is considered 

for this research. 

Due to its cultural and environmental importance research on ESs provided by the 

Curonian Lagoon is being implemented. ESs research in the Curonian Lagoon is a fairly 

new subject but there are Ecopotential and other ongoing projects on that topic aiming to 

provide a better in-depth understanding. I.e. Rashleigh, Razinkovas, & Pilkaitytė (2011) 

created a Driver-Pressure-State-Impact-Response model (DPSIR) for the Nemunas Delta 

(and Curonian Lagoon), depicting how various drivers produce pressure finally affecting 

the overall state of the system, influencing existing ESs. Inácio & Schernewski (2014, 

2016), are planning on mapping and assessing ESs of the Curonian Lagoon following the 

Systems Approach Framework applying a tool called Ecosystem Service Assessment Tool 

(ESAT). This research line is part of the BaltCoast project (BaltCoast, n.d.) and still under 

implementation.  

Within the scope of the ECOPOTENTIAL H2020 project ESs, ecosystem functions and 

the major threats to the two main habitats in the Curonian Lagoon, the open lagoon and the 

lagoon fringe reed beds, have been identified and translated into a mind-map (El Serafy et 

al., 2016). Those ESs and ecosystem functions provided the baseline for the research of 

this study and on further understanding the interconnectivity of these ESs in the Curonian 

Lagoon. Results produced during this study are therefore thought to be helpful in creating 

better insights into the systems dynamics in the future.  

2.5.2 Ecological profile of common reed and fish 

Now zooming in on the common reed (Phragmites australis), henceforth referred to as 

reed. It is a highly productive, robust, erected perennial grass occurring under shallow (≤ 

0.3 m) aquatic and/or sub-aquatic conditions worldwide (Mal & Narine, 2004; Iital, Kask, 

Voronova, & Cahill, 2012; Köbbing, Thevs, Zerbes, 2013). Reed beds are the ecotones 

between water and land (Iital et al., 2012). Its cane-like stems can reach a height of 4 m 

(sometimes even up to 6 m) (Mal & Narine, 2004; Iital et al., 2012) with a diameter of 4 to 

10 mm (Mal & Narine, 2004). Reed leaves can reach a length of 20 to 70 cm with a width 

of about 1 to 5 cm, ending in a slender tip (Mal & Narine, 2004). The inflorescence, a 

terminal panicle, occurs in coloration from yellow to purple and grows to a length of 

around 30 cm to 50 cm) (Mal & Narine, 2004; Iital et al., 2012). Naturally, reed beds 
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represent one of the first stages of silting up of the water-land ecotones, and will transform 

wetlands into terrestrial area if no human interventions take place (Valkama, Lyytinen, & 

Koricheva, 2008). An example of how reeds look during autumn is presented in Figure 8. 

 

Figure 8: Phragmites australis in autumn 

One important characteristic of reed is its extensive horizontal perennial rhizomes which 

also lay the foundation for their asexual reproduction (clonal growth) (Mal & Narine, 

2004; Iital et al., 2012; Köbbing et al., 2013). Sexual reproduction is possible, but less 

dominant (Engloner, 2009). Besides, in temperate climates, like in Lithuania, the 

aboveground part of a reed plant dies when the growing season ends. All nutrients former 

located in the stems and leaves are stored in the rhizomes as an overwintering strategy, 

readily available for when the next years’ shoots reoccur (Köbbing et al., 2013,).  

Reed usually grows in large, mono-specific stands called reed beds (Valkama et al., 2008, 

Iital et al., 2012; Köbbing et al., 2013) found predominantly under fresh water conditions, 

but brackish and salt water environments can be colonized too (0-15 PSU optimum, (Iital 

et al., 2012; Köbbing et al., 2013). It is a fast-growing pioneer-plant with the ability to 

proliferate at a rate of several meters per year, making it highly competitive (Iital et al., 

2012; Köbbing et al., 2013). Reed bed sizes are variable, but they can extend to hundreds 

of hectares. Extensions can be very rapidly when an abundance of nutrients are available 

(Iital et al., 2012). The growing season of reed starts in spring and reaches its peak in late 

summer. It reaches its highest relative growth rate between April and May and peaks in 

biomass, either in July, August or September (Engloner, 2009). The area covered by reed 

beds can change noticeably in consecutive years. Reasons for this variation are natural 
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factors, i.e. natural growth rate, ice conditions during winter months or changes in grazing 

pressure from livestock (Iital et al., 2012) 

Development of reed beds in the Curonian Lagoon  

Lagoon fringe reed beds played historically, and again nowadays, a role in the dynamics of 

the Curonian Lagoon. On one hand, they act as a means of natural protection against 

coastline erosion (Mal & Narine, 2003; Breber et al., 2008; Fogli, Brancaleoni, 

Lambertinit, & Gerdol, 2014) of the lagoon and shoreline of the Curonian spit. On the 

other hand, they form a natural buffer zone in the Nemunas delta area and all along the 

eastern shoreline of the lagoon, filtering (agricultural) run-off (Razinkovas-Baziukas et al., 

2016). Reed beds are also known to provide key breeding habitat for (migrating) birds and 

fishes (Breber et al., 2008; Fogli et al., 2014; Ecopotential, 2015; Razinkovas-Baziukas et 

al., 2016). 

Reed is associated with a variety of ESs. These services can be divided into services linked 

to the existence of reed beds and utilization of reed as raw material. ESs of reed beds 

include: habitat provision for various species, coastal protection/stabilization, water 

treatment/water quality, biodiversity, climate protection and scenery (Iital et al., 2012; 

Ecopotential, 2015.). ESs of reed as raw material entail: agricultural use, industrial material 

and for energy production (Iital et al., 2012). AS mentioned earlier, a full list of all ESs of 

the reed beds in the Curonian Lagoon identified by ECOPOTENTIAL is provided in 

Appendix IV. 

Besides all these important services, historically, large areas of the lagoons wetland fringes 

have been reclaimed and utilized for agriculture under the Soviet Union, reducing and 

consequently altering natural floral conditions (Breber et al., 2008). For example, 

Povilanskas, Armaitienė, Breber, Razinkovas-Baziukas, & Taminskas (2012) describes 

that the Curonian Spit was covered by only13 km out of 110 km with reed beds in 1955. 

Intense animal grazing was mentioned as a reason for the reduced reed bed coverage. Only 

after this intense grazing was stopped reed beds slowly recovered on the spit. In 1996 26.4 

km of reed beds were present and extended to 34.5 km in 2010. This process was 

supported by active human intervention led by the Curonian Spit National Park shoreline 

management program, which actively re-planted reed (Povilanskas et al., 2012). Other reed 
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re-planting efforts were made in the course of ecosystem restoration, predominantly aiming 

at tackling the eutrophication problem in the lagoon (Ecopotential, 2015).  

Despite past and present efforts to re-introduce reed beds around the lagoon, Breber et al. 

(2008) adverts to the issues of loss of open floodplains by the continuous overgrowth of 

these open plains by reed beds due to a total abolishment of grazing and mowing activities. 

From an ecological point of view reed beds represent the first stage of succession, over 

time transforming wetlands to meadows and forests (Valkema et al., 2008). This is of 

concern since floodplains play a key role in habitat availability, overall biodiversity, and 

are of international importance for nature conservation (Breber et al., 2008). Mowing and 

grazing practice to maintain open corridors around the lagoon, nevertheless, must be 

evaluated within the bigger picture. In the study conducted by Povilanskas et al. (2012) the 

integrity of habitats on the Curonian Spit were investigated. It was found that reed beds 

show the lowest habitat integrity, believed to be caused by fragmentation of this habitat. 

The conclusion was that reed beds demonstrate vulnerability towards pressure arising from 

natural as well as anthropogenic impacts (Povilanskas et al., 2012). Thus, it is of utmost 

importance to find a well-defined balance in reed bed management and distribution around 

the Curonian Lagoon.  

Impacts of summer and winter reed harvesting  

The choice of reed harvesting methods and timing results in variations of the utilization of 

the harvested reed. It is differentiated between summer and winter reed harvesting. Besides 

the temporal differences the choice of the harvesting season has key determining factors on 

(i) the main goal of reed harvesting practices, (ii) the intended use of reed as raw material, 

(ii) the potential environmental impacts associated with reed harvesting (Iital et al., 2012). 

The most important considerations are discussed in the following paragraphs. 

Summer harvesting refers to reed harvesting during the months of May-August (Asaeda, 

Rajapakse, Manatunge, & Sahara, 2006; Köbbing et al., 2013). Reed harvested during that 

time has a high level of nutrients as the majority accumulates in the aboveground part of 

the plant during the growing season. During the winter time nutrients are stored in the 

belowground rhizomes (Iital et al., 2012; Köbbing et al., 2013; Fogli et al., 2014). 

Consequently, summer harvesting is often applied as a means of conservation, actively 

removing nutrients from the ecosystem to manage eutrophication issues. Total amounts of 
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removed nutrients vary, depending on the time of cutting (Iital et al., 2012; Köbbing et al., 

2013). 

Another application of summer harvesting, for conservation purposes, is cutting reed to 

counteract the overgrowth of floodplains which are crucial for migrating birds and fishes 

(Köbbing et al., 2013). Reed can also be harvested during the summer to be utilized for 

energy production (biogas) and agricultural purposes (fodder and litter; fertilizer and 

compost) (Iital et al., 2012; Köbbig et al., 2013). Different requirements for those 

applications are provided in Appendix V.  

The effects of summer harvesting on the morphology and dynamics of reed and reed beds 

have been studied by Asaeda et al. (2006). They found that reed cutting has noticeable 

implications on reed stands, but the degree to which the reed was affected differed between 

the cutting period (June and July were investigated). For details, see Asaeda et al. (2006). 

Generally, observed effects on the morphology of the next years’ stands are reduced 

growth of aboveground biomass and hampered recovery of rhizome biomass. Secondary 

shoots (emerged post harvesting) showed higher leave to stalk biomass ratio (Asaed et al., 

2006). Lastly, reed beds become denser (Valkama et al., 2008) 

Winter harvesting entails harvesting efforts during fall and winter, when the growing 

season of aboveground reed has ended. It is applied in environmental management as a 

measure to reduce insect and fungus populations thriving in the dead plant material and 

increase light level. It aids the reduction of oxygen consumption by decomposers due to 

less dead organic material in the water (Köbbing et al., 2013). Reed harvesting can help 

preventing nutrient accumulation in the soil (Fogli et al., 2014) by enhancing 

decomposition of other plant material (Valkama et al., 2008). Other results gained are an 

increased plant species composition and abundance (Valkama et al., 2008). Lastly, it was 

found that winter reed harvesting facilitates reed bed restoration and conservation 

(Köbbing et al., 2013).  

As with summer-harvested reed, the utilization of winter harvested reed as raw material 

has been experiencing a revival (Iital et al., 2012). Reed is used for industrial material (i.e. 

as thatching and construction material) and for energy production (biofuel, combustion) 

(Breber et al., 2008; Iital et al., 2012; Köbbing et al., 2013). Appendix V holds a 

comprehensive list of applications and requirements on reed.  
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Impacts on the morphology of re-grown reed and reed beds described by Huang, Sheng, 

Wu, & Pan, (2014) entail a few factors. They found increased shoot (population) densities 

with no significant change in the total and aboveground biomass in the subsequent growing 

season observed. Other observations were a shortening in leafing stage and alteration of 

stem-height and stem-diameter ratio (height grew faster in comparison to the diameter). 

Lastly, an increased risk of frost damage to underlying biota was mentioned.  

Environmental considerations have been addressed too. Reed harvesting implies the 

physical removal of reed from the ecosystem. This requires the presence of humans and 

their harvesting utensils in or near the reed beds. Concerns about disturbances of 

important, in-situ, ESs (water quality, biodiversity, coastal morphology, climate protection 

and scenery) are stressed in the literature (e.g., Iital et al., 2012). Iital et al. (2012) 

published a list of impacts of reed harvesting on environmental objectives and priorities, 

essential for the continuity of the ESs provided by reed.  

All listed aspects can pose a threat to the biodiversity, the ecosystem and its services, but 

the actual effects are still subject to uncertainty and speculations. There is a great need for 

further research on the matter (Iital et al., 2012). Also, the harvesting technique chosen, the 

harvesting time picked and the state of the ecosystem influences the potential impacts of 

reed harvesting. Fragile communities are more likely to be susceptible to disturbances than 

healthy ones (Iital et al., 2012). 

In the context of the Curonian Lagoon, implementation of reed harvesting must be in 

accordance to (i) Council Directive 92/43/EEC on the conservation of natural habitats and 

of wild fauna and flora; (ii) Council Directive 2009/147 on the protection of birds; (iii) 

regulations in place for Natura 2000 areas (Iital et al., 2012).  

In summary, the timing of reed harvesting strictly defines the imposed impacts on the reed 

structure in subsequent years. Summer harvesting entails a list of different impacts on the 

environment than winter harvesting does. The impacts of concern named addressed by Iital 

et al. (2012) are provided on the next page in Table 2. The harvesting seasons furthermore 

dictates the possible applications of the yielded reed. Lastly, summer harvesting is strictly 

regulated in most Baltic countries. Even though Lithuania’s laws are not listed in the 

Submariner handbook (Iital et al., 2012), other Directives concerning the Curonian Lagoon 
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as a protected area are in place, most likely having restrictive powers regarding the 

harvesting period.  

Table 2: Impacts of concern of reed harvesting on the ecosystem (Iital et al., 2012) 

 

The fish of the Curonian Lagoon and its issues 

The Curonian Lagoon is rich in fish stocks with 57 fish species recorded in 2003 (Repečka, 

2003). Of these 57 species 27 are commercially important (Repečka, 2003). Fishes found 

in the Curonian Lagoon are categorized as freshwater, marine and diadromous species 

(Repečka, 2003). The community structure varies noticeably as some species only 

temporarily inhabit the lagoon to spawn, and to use the rich coastal waters as feeding 

grounds for their juveniles. Other species are permanent inhabitants (Zolubas et al., 2014). 

The Curonian Lagoon provides essential spawning, feeding and nursery grounds (Repečka, 
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2003; Breber et al., 2008; Iital et al., 2012; Zolubas et al., 2014) of which the area around 

the mouth of the Nemunas river delta is the most important (Zolubas et al., 2014). The 

delta ranks as one of the most productive water areas in Europe (Breber et al., 2008; 

Zolubas et al., 2014). The six most important species are listed in Table 3 (Zolubas et al., 

2014) 

Table 3: The most important commercial fish species in the Curonian Lagoon (Zolubas et 

al., 2014) 

 

Despite its reputation of being a highly productive water body, the Curonian Lagoon 

exhibits clear signs of fishery over-exploitation (Breber et al., 2008). Total amounts of 

reported catches for the Curonian Lagoon and Lower Nemunas river delta, by Lithuanian 

fishermen, ranged between 1.1 – 1.5 thousand tons for various fish species in 2014 

(volume of bycatch not indicated) (Zolubas et al., 2014). In 2008 estimation stated that 

additional unrecorded landings added up to about 60% of the recorded fish yield (Breber et 

al., 2008). This development is seen as a result of fish stock mismanagement and failure to 

properly control the fishery. Together with the loss of wetlands fringes to agriculture, less 

commercially valuable fish became dominant in the lagoon. Consequently, the role of 

fishery in the economy declined (Breber, et al., 2008). A solution proposed by Breber et al. 

(2008) is to restore and increase areas suitable for fish to dwell and spawn and to restore 

natural hydrological and ecological processes by commercially exploiting reed belts. 

Breber et al. (2008) stated that “reed harvesting would increase the acreage of important 

migration corridors and spawning habitats for fish” and of simultaneously would benefit 

local communities by creating additional income.  

In order to confirm this statement, it is essential to understand what role the lagoon fringe 

reed belts play in the life cycle of fish in the Curonian Lagoon. Do reed belts provide 

essential habitat for fish or does their expansion reduce habitat? Does reed harvesting 
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actually do improve acreage of migration corridors? What are other effects of reed 

harvesting? These questions must be considered before implementing such a management 

intervention.  

Interactions of fish and lagoon fringe reed beds  

A first step was to understand how fish uses reed belts. The level of submergence differs 

between reed beds depends on their age and rate of succession (White, Self & Blyth, 

2014). As fish need water for survival they can only dwell in reed beds submerged 

efficiently enough. Research in the UK on the conservation of reed beds has shown that in 

their case fish only uses about the first 5 m of reed beds with a minimum required water 

depth of 25 cm (Figure 9) (White et al., 2014). 

 

Figure 9: Diagram of fish-reed habitat relationship in the UK (White et al., 2014) 

They found that, e.g. cyprinid fish, show seasonal and age dependent variation in the type 

of habitat they prefer. Shallow water (<1.5 m depth) provide essential habitat for spawning 

and fish fry during spring months, whereas deeper, more sheltered water proves to be 

preferred for overwintering. Diurnal variations of fish presence in reed beds were observed 

too. All in all, their results suggest that reed beds, exhibiting varying underwater 
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morphology, are vital to provide suitable microhabitats to a variety of fish all year round 

(White et al., 2014). The above-mentioned information describes fish-reed interactions in 

freshwater environments in the UK. It is difficult to extrapolate this knowledge to the 

Curonian Lagoon, but it does give an indication of how fish might behave in the reed beds.  

Research conducted in the northern Baltic Sea along the Finnish shoreline showed that 

larval stages of fish, with differing species composition, were present in reed belts over a 

long time-span (May through July) (Kallasvuo, Lappalainen, & Urho 2011). The earliest 

laid eggs and larvae appearance were found in the prior year’s dead plant material. Later 

on, most larvae dwelled among the newly emerged reed stands. In general, it was 

concluded that shorelines covered with reed provided suitable habitat due to a higher prey 

density and temperature (Kallasvuo et al., 2011).  

There has been very little literature published on how exactly fish use reed belts as 

spawning grounds. One study conducted by Able & Hagan (2003) in the U.S. has looked at 

the impact of common reed on essential fish habitat. An aspect of their research focused on 

the eggs of fish. They observed a significantly positive relationship between the numbers 

of eggs placed on a reed stem with the stem’s diameter (Able & Hagan, 2003). This study 

indicated that the stem diameter plays a role in the choice of egg placement. It must be kept 

in mind that in this case reed represented an invasive species, outcompeting native 

Spartina shore vegetation. In a way, it has some similarities to the Curonian Lagoon since 

reed is overgrowing other native shore vegetation too only with the exception that reed is 

native to the Curonian Lagoon.  

Fish fry dynamics in the Curonian Lagoon 

Nevertheless, studies addressing the relationship of fish and lagoon fringe reed belts in the 

Curonian Lagoon are limited. In most cases (i.e. Repečka, 2003; Breber et al., 2008; Iital et 

al., 2012; Zolubas et al., 2014) the stated consensus is that reed beds are essential habitats 

for fish providing feeding, spawning and nursery grounds as well as refuge. No further in 

depth information is given. In this sense, it is difficult to confirm or disconfirm the 

statement of Breber et al. (2008) to whether or not reed harvesting might impose negative 

spin-offs on the habitat quality and availability for fish fry along the lagoon fringes. Some 

indication to how fish fry dynamics function in the Curonian Lagoon are touched upon 

below.  
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A limited number of studies have been investigating the dynamics of fish fry in the lagoon. 

Žiliukienė & Žiliukas (2000) conducted a research on the ecology of ichthyoplankton 

(juvenile fish or earlier life stages) in the lagoon. They found that for some fish species 

(perch, roach, bream, silver bream) the highest density of larvae was present in the coastal 

zone near or among macrophytes. The highest agglomeration of all fish larvae in the 

coastal zone has been found around Ventė Cape, at the mouth of the Nemunas river delta 

(Figure 7, page 29). Seasonal changes in the abundance of different larvae were linked to 

varying spawning habits. Differences in larvae abundance in the water column have been 

detected too. Bream and roach were more common at the water surface and ruff larvae 

dominated the bottom area. Lastly, Žiliukienė & Žiliukas (2000) concluded that the feeding 

and life conditions for ichthyoplankton are most suitable in the eastern part of the lagoon 

near Ventė Cape.  

In a study conducted in 2003, Žiliukas (2003) confirmed his findings from the previous 

research and concluded that there is a very uneven distribution of fish fry in the Curonian 

Lagoon near Ventė Cape. The majority of fry was found in the coastal zone (bays, 

surrounded by reed), as the life conditions are preferable (abundant food, refuge from 

predators). Fish species exhibited a great seasonal fluctuation in abundance and biomass in 

the Curonian Lagoon. The overall assemblage of fish fry has been found to be the greatest 

in the bay area surrounded by reed (Žiliukas, 2003).  

Žiliukas & Žiliukienė (2009) looked at the juvenile fish communities in the lower reaches 

of the Nemunas river, observing the highest abundance of juveniles at study sites with 

abundant submerged vegetation. The reasoning for this finding was that a lack of 

vegetation creates a lack of shelter, thereby, increasing the pressure on the juveniles by 

predators Žiliukas & Žiliukienė (2009). Even though these observations were made for the 

river rather than the lagoon coast line, the highest number of fish fry was found in the river 

mouth, thus their findings support the importance of shoreline vegetation for fish fry 

survival.  

All above-mentioned studies conclude that macrophytes and coastal reed belts provide 

essential habitat for fish and ichthyoplankton. Breber et al (2008), on the other hand, states 

that reed beds reduce valuable spawning and nursery areas as dense reed beds are 

unsuitable habitats. Since the literature on fish and their juveniles is limited for the 
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Curonian Lagoon, and the one that is available mostly focuses on Nemunas delta and river 

area, it is difficult define the relations between fish, their fry and the fringe reed belts. 

Estimations could only be made by extrapolating information gathered from research 

focusing on other areas. The question remains of how reed harvesting would influence the 

ability of reed beds to provide essential spawning, feeding and nursery grounds for fish and 

their juveniles? Would reed harvesting increase the habitat quality or would it have 

undesirable effects on fish? Are the potential effects of reed harvesting less detrimental 

than the natural progress of reed bed development?  
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3 Methodology  

3.1 Generic method 

The methodology used for this research can be subdivided into three stages, Knowledge 

Acquisition, the Design Phase, and Site Application (Figure 10). Each of the three stages 

encompasses sub-steps which were implemented to develop a literature-based and expert 

informed BBN respectively. During the Knowledge Acquisition a general overview of the 

case study area was gained using knowledge structuring tools such as Driver-Pressure-

State-Impact-Response (DPSIR) framework (Atkins Elliot, & Gregory, 2011; Newton et 

al., 2014; Grunewald, & Bastian, 2015), and conceptual models (Marcot et al., 2006; Chen 

& Pollino, 2012). This allowed to clearly define the model’s purpose and scale, needed for 

creating a meaningful BBN (Jakeman, Letcher, & Norton, 2006; Marcot et al., 2006; 

Uusitalo, 2007; Chen & Pollino, 2012), and paved the way for the next stage. 

 

Figure 10: Subsequent steps of methodology 
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The second stage, Design Phase, embraces all subsequent steps needed for the actual 

construction of the BBNs. This stage was further subdivided into two parts. To the left side 

steps applied by the model developer is denoted (yellow and red boxes, Figure 10), and to 

the right side, steps including experts are listed (blue boxes, Figure 10). Criteria and 

guidelines followed in order to identify variables suitable to be used as representative 

nodes as well as the ascription of the links between them, were subtracted from the 

scientific literature (e.g. Bromely, 2005; Marcot et al., 2006; Pollino & Henderson, 2010; 

Haines-Young, 2011; Chen & Pollino, 2012; Landuyt et al., 2013). A more specific 

description of the guidelines is provided in Appendix IV. The subsequent expert elicitation 

was based on different studies which applied various ways of expert elicitation (i.e. 

Kuhnert et al., 2010, Ban et al., 2014, or Hamilton et al., 2015), since there is no 

universally applicable protocol on expert elicitation available (Kuhnert et al., 2010). The 

main focus of the expert elicitation during this stage laid on defining the variables, their 

states, and the directed acyclic graph structure accepted by the experts (Bromley, 2005; 

Uusitalo, 2007, Landuyt et al., 2013). After the Expert Elicitation – Structure and Expert 

Elicitation – Node steps, the bifurcation of the arrows represent plurality of options for the 

subsequent process after these steps. In the case, that the experts would fully agree with the 

proposed main nodes and directional correlations developed, the green pathway, initiating 

the next development step, can be followed. However, if the experts elicitation would 

result in any feedback resulting in the need to adapt the directed acyclic graph or states, the 

red-dotted arrows would have to be followed directing the modeler to the revision steps 

(red boxes, Figure 10). The revision must then be subjected to the involved experts again. 

This is an iterative process until a final consensus is reached, describing the gateway to the 

next development step indicated by the green-solid arrow (Figure 10). 

The last stage is the Site Application, in which the BBN diagram was transformed into a 

fully functional BBN model, by populating the conditional probability tables (Pollino & 

Henderson, 2010). Again, there is no widely accepted method to elicit prior conditional 

probabilities from experts (Kuhnert et al., 2010). An expert survey was compiled aiming to 

create a balanced mix of data precision while simultaneously trying to avoid expert fatigue. 

The most influential examples for the individual parts of the expert survey were Renooij & 

Witteman (1999), Speirs-Bridge et al. (2009), Kuhnert et al. 2010, Ban et al. (2014, 2015), 

and Hamilton et al. (2015). Additional meta-data of the experts were collected to ensure a 
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full documentation and transparency of the sources used (Chen & Pollino, 2012). This is 

important to account for potential biases (motivational or cognitive), and research 

duplication (Pollino & Henderson, 2010; Douglas & Newton, 2014). Model validation in 

this sense was only done by investigating different scenarios for their outcome in relation 

to the model’s initial purpose and propagated uncertainties (Uusitalo, 2007; Ban et al., 

2014, 2015; Hamilton et al., 2015). A step by step description of the method application is 

provided in the next sub-chapter.  

3.2 Method application 

Knowledge Acquisition 

The Knowledge Acquisition phase encompassed two steps, during which the foundation for 

the literature based BBNs was laid. A System Analysis was performed to get familiarized 

with the case study area. The acquired knowledge was structured in a DPSIR-model, 

holding the most pressing factors subtracted from the literature. This exercise provided a 

generic overview of the whole study area (Ch. 4.1.1.). On the basis of the DPSIR-model 

and the gained system understanding, a critical evaluation of the existing ESs mind-map 

developed by the ECOPOTENTIAL working group was performed (Ch. 4.1.2). The mind-

map was examined to identify a geographical area of focus, and exemplar ESs reflecting 

trade-offs, feasible for the scope of this study. A further, specified literature review was 

performed to confirm the trade-offs between the exemplar ESs (Ch. 4.1.3). The trade-offs 

were depicted in a diagram for visualization purposes. All in-depth knowledge acquired on 

the lagoon fringe reed beds of the Curonian Lagoon and the exemplary ESs then was 

translated into two conceptual models. This exercise served the purpose of scaling down 

the gathered information from a generic view towards a focused working point. The first 

conceptual model (Ch. 4.1.4) still represents a more holistic view of the Curonian Lagoon. 

The subsequently created specified conceptual model already went into a depth allowing 

identification of potential variables for the later BBN diagram (Ch. 4.1.5.). From the 

foundation of the specified conceptual model the next step, the Model definition, could be 

approached (Ch. 4.2). The model definition describes the final point in the Knowledge 

Acquisition stage. During this step, all the earlier identified and structured knowledge is 

used to define a model purpose, temporal, and spatial scale in which to investigate the 
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chosen ESs. Only by clearly defining these aspects of the BBN, the foundation for the 

design of a meaningful BBN, applied during the next stage, was guaranteed. 

Design Phase  

The Design Phase represents the next section of this study (Ch. 4.3). The first two steps, 

Node Definition, and BBN Structure were dedicated to the literature based BBN. During 

the Node Definition, a choice was made on which input, intermediate and output nodes are 

the most suitable in depicting the earlier defined model’s purpose. The choice was made 

based on the in-depth knowledge gained during the Knowledge Acquisition. All nodes were 

picked according to their feasibility to draw a realistic picture of the system. Other criteria 

were their ability to be measureable, quantifiable, observable, manageable or testable. In 

the light of model parsimony, the number of nodes was kept to a minimum. All nodes and 

their rationale are stated in Ch. 4.3.1. Next, the qualitative part of the literature based BBN 

was defined during the BBN Structure step (Ch. 4.3.2.). Necessary to that end was to 

construct a directed acyclic graph containing the nodes identified in the prior step. 

Deciding on the nodes and defining the directed acyclic graph structure (BBN diagram 

structure) of the literature BBN went hand in hand. The visualization process required the 

development of a logical and comprehensible layout and the introduction of meaningful 

links between the nodes, indicating a causal relationship. The software deemed most 

suitable for this was GeNIe 2.1 Academic (https://www.bayesfusion.com/). In this specific 

case, two literature BBNs were developed, one showing the preferred depth of the BBN 

and the second one representing a BBN practicing absolute model parsimony. The idea 

behind this was that the directed acyclic graphs acted as a foundation for the further expert 

elicitation, and by providing two potential structures it was intended to minimize structural 

bias by the experts.  

At this point the Expert Elicitation – Structure step was performed. In this particular case, 

the expert panel consisted of experts involved in the ECOPOTENTIAL working group 

which have extensive knowledge and working experience within the Curonian Lagoon. 

They were all affiliated with the University of Klaipėda in Lithuania. In this case, a Skype 

meeting was deemed as appropriate to introduce the experts to the thesis project. During 

the meeting, the proposed nodes, identified as key players, were discussed. This lead to a 

validation or disconfirmation in regards to their suitability to depict the causal 
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dependencies of the variables in the lagoon fringes. Moreover, the causal relationships 

indicated by the links were reviewed. In the case of this case study, the expert provided 

extensive feedback and suggestions in regards of the chosen nodes. Thus no clearance for 

the next successive step was given, but a revision-cycle had to be initiated. This process is 

visualized via the red-dotted arrow in Figure 10. Feedback and insights provided by the 

experts inspired a new directed acyclic graph lay-out, thought more suitable in visualizing 

trade-offs between ESs in the lagoon fringe reed beds (BBN Revision). The new, expert 

informed BBN and its rationales are provided in Ch. 5.1.1. Next in line is the step 

dedicated to the Expert Elicitation – Node States. For this study a decision was made to 

propose the states for the nodes to stay within the time frame of the thesis project. States 

were proposed aiming to depict trade-offs. Meaning, if the combination of parents’ states 

has a higher probability to result in state A, state B should indicate a low probability and 

vice versa. Both were sent to the expert panel involved in the previous step, including a 

description of the meaning of the nodes and states. This allows for (a) confirmation of the 

revised BBN structure, and (b) to confirm or disconfirm the proposed states. All states and 

their definition are listed in Ch. 5.1.2. In this study, all states were confirmed, and no 

adjustments were proposed. Only once all aspects of the qualitative part of the BBN were 

defined and confirmed the last stage, the Site Application, could be started.  

Site Application 

The Site Application reflects the phase in which the BBN diagram becomes a full BBN by 

introducing conditional probabilities into the network. An expert survey was compiled 

aiming to create a balanced mix of data precision while simultaneously trying to avoid 

expert fatigue. The strategy used for the prior probability elicitation, a 3-point elicitation 

setup using the 95% BCI. The overall intention of the survey was to elicit priors describing 

the strength of the relationship between the parent nodes and their children. An extract of 

the expert survey, with examples, can be found in Appendix VII. The questionnaire was 

sent via e-mail to the same panel of four experts involved in the previous Expert Elicitation 

– Structure step. This represented a low-cost approach of distributing and standardization 

for the elicitation process for each expert involved. The assigned Best Guess (BG) and 

95% BCI from all experts were critically analyzed for general trends and any 

abnormalities. Additionally, linear interpolation was performed to compute the 25th and 

75th percentile for each state (Ch. 5.2.1). This supported the later analysis of the BBN 
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outputs in context of uncertainties and biases. Once the elicited estimates were reviewed 

they were used to create a multitude of conditional probability tables. The models were 

populated using the BG of each expert, and combinations of their upper and lower 95% 

BCI estimates (Ch. 5.2.2). Furthermore, the absolute minimum BG and maximum BG of 

all experts and weighted average were used (Ch. 5.2.3). Model validation in the traditional 

sense has not been applied due to time limitations. However, the performance of the BBN 

in context of the surveyed prior probabilities was tested via a sensitivity analysis of the 

outputs in relation to the assigned 95% BCIs. This sensitivity analysis looked at if and how 

the posterior probabilities of the various models differed and if these differences are 

reasonable in the light of the estimated 95% BCIs. Further, the generated BBN outputs of 

all models and scenarios were analyzed (Ch. 5.2.2; 5.2.3) and compared to the existing 

literature in the discussion (Ch. 6).  

  



 

49 

4 Results - desk study  

4.1 Knowledge Acquisition 

4.1.1 DPSIR model  

This sub-chapter represents the first step of the System Analysis necessary for the 

development of a fully functional alpha level BBN diagram. In this chapter the generic 

information collected during the literature review is represented and analyzed in the 

context of ESs trade-offs in the Curonian Lagoon. Figure 11 depicts a DPSIR-model for 

the Curonian Lagoon. Each color represents one of the categories of the DPSIR 

framework. The five main categories which had to be identified were Drivers (red), 

Pressures (yellow), State of change (green), Impacts (blue) and Responses (purple) (Atkins 

et al., 2011; Newton et al., 2014). For each main category, key elements, present in the 

Curonian Lagoon, were ascribed. Those key elements were color-coded, respectively, to 

the associated main category and linked via dashed-arrows.  

 

Figure 11: DPSIR model of the Curonian Lagoon 
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Starting from the drivers, the solid black arrows indicate the causal direction within the 

model. Each category has an arrow leading to the next consecutive category. The only 

exemptions are the responses. Responses are connected to all categories, since measures 

already set in place did not just address the drivers of a problem, as it is not always 

possible, thus measures often addresses other categories as well. A multitude of factors for 

each category was identified as shown in Figure 11 on the previous page. In the following 

paragraphs only a selection of the, perceivably, most pressing factors is provided. 

The identified main drivers, in the Curonian Lagoon have different origins. For example, 

commercial fishery has traditionally always been playing an important role in the Curonian 

Lagoon, especially as an employment opportunity for local communities (Breber et al., 

2008). Another main driver is the tourism sector since the Curonian Lagoon is a favored 

vacation destination (Zolubas et al., 2014). Additionally, the decrease of conventional 

agriculture practices has been identified as a driver for the shift in costal flora composition 

(Povilsanskas et al., 2012) 

All identified drivers induce pressure on the environment, hence, on the natural conditions 

underlying the ecosystem and associated services within the Curonian Lagoon. Utilization 

of the natural capital (the naturally occurring assets) increases pressure on target fish 

species essential in providing a source of food and job security. Pressures on the wetlands 

and lagoon fringes imposed by human activities include factors like pollution, noise, and 

changes in hydrology (Newton et al., 2014). The decline of agriculture, in the form of 

livestock grazing and mowing along the lagoon fringes, allowed reed beds to expand 

(Breber et al., 2008; Povilanskas et al., 2012).  

For the state of change, water quality was identified as a factor, influencing the habitat 

suitability for fish and partly for reed beds. Other changes which affected the state of fish 

were connected to fish population dynamics, such as declines in fish stock, changes in 

mean fish size and an overall transformation of the trophic cascade in the Curonian Lagoon 

(Breber et al., 2008). The loss of native plant species and overall decrease of plant species 

heterogeneity along the lagoon fringes was associated with constantly increasing reed beds. 

Furthermore, reed beds are the first stage of succession, altering the hydrological 

environment along the shorelines, and overgrowing migration corridors.  
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Observed impacts encompass a reduction of target fish biomass and changes in the quality 

and availability of suitable spawning, nursery, migration, and feeding grounds for fish 

species and juveniles dependent on the lagoon fringes (Breber et al., 2008; Newton et al., 

2014). Reduced water quality and continuous eutrophication of the lagoon led to fish kills 

(Newton et al., 2014), presenting further impacts associated with environmental changes. 

When approached from a socioeconomic point of view, one important impact recognized is 

the (temporary) unemployment of fishermen. This was perceived as particularly 

problematic since fisheries play a crucial role for communities located around the lagoon 

(Zolubas et al., 2014). 

Responses set in place to address problems in the Curonian Lagoon aim at tackling issues 

in all DPSIR-categories; some even overlapping into several categories. Such responses are 

for example, the introduction of protected areas which focus on threats arising from land 

reclamation and coastal infrastructures (Gasiunatie et al., 2008). Introduced waste water 

treatment plants helped to reduce the inflow of eutrophying pollutants into the lagoon. As a 

measure against the further decline of target species, fish fry stocking and restocking was 

introduced ensuring the continuity of commercial fishery of these species (Republic of 

Lithuania, 2000; Zolubas et al., 2014). Stricter monitoring of fisheries intended to control 

illegal fishing activities are present within the lagoon (Breber et al., 2008). Generally, a 

trend towards introducing alternatives to fishery as a source of income was identified, i.e. 

by the EU fisheries financial compensation (Zolubas et al., 2014); reed harvesting was 

listed as a considered response as well. So far reed harvesting has only been addressed in a 

pilot program targeting on the promotion of reed harvesting among local farmers as an 

additional source of income (Breber et al., 2008). However, it is actively considered by 

local management authorities, as has been stated during a stakeholder engagement 

discussion between members of the Klaipėda University and managerial authorities 

(Ecopotential, 2015).  

A multitude of elements was fed into each DPSIR-category. The considered elements are 

related to different backgrounds, providing a first glance of the complexity of the system 

within the Curonian Lagoon. In summary a variety of factors, divergent over spatial and 

temporal scale, influence the state and provision ESs provided by reed beds and health fish 

stocks in the Curonian Lagoon. This DPSIR model provided a generic overview of some 
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issues in the study area, but in order to develop a functional BBN, the scale and scope has 

to be vastly reduced. This issue is addressed in the next chapters.  

4.1.2 The Curonian Lagoon’s ecosystem services mind-map 

As part of the ECOPOTENTIAL project the working group, focusing on the Curonian 

Lagoon, developed a mind-map of ESs associated with the area (see Appendix I for the full 

mind-map). This mind-map is used for the second part of the System Analysis to decide 

upon the geographical area of focus. It further provides the foundation for picking 

exemplar ESs readily identified and reflecting potential trade-offs.  

The mind-map is divided into two main geographical categories, the Delta to the right and 

the Lagoon to the left side. Both categories are further subdivided. Sub-categories for the 

Delta are the inland reed beds, floodplains, inland waters, Black alder swamps and fish 

ponds. Each geographical sub-category comprises information about associated ESs. For 

the Lagoon, a distinction is made between the open lagoon and the lagoon fringe reed beds. 

From the Lagoon fringe reed bed the mind-map branches out into the CICES sections of 

the final ESs. In this case provisioning, regulating and maintenance services are the 

sections identified. The mind-map than further indicated the division and group of the ESs 

and finally the class, which in this case are either reeds, fish or birds. The classes are 

further structured into class types and finally and indication about the type of data available 

or wanted is indicated. Figure 12, on the next page, depicts the Lagoon fringe reed bed 

branch of the ECOPOTENTIAL mind-map. 
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Figure 12: Lagoon fringe reed bed branch of the mind-map (El Serafy et al., 2016) 
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One look at the mind-map is enough to immediately become aware of the complexity of 

the system. Each of the geographical sub-categories leads to two, often even three ES- 

sections from which they are branching-out even further. To do the scope of this study 

justice, it was impossible to include all the represented ESs. Thus, a selection had to be 

made picking two ESs which are (i) representative for the Curonian Lagoon, (ii) prone to 

trade-offs in regards to directed management and utilization of these services. 

In the light of the above-mentioned requirements a thorough investigation of the mind-map 

was performed. It became evident that “reeds”, “fish” and “birds” make up a great portion 

of the mind-map. All three topics repeatedly appear in all geographical sub-categories and 

for every type of ES-section. This led to the decision to focus on either two of these three 

ESs. First, a decision on the geographical area of focus was made. The choice fell on the 

Lagoon (left side). A main argument for the decision was the comparatively lower 

complexity in contrast to the Delta area, which facilitated the development of a BBN later 

on.  

Once the Lagoon was selected as study site a critical analysis was performed investigating 

the interactions of reed, fish and birds in the open lagoon and the lagoon fringe reed beds. 

Firstly, it became evident that reed, its distribution and biomass, has a lot of correlation 

with birds and fish. Secondly, the interactions between birds and fish are less prominent. 

Based on this observation, in combination with the knowledge gained during the first run 

of literature review, the lagoon fringe reed belts, with their dynamics and utilization, were 

found to act as a very suitable example of an ES provider. 

On closer examination, many connections between reed biomass dynamics and factors 

influencing and determining fish population dynamics were made. Those links often 

seemed to represent trade-offs rather than synergies. In contrast, birds were not as 

predominant of a topic, even though links connecting reed biomass dynamics and bird’s 

habitat suitability were already included in the mind-map. The fish-reed interactions 

seemed more pronounced in the lagoon. On top of that, a first glimpse at the literature 

underlined the historical and current importance of fishery in the Curonian Lagoon. This 

became particularly evident in the context of declining fish stocks. Changes in target fish 

species due to the loss of certain target species, like eel, were described. Most of the fish 

species and their young use the lagoon‘s shoreline as spawning, nursery and feeding 
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grounds. It was perceived that studying the interaction of these two ESs were most suitable 

to satisfy the aim and scope of this research.  

4.1.3 Exemplar ecosystem services and trade-offs  

As elaborated on in the previous chapter the fish and reed bed interactions in the lagoon 

fringe reed beds of the Curonian Lagoon have been chosen as exemplar ESs. In this sub-

chapter the potential trade-offs described in the scientific literature are discussed. It is 

necessary to confirm the potential trade-offs between the two exemplar ESs. This section is 

still part of the System Analysis taking place in the Knowledge Acquisition stage.  

Overfishing and fish stock mismanagement are a worldwide problem (Worm & Branch, 

2012) of which the Curonian Lagoon was not spared (Breber et al., 2008). Commercial and 

recreational fishery does still play an important role in the Curonian Lagoon. In 2008, over 

100 small private fishing enterprises were licensed to fish in the area; to date, fishing 

efforts in the lagoon account for over 80% of the total inland fisheries (Breber et al., 2008, 

Razinkovas-Baziukas et al., 2016). Additionally, the Curonian Lagoon is a very popular 

vacation destination among Lithuanians, resulting in a high demand for recreational 

fisheries. Hence, a further decline in fish stocks would noticeably affect local enterprises 

(Zolubas et al., 2014). This would result in negative backlash on fish as a provisional and 

cultural ESs. Therefore, it is believed that productive fish stock dynamics serves as a 

suitable exemplar ES for this project.  

As a second ES, suitable to represent issues in the Curonian Lagoon, the utilization of reed 

as raw material was chosen. Confronted with the issue of declining fish stocks, and within 

the scope of restoring existing ecotones and semi-natural agricultural ecosystems in and 

around the Curonian Lagoon, there is notion to promote the exploitation of alternative 

renewable resources in the area. The extensive reed belts found along the fringes of the 

Curonian Lagoon are seen as a valuable alternative resource on which to base a new 

commercially viable opportunities in the region, including the use of reed for e.g. energy 

production or as thatching material (Breber et al., 2008; Köbbing et al., 2013). A list of 

other potential applications is provided in Appendix V. Additionally, the mind-map 

highlights the many connections that can be made between the reed beds and fish (El 

Serafy et al., 2016.). These connections will be elaborated on more closely in the following 

sections. 
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Harvesting reed to utilize the raw material for thatching material was addressed in a pilot 

program as an idea to promote reed harvesting among the local farmers. There is a 

multitude of advantages associated with reed harvesting. Since reed is a fast growing, 

highly productive and easy spreading plant (Ludwig, Iannuzzi, & Espostio, 2003; Köbbing 

et al., 2013) it poses a risk to overgrow the lagoon fringes and smooth its surface. 

Consequently, valuable open flood plains and water-filled hollows, crucial for supporting 

species diversity in the lagoon, would be lost (Abel & Hagan, 2000; Ludwig et al., 2003; 

Breber et al., 2008). For example, reduced interstitial space results in a lessened survival 

rate of fish fry (Rashleigh, 2002). In the context of spawning grounds, sedimentation was 

contributing factor found to hamper the spawning success of fish. As sediments 

accumulate around the reed stands, they deposit atop eggs, exaggerating the fertilization. 

Another negative impact of sedimentation is the reduction of invertebrates, which represent 

an essential food source for juveniles (Rashleigh, 2002). Successful reproduction lays the 

foundation for healthy fish stocks, thereby guaranteeing continued fish supply (Kallasvuo 

et al., 2014). A suitable habitat is necessary to support commercial and recreational fishing 

activities in the lagoon. Thus, regular harvesting of reed may both restore and facilitate 

open floodplains and their associated hydrology, a necessity for restoring and increasing 

valuable migration, spawning, foraging, and nursery grounds for juveniles of native fish 

species (Able & Hagan, 2000; Breber et al., 2008). 

As mentioned earlier, anthropogenic maintenance of ESs always creates some kind of 

trade-off (Ludwig et al., 2003; Köbbing et al., 2013). In the case of reed harvesting, several 

negative implications became immediately apparent (Fogli et al., 2014). Sediment 

accretion in and along reed beds helps to accommodate the shoreline for sea level rise 

(Ludwig et al., 2003). Removal of reed beds on the other hand weakens the shoreline 

making it more prone to erosion (Fogli et al., 2014). This is particularly problematic when 

facing increasing magnitudes of storm events and rising sea level facilitated by climate 

change (Breber et al., 2008). Decreased shoreline protection and increased erosion could 

significantly reduce wetland area, destroying valuable spawning and foraging habitat for 

fish. On the other hand, sediment accretion and dense reed beds decrease the habitat 

quality, and reduces migration corridors.  

Reed is a pioneer plant, known to occur in mono-specific stands (Köbbing et al., 2013; 

Fogli et al., 2014). This is a point of concern, taking into account that reed is known to out-
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compete other local plant species (Köbbing et al., 2013), leading to a homogenization of 

the flora in the region (Fogli et al., 2014). Consequently, an advantage of reed harvesting 

would be the stimulation of other indigenous plant species, increasing heterogeneity 

(Köbbing et al., 2013; Fogli et al., 2014; Ecopotential, 2015.). Hence, reed harvesting 

would support plant species heterogeneity, facilitating more valuable nursery, and feeding, 

and spawning grounds for fish species. This is particularly true since plant heterogeneity 

leads to a rich benthic fauna (Able & Hagan, 2000). Restoring plant species heterogeneity, 

therefore, might have the power to enhance the foraging success of juveniles as well as 

adult fish. As a result fish stock vitality in the Curonian Lagoon could be improved.  

Furthermore, lagoon fringe reed belts act as buffer zones, immobilizing decaying litter, 

burying organic matter, and facilitating crucial nutrient-cycling activities (Findlay, 

Groffman, & Dye, 2003; Köbbing et al., 2013). If the reed is to be removed as a result of 

harvesting efforts, substantial changes in the nutrient pool could be possible. There is a 

chance that former nitrogen sinks or neutral landscape elements are converted into a source 

of nitrogen, with undesirable consequences for the surrounding environment (Findlay et 

al., 2003; Köbbing et al., 2013). Such an alteration in water quality could have detrimental 

effects on the habitat suitability for fish and fish fry in the affected locations (Svobodova, 

Llyod, Machova, & Vaykusova, 1993; Razinkovas-Baziukas et al., 2016). Such effects 

must be taken into consideration, especially, since the Curonian Lagoon is known to 

already be highly eutrophic (Gasiunaite et al., 2008; Razinkovas-Baziukas et al., 2016). 

Due to the eutrophic state of the Curonian Lagoon, cyanobacteria blooms are known to 

occur; severe cases cause local fish kills (Razinkovas-Baziukas et al., 2016). Reed 

harvesting could further increase the nutrient level in the lagoon, risking a decrease in 

juvenile survival rate, consequently imposing additional stress on the fish stocks. However, 

a heterogeneous plant environment can facilitate feeding and nursery grounds and thereby 

improving juvenile survival rate.  

Reed harvesting mostly encompasses active removal of plant biomass. Aboveground reed 

biomass removal has the potential to increase water quality. If collected during the summer 

(July or August), high amounts of nutrients can be removed from the ecosystem. Reduction 

of biomass during wintertime decreases secondary pollution originating from plant 

decomposition and sedimentation (Köbbing et al., 2013). A removal of biomass, and 
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consequently nutrients, could be beneficial for the water quality of the Curonian Lagoon, 

improving habitat quality for fish and their juveniles.  

In contrast, the removal of reed often entails disturbance of the landscape. The type and 

degree of disturbances differ in regards to season reed is harvested in (Iital et al., 2012). 

The harvesting season furthermore is dictated by the intended use of the raw material. 

Therefore, different types of landscape disturbances are linked to varying intend of reed 

utilization. If the reed is to be used as thatching material, ideally it should be harvested 

during the winter. Regular winter harvesting, however, has been shown to intensify the 

vitality of reed leading to an enhanced production of strong and vigorous stands (Köbbing 

et al., 2013). Studies furthermore suggest that the removal of reed during the winter time 

leads to a loss of protective litter layers mediating diffusion of ammonium (NH4) from the 

sediments (Findlay et al., 2003). If reed is harvested for biogas production, highest yield 

are obtained during the summer months (Köbbing et al., 2013). During the summer the 

lagoon fringe reed beds provide essential and fragile nursery, refuge, and resting space for 

fish (Ecopotential, 2015), which could be negatively impacted by reed harvesting activities 

during this period. This would be a counterproductive consequence when management 

goals are oriented towards enlarging migration corridors and open space. 

Promoting reed harvesting as an additional and/or alternative source of income for local 

communities (as a substitute for fishery) was suggested (Breber et al., 2008; Köbbing et al., 

2013). In the context of the economy, it is essential to keep in mind that harvesting efforts 

should be balanced with the natural functions of reed (e.g. habitat provision, flood 

protection) and in line with the overall goal of the local wetland restoration. The fact that 

reed is a natural resource that can be exploited for a vast range of activities (e.g. biogas for 

energy production, as fodder and litter in agriculture, to name a few) (Iital et al., 2012; 

Köbbing et al., 2013) poses a threat of overexploitation of reed because of economic 

incentives. The prospect of reed as a renewable and stable economic alternative might lead 

local communities to enhance reed beds in order to upgrade the harvest yield. Such a 

development would be counterproductive to the idea of harvesting reed to reduce its 

coverage. Though, the economic reward would have to be large enough to make a 

harvesting project feasible and attractive for local communities. In light of the listed risk, 

the likelihood of their appearance needs to be researched to avoid negative backlashes.  
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To sum up, lagoon fringe reed belts and fish stock vitality are two, closely interlinked, 

factors of the ecosystem. It became evident that both management options, to either harvest 

reed or to not harvest the reed, could have long lasting impacts on the ecosystem and the 

services associated with it. As stated by Ludwig et al. (2003) the functionality of reed 

depends on where and when it is looked upon. In order to effectively manage reed beds 

and benefit from provided ESs, site specific, scientifically founded insights are needed. 

Without any means of investigating possible implications and negative backlashes arising 

from anthropogenic maintenance measures, feasible management practices are impossible 

to decide upon (Ludwig et al., 2003). This insight underlines the dilemma of wanting to 

manage, utilize or optimize ESs. A visualization of the identified trade-offs is depicted on 

the next page in Figure 13. This inside gained by the trade-off analysis aided the further 

specification of key variables for the BBN development. The trade-offs helped guide the 

modeling process towards a more focused perspective for the construction of the 

conceptual models in the next section. Close-ups of the trade-off model are listed in 

Appendix VIII. 
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Figure 13: Potential trade-offs arising from reed harvesting 



 

61 

4.1.4 A generic conceptual model of the Curonian Lagoon 

On the basis of the DPSIR-model and trade-off analysis, discussed in the previous 

chapters, a generic conceptual model of the Curonian Lagoon was prepared (Figure 14). 

The goal of this exercise was to translate and structure the multitude of identified factors 

from the previous System Analysis steps into a conceptual model. In this manner, causal 

relationships between the identified factors and their influence on the ESs (reed as raw 

material and reed beds supporting fish stock dynamics) were depicted. The aim of this 

exercise was the development of a more sophisticated system understanding leading 

towards a completion of the System Analysis step. From the top down, drivers (red) 

represent the starting points. Arcs leading away from the drivers depict the general 

direction of cause-effect relations within the system. The model shows a mixture of topics 

found to affect predominantly fish stocks (blue), reed beds (green) and both alike (orange).  

 

Figure 14: Conceptual model of the Curonian Lagoon 
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When examining the conceptual model, it becomes evident that both ESs, the state of the 

reed beds and fish stock dynamics, are closely interlinked. Some of the illustrated topics 

have either several causes or consequence or combination thereof. An example for such a 

topic would be “Pollutants & pesticides”. Other topics have links showing effects on 

multiple categories, like “Reed bed distribution”. This factor is believed to have effects on 

the hydrology (orange), shoreline stability (orange), fish migration corridors (blue) and the 

ES of reed as raw material. These characteristics of the conceptual model can be seen as 

contributing to the complexity of the ecosystem and ESs investigated. 

It is necessary to keep in mind that this model still represents a fairly holistic view, as it 

encompasses factors acting over various time and spatial scales within the Curonian 

Lagoon. Even though the conceptual model already describes a simplified world, the 

number of key factors describing the system must be reduced noticeably in order to be able 

to build a suitable BBN. Nonetheless, it is of utmost importance to be aware of and 

keeping in mind, the underlying causal relationships and system complexity when 

compiling a BBN. This generic model also helped to identify which variables are impacted 

by which variables, protruding the importance of some factors (e.g. Spawning and nursery 

grounds) over others (e.g. invasive species) for the context of this case study. Overall, this 

model aided the translation of the vast amount of information identified earlier into more 

tangible variables.  

4.1.5 A specified conceptual model of the Curonian Lagoon 

In this sub-chapter, the results of the last exercise being part of the System Analysis are 

represented. The construction of the specified conceptual model served the sole purpose of 

narrowing the focus down to facilitate the construction of the literature BBN diagram later 

on. During this exercise, key variables were extracted from the previous generic conceptual 

model and further defined. It was intended to derive a structure including variables at a 

level readily to be used as nodes in the literature BBN diagram.  

An in-depth version of the previous conceptual model is discussed in this section. For this 

conceptual model, the temporal scale was reduced to a short-term view (3-5 years). This 

model resulted from the knowledge gathered during the focused literature analysis. Like 

the first conceptual model, red indicates the driver variables; blue represents variables 

impacting fish stock dynamics; orange marks variables affecting both ESs, and 
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theoretically green would have denoted factors only influencing the reed. The two ESs 

were included as yellow squares. The purpose of this conceptual model was to further 

zoom into the system, aiding the understanding of how processes are linked. This was 

crucial to make well-informed decisions when picking nodes for the BBN during the later 

process. Extending the understanding of which factors impact both ESs was a marked 

achievement.  

Reed harvesting was chosen as the main driver. The rationale for this decision was based 

around the research question, aiming to visualize potential change arising from reed 

harvesting. Agriculture was carried over as a driver too. This choice was motivated by the 

insight that reed belts are very important buffers against continues enrichment of nutrients 

caused by agricultural run-off. If this buffering capacity would be significantly reduced, 

toxic algae blooms might become more pronounced having detrimental effects on the fish 

stock supported by the lagoon. Maritime traffic and fishery were made key driver 

variables, as they represent the most dominant factors of human pressure in the lagoon.  

All intermediate variables perceived to be most applicable in representing mediating 

factors of trade-offs originating from reed harvesting reflect physical parameters of reed 

and reed beds. The only exception was the plant species heterogeneity. Nonetheless, this 

variable is indirectly influenced by the physical characteristics of the surrounding reed 

beds. All other nodes illustrate factors solely affecting fish stock dynamics. A critical detail 

considered in this in-depth model was that the three input nodes, aside from reed 

harvesting, only are linked to blue variables. This fact indicates that, besides their 

importance for the system as a whole, they seem to not play an equally important part in 

the fish stock dynamics or provision of reed as raw material. Another result to emerge was 

that almost all connections linked to the fish stock dynamics went through fish fry 

diversity. The rationale for the variables in this way was supported by the reoccurring 

statement describing the suitability of fish fry as an indicator for the larger fish population. 

This observation was essential for later decisions on suitable proxies representing the ESs 

in the BBN. 

To sum up, this exercise of the System Analysis forced the modeler to re-think and re-

structure the collected knowledge in a way suitable to be transformed into a directed 

acyclic graph. The re-evaluation of all variables and their importance provided a fresh 
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viewpoint on the system under investigation. Knowledge gaps and limitation on 

information on detailed information describing interactions of fish with the lagoon fringe 

reed beds have been identified. Knowledge gained in other studies with similar 

circumstances had to be extrapolated to derive this specified conceptual model. It is 

perceived that the variables represented are applicable for the case of the Curonian Lagoon. 

Therefore an educated choice on key variables to be defined as nodes is possible. An 

illustration of the described specified in-depth conceptual model is shown in the figure 

below (Figure 15). 

 

Figure 15: Specified in-depth conceptual model of the Curonian Lagoon 

In the light of the previously described findings, one last structural decision had to be 

made, namely which harvesting period the BBN should focus on. The most important pro- 

and con arguments for summer reed harvesting and winter reed harvesting were 

synthesized for this purpose. It must be kept in mind that the Curonian Lagoon is protected 

under a number of Directives which most likely restrict any summer harvesting efforts in 
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the first place. This is a commonality with other Baltic countries, where summer harvesting 

is strictly regulated and therefore highly limited. Thus, winter reed harvesting was seen as 

the appropriate choice for this particular study. On top of that, reed harvested during the 

wintertime is suitable for being used as thatching material, the evaluated final use for the 

harvested reed in this case study. As illustrated in Table 4, winter reed harvesting appears 

to result in trade-offs with other key factors, like in spawning habitat. On this foundation, 

the decision was based to focus on winter reed harvesting for the BBN model. Deciding on 

this last aspect initiated the beginning of the second step of Knowledge Acquisition stage, 

the Model Definition.  

Table 4: Pro and cons of summer and winter reed harvesting 

Summer harvesting (+) Winter harvesting (+) 

• High level of nutrient removal 

beneficial to fight eutrophication 

• Increase of essential migration 

corridors and spawning habitat 

• More light penetration 

• Restoration of hydrological 

conditions  

• Increase of plant species 

heterogeneity  

• Reduction of decomposable material 

• Reduction of fungus and insect 

population in dead plant material 

• Dry reed is suitable for thatching 

material 

• Higher degree of light penetration 

• Less disturbance of the bottom & 

damage to rhizomes and biota 

(especially when harvested from ice) 

• Additional source of income 

(thatching material)  

• Does not interfere with any 

spawning and nursery periods  

Summer harvesting (-) Winter harvesting (-) 

• Disturbance during the time fish and 

fish fry relies on reed beds as habitat 

• Not suitable as thatching material   

• Alteration of reed morphology 

(height, stem diameter) in 

subsequent growing season 

• Increased stand density  

• Potential destruction of rhizomes 

system 

• Low level of nutrient removal 

• Frost damage  

• Does not increase migration 

corridors and spawning habitat   

• Increased shoot (population) density  

• Alteration of reed morphology 

(height, stem diameter) in 

subsequent growing season 

 

 

4.1.6 Bayesian Belief Network - Model definition  

In this section, the results of the Model Definition step of the Knowledge Acquisition stage 

are described. The aim of this step was to clearly define the purpose, spatial, and temporal 
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scale of the BBN to be developed. It has been widely stressed in the scientific literature 

that a clear definition of the context and scope of a BBN is crucial to the construction of a 

meaningful network. To do so following questions retrieved from the literature (Bromley, 

2005; Chen & Pollino, 2012), were answered:  

• What should the model visualize? 

• Which ESs are considered? 

• What type of network is created (a simple BBN, an influence diagram)? 

• Will it be data based, expert based or a mixture?  

• What is the spatial and temporal scale? 

The identified model purpose can be described as the intent to depict potential trade-offs, 

arising from ESs management and utilization in the lagoon fringe reed beds of the 

Curonian Lagoon. Reed harvesting is to serve as an anthropogenic management 

intervention, affecting ESs provided by the lagoon fringe reed beds. Visualization of the 

likelihood of trade-offs between ESs was deemed important to stress the implications such 

a management intervention could have on the existing system.  

To visualize potential trade-off focal ESs were chosen based on the previously described 

work. As stated in the literature review, lagoon fringe reed beds provide a multitude of 

ESs. Nonetheless, they are also known to hamper other ESs originating from the lagoon 

fringes dominated by other flora. On the foundation of this insight, three key ESs of the 

lagoon fringes were chosen: 

1) Reed beds providing essential spawning and nursery habitat for fish  

2) Reed harvest provides raw material to be utilized as thatching material 

3) Migration corridors for fish  

The first two ESs represent CICES classified ESs benefiting from extended reed belts. The 

third ES depicts a key service threatened by the continuous proliferation of reed belts 

around the Curonian Lagoon. Even though migration corridors do not represent an ES 

provided by the reed beds, but it is an ESs provided by the Curonian Lagoon and 

potentially threatened by reed bed proliferation. The rationale behind this is that the loss of 

migration corridors was mentioned repetitively in the literature and that if the fish and their 
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juvenile cannot reach into the lagoon fringe reed beds they experience disadvantage in 

their reproduction stages. Some literature reviewed stated that particular fish species in the 

Curonian Lagoon rely on a more heterogeneous lagoon fringe vegetation composition, 

resulting in contradictory interests. Also, threats for the ongoing provision of these focal 

ESs were identified. The most pressing issues were the fear of overexploitation of reed as a 

raw material, and the loss of essential spawning and nursery habitat along the lagoon 

fringes.  

For the temporal scale, it was decided to envision a 3-year time span, thought to be suitable 

to visualize first effects of potential trade-offs arising from winter reed harvesting. The 

choice for focusing only on winter harvesting activities arose from the knowledge that the 

lagoon designated protected area under the EU bird and habitat directive and the Nemunas 

delta hosts designated RAMSAR sites. This led to the assumption that, summer harvesting 

would require special permits, whereas winter harvesting should be permitted. On a spatial 

scale, the BBN was developed to account for the lagoon fringes of the whole Lithuanian 

part of the lagoon. This includes the mouth of the Nemunas river until Ventė Cape. 

However, the Nemunas river delta was excluded paying the scope of this thesis justice.  

The specifications decided upon in this chapter describe the foundation on which to build 

the directed acyclic graph of the literature based BBN diagram, and later on, the expert 

informed BBN. Defining the models’ specification was only possible based on the 

information processed during all previous steps of the Knowledge Acquisition and 

represents the gateway into the next major stage of this thesis, the Design Phase.  

4.2 Design Phase - The literature based BBN 

As discussed in the methodology, the Design Phase encompassed all steps necessary to 

translate the acquired knowledge into a directed acyclic graph in the context of the defined 

model’s specifications. This was approached by first defining and then structuring the 

chosen nodes into a literature based BBN. The content and structure were then subjected to 

critical expert revision to challenge the identified literature based BBN. This part of the 

Design Phase focused solely on the first two steps required to build the literature based 

BBN diagram (Node Definition and BBN Structure). In the first section (BBN Structure) 

the rationales for the nodes used are provided. The nodes were chosen firstly for their 
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ability to represent trade-offs, and secondly on the basis of being impacted by the input 

nodes and potentially impacting all output nodes. Structural decisions are further 

elaborated on in the second part of this chapter (BBN Structure). Two BBNs were built, 

one encompassing all nodes felt to be most important to sufficiently visualize ESs trade-

offs. A second one was created, concentrating more on model parsimony. Model 

parsimony in this context refers to model simplification to a degree that only as many 

nodes as deemed necessary are incorporated in the BBN, but with the goal to reduce the 

number of nodes to as few as possible. The rational for this second model was in light of 

facilitating the prior probability elicitation by reducing the number of estimates to be 

surveyed, intending to avoid expert’s fatigue. The two full BBNs are presented later in this 

chapter (pages 75 & 76) after the rationales for the nodes and the links are described in 

detail.  

4.2.1 Node definition  

This chapter holds the rationales for the nodes, indicated as Node Definition in the 

methodology. Following nodes were chosen for the literature based BBN:  

The input nodes 

Reed harvesting was included as an input node. This node’s intention was to indicate the 

proposed management action (controlling factor), to cut reed in the lagoon fringe reed 

belts. The aim of the intervention was to retain migration corridors and natural 

hydrological conditions necessary for fish to spawn in this area. A second goal was to 

create an additional source of income for local communities by enabling them to sell the 

harvested reed as thatching material. Using reed harvesting as an input node facilitated 

updating believes that the output nodes would be in the assigned states in regards to 

inserted evidence. It was made an input to track the consequences of the associated 

changes throughout the BBN. 

Natural variation was made a second input node. The reasoning for this decision was that 

reed beds are not static. Variation in size, density, distribution and total above ground 

biomass can occur and may be caused by other factors besides reed harvesting. Such 

drivers could be related to variation in climate, nutrient availability or diseases. In order to 

create a realistic picture of the interactions affecting the reed belts in the lagoon changes 
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arising from natural variations had to be accounted for too. Variations in natural conditions 

were thought to have the power to render other nodes incorporated in the network. Thus, 

this node provided an alternative explanation to possible observation in the system, besides 

reed harvesting, by embodying all other possible impacting factors.  

The output nodes 

Three output nodes were chosen thought to adequately depict trade-offs between ESs based 

on the acquired knowledge. Thatching material describes the first output node. In this case, 

thatching material was to represent the provisioning service of raw material by reed beds to 

be exploited for human well-being. This nodes intention was to portray the total volume of 

harvested reed suitable for the use to be sold as thatching material. In the light of this 

utilization, it is denoted as a beneficial output gained from reed harvesting.  

The second output node is titled Migration corridor. Placing migration corridor as an 

output node into the BBN was decided upon in order to create a point of contrast in the 

network. The focal issue affecting migration corridors for fish in the lagoon is the 

overgrowth of channels and hollows by continued extension of reed beds. Restoration of 

migration corridors would be achieved by reducing reed belt proliferation. Then again a 

decline in reed bed coverage would not only have negative repercussions on the yields of 

thatching material but also on the spawning and nursery grounds. What is more, literature 

on the subject gives evidence that winter harvesting does not benefit the restoration of 

migration corridors. Since this BBN was developed to envision potential trade-offs caused 

by winter harvesting it seemed to be appropriate to insert migration corridors.  

Fish fry diversity was picked as a third and last output node. Fish stocks are dependent on 

the availability of spawning habitat and the survival rate of their offspring’s stay stable. 

Fish in the lagoon was found to use the shallow, vegetated shorelines to lay their eggs. 

After hedging the lagoon fringe reed belts serve as habitat for the fish fry until they 

matured enough to live in open waters. The availability and condition of these spawning 

grounds determine the survival rate of fish fry, thereby ensuring the continued existence of 

the fish stocks in the Curonian Lagoon and Baltic Sea. Impacts on the reed belts, and 

consequently the spawning and nursery grounds, both negative and positive, must be 

accounted for. Especially, since some species of fish rely specifically on reed beds as 

spawning and nursing grounds, whereas other fish is more adaptable to a wider variety of 
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habitats for these ESs. Therefore, the diversity of the fish fry present in and along the 

lagoon fringe reed beds gives an indication of the suitability of the fringes for a range of 

fish species.  Additionally, fish fry are very susceptible to changes in the conditions of the 

ecosystem, making them a very valuable indicator of change. Investigating possible effects 

of reed harvesting on the state of fish fry was seen as a key node to be included in the 

network in order to display interactions within the system.  

The intermediate nodes 

The literature based BBN was reduced to show four intermediate nodes, perceived to 

adequately propagate information from the input to the output nodes. All intermediate 

nodes were chosen in a way that they would depict causes to the three above-mentioned 

output nodes. Physical disturbance is the first intermediate node. Conducting reed 

harvesting yields raw material suitable to be used as thatching material entails the presence 

of humans and required harvesting machinery in or near the reed belts. Such machinery 

could damage or destroy the below-ground rhizome network of the reed beds. Biota 

beneath the dead plant material could become more vulnerable to frost damage due to the 

removal of the protective layer of dead plant material. These factors have the potential to 

impact the survival of the reed beds in subsequent years. Thus, this node was suggested to 

be mindful of these possible impacts.  

Next in line was Reed morphology. The idea behind this intermediate node was to 

represent any changes in the length and diameter of the individual reed stands as a result of 

harvesting practices. This is of importance because in order for the reed to be utilizable as 

thatching material it must fulfill certain requirements regarding its length, diameter, and 

shape. Seeing that harvesting was found to render the morphology of reed stands in the 

subsequent year, the incorporation of this node was perceived essential.  

Reed bed density represents a further intermediate node focusing on the physical 

characteristics of the reed beds. Reed beds exhibiting very densely arranged stands were 

found to be unsuitable as spawning grounds for fish. Reed beds exposed to harvesting tend 

to display higher reed stand density in the following year. Bearing this in mind, cutting of 

reed might alter the density of the existing reed belts disadvantageously for fish and their 

young. As a result, the reed beds ability to act as spawning and nursery grounds would be 

compromised. In contrary denser reed beds would mean a higher above ground biomass 
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yielding a higher harvest of raw material. At the same time, a high above ground biomass 

would be in a negative relation to the restoration of migration corridors. On the whole, 

these conflicting effects of changes in the reed bed density laid the foundation for the 

rationale to fit this node into the network.  

The last node chosen is Reed bed distribution intended to represent the occurrences of reed 

beds around the Curonian Lagoon and its lagoon fringes. This nodes objective was to 

represent the total area covered by reed beds. The rationale for this node stems from the 

understanding that reed covers a large area of the lagoon fringes indicating the loss of 

important migration corridors close the fringes and overgrowth of channels. Then again a 

great volume of above ground biomass would allow for a high yield of thatching material. 

Moreover, large aquatic and near shore reed beds stand in positive relation to available 

spawning and nursery ground for fish. As the area covered by reed has an impact on all the 

three suggested output ESs, in one or the other way, it was concluded to aid the 

construction of a realistic picture.  

All in all, nine nodes were chosen to depict trade-offs in the lagoon fringe reed beds 

potentially triggered by winter reed harvesting. Each node was assigned attributes 

reflecting either positive or negative correlation to winter reed harvesting. The essence of 

this development step in the Design Phase was that it is inherently difficult to decide upon 

suitable nodes and assign them suitable attributes corresponding to the models’ purpose. 

Difficulties mostly arose from a lack of specific, in-depth knowledge available in the 

literature. It further underlined the importance of rigorously documenting the rationales for 

every node, thereby clarifying any assumptions made by the modeler. Node definition thus 

can be described as crucial in guaranteeing model transparency, and useful for providing 

background information build upon in the next section, the BBN Structure. 

4.2.2 Rationales for the links 

The extended literature based winter reed harvesting BBN 

This chapter is reserved for the elaboration of the chosen structure of the literature based 

BBN, indicated by the links in the directed acyclic graph. It is denoted as BBN Structure in 

the methodology. A general rule in BBN development is that links in the directed acyclic 

graph must follow a cause to effect direction. By connecting variables via links the 
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ancestral hierarchy in the BBN is defined. This must be done with caution, as the number 

of links leading towards a node simultaneously defines the number of parents and thus the 

conditional probabilities a child node can be in. At this point, it does not have direct 

implications, but later on, the size of the conditional probability tables depends upon the 

number of parent nodes. To avoid expert fatigue the size should be kept to a minimum, 

hence, connecting nodes via a link must be considered carefully and reasoned well. The 

results of this step are presented in the next paragraphs.  

As mentioned, besides picking meaningful variables to be included as nodes, a well-

defined causal structure is just as vital for the BBN. Thus, this was given a lot of thought, 

especially to only include links connecting cause with consequence and not reverse. 

Starting from the input node natural variation, three links were drawn to the consecutive 

intermediate nodes reed morphology, reed bed density, and reed distribution. As 

mentioned in the node’s rationale, variances in environmental conditions in the Curonian 

Lagoon were perceived to represent one possible explanation for hypothetical changes 

observed in any of the three intermediate nodes. With the links pointing away from natural 

variation, it was made the cause and the receiving intermediate nodes made indicators of 

the effects of change.  

Next, winter reed harvesting as an input node has two outgoing links. Firstly, this node 

was made a parent to reed morphology. Based on the literature, it was strongly believed 

that reed cutting would be a driver of change of the reed morphology. The arrangement of 

the parent nodes for reed morphology resulted in a converging connection. When data 

becomes available, this setup will allow for making a conclusion on the impact of the 

second parent on the state of the child node (“intercausal inference”). Secondly, reed 

harvesting was introduced as a parent to physical disturbance. Reed cutting with 

harvesting machinery most likely will lead to some kind of disturbance of the ground in the 

reed beds. The degree of disturbance will then further determine the impact of reed 

harvesting on the other intermediate nodes reed bed density and reed distribution. On the 

whole, this led to the decision to insert physical disturbance as a second child node of reed 

harvesting.  

Physical disturbance is parent to reed bed density and reed distribution. In this way, 

converging connections to natural variations were created. As explained previously, 
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converging connections are key functions of directed acyclic graphs, enabling the future 

“explaining-away effect”. The motivation that drove this design was to facilitate 

argumentations on the main cause of change once empirical data would become available. 

That is to say, belief updates confirming or disconfirming the role of reed harvesting in 

alteration observed in the system can be made.  

Proceeding from reed morphology as parent node, three links were introduced, connecting 

this node with either of the three output nodes. This connection was founded on the 

knowledge that only reed stems fulfilling certain characteristics in length, diameter, and 

shape make suitable thatching material. Therefore, changes in the morphology have the 

power to cause essential alterations in the yield of thatching material, which represents the 

foundation for the link. The arc describing a causal connection from reed morphology to 

migration corridor was included since development leading to a higher density would 

further decline the area of migration corridors, while a lower density might lead to an 

incline of migration corridors. Lastly, this node was inserted as a parent of fish fry 

diversity. As explained earlier, the diameter of reed stands can determine whether or not 

fish will place their eggs on the stems. For this reason, the state of reed morphology has a 

direct consequence on the fish fry diversity which justified this link.  

Continuing with reed bed density, three links were drawn from this node as well 

connecting it to all three output nodes. The observations described in the literature 

mentioning an increase in the density of reed stands after reed cutting gave motivation to 

this causal connection. Enhanced stand density equals an increased above ground biomass 

benefiting the exploitation of reed as raw material. Then again, it possibly deteriorates 

migration corridors, hence the second link. At last, ramifications for fish by changes in 

stand density could go either way. For this very reason the arc, making reed bed density 

parent to fish fry diversity, was thought important.  

Lastly, the intermediate node reed distribution was included as a parent for the three 

chosen ESs. The areal distribution of reed beds is a key factor for determining the state of 

continued existence of all three ESs examined. Being the most obvious indicator of reed 

bed development and cause for initial apprehension, it was felt that this node greatly aids 

the visualization of potential transformation. In other words, reed distribution and observed 
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modification were designated as a cause for any modifications in the designated output 

nodes.  

Next, the propagation of information through the network has to be considered. This is 

done by considering how the nodes are interlinked. This connection or separation of the 

nodes is referred to as d-connectivity or d-separation (d connotes “directional”) within the 

context of BBNs. Whether nodes are d-connected or d-separated, indicating any 

conditional dependency, rests on the type of their connection. Appendix III gives a basic 

introduction to the type of connections possible. For more detailed information see 

Kjærulff & Madsen (2013). Built for visualizing experts' belief on the first instance d-

connectivity and d-separation of the nodes is as follows. Hypothetical evidence 

(introduction of reed harvesting) was the only evidence available. Seeing that reed 

harvesting is linked via serial connections to all nodes besides natural variation, 

introducing evidence to reed harvesting led to a belief update of all subsequent d-

connected nodes.   

In brief, all rationales and information provided to this point apply predominantly to the 

extended version of the winter reed harvesting BBN diagram. Included were all nodes 

thought to be most important in depicting trade-offs arising from winter reed harvesting 

within the lagoon fringe reed beds of the Curonian Lagoon. Despite the need to extrapolate 

the rationales for some of the nodes, due to a scarcity of in-depth information in the 

scientific literature, this model is perceived to pay justice to the key issues identified 

during the Knowledge Acquisition and translate during the first steps of the Design Phase. 

The described BBN diagram is shown in Figure 16. However, since the directed acyclic 

graph’s purpose is to serve as a foundation for the following expert elicitation, a second, 

simpler version has been developed additionally. Rationales for the slim version are 

provided in the next section.  
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Figure 16: Extended version of the proposed winter harvesting BBN diagram 

Slim literature based winter harvesting BBN diagram 

In preparation for the expert meeting, a second BBN was built. This BBN can be described 

as a slim version of the previous model. Rise to the decision to provide a second BBN gave 

the intent to support the experts’ creativity for eventual alterations or new combinations of 

nodes for the expert informed BBN. By narrowing the extended BBN down to a minimum, 

a version with less extensive conditional probability tables was created keeping the prior 

probability elicitation process in mind. Reducing the BBN to a minimum came at the cost 

of losing detail of depicting the real-life situation. An advantage gained from this exercise 

was, on the one hand, the ability to provide the experts with two possible BBN layouts, and 

on the other hand to further reflect on the significance of the previously defined nodes. The 

slim winter reed harvesting BBN diagram is visualized in Figure 17 on the next page.  
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Figure 17: Slim version of proposed winter reed harvesting BBN 

For this slim version following factors applied. Firstly, the definition of the nodes and their 

rationales was carried over from the extended winter reed harvesting BBN diagram. As 

with the previous BBN, natural variation and reed harvesting represent the input nodes in 

the system. At the same time, only thatching material and fish fry diversity stayed output 

variables. The intermediate nodes were reduced to reed bed morphology and reed density.  

Migration corridor, as an output node, was deleted in the process. This decision was based 

on the understanding that fish fry diversity and thatching material would be sufficient to 

depict changes in the state of the focal ESs. Migration corridor acted more as an auxiliary 

underlining expected controversy arising from reed harvesting, therefore this node was not 

deemed essential to capture any trade-offs.  

Now, continuing with the intermediate nodes, rather than accounting for disturbances and 

general distribution of reed beds, as before, it was decided to scale down to only the direct 

physical properties of the reed itself. The physical properties of the reed were rated as 

important because they are key factors determining the suitability of using the harvested 



 

77 

reed as thatching material. Reed distribution is important, but when weighing the 

importance of the total area covered by reed versus the physical suitability of reed, the 

latter one is of higher significance. It does not benefit the yield of thatching material if the 

reed is widely distributed, but the stems are not fit for being utilized as thatching material. 

Having said that, weeding out reed distribution as an intermediate note seemed adequate.  

Lastly, physical disturbance was deleted on the idea that the BBNs aim was to illustrate 

trade-offs winter reed harvesting possibly evokes. On the contrary to summer harvesting, 

the literature accentuated the reduced pressure emerging from winter harvesting. It was 

even mentioned to be a good alternative to summer harvesting when targeting the use of 

raw material as for e.g. thatching material. On that account, erasing physical disturbances 

for the aid of system simplification seemed only logical. The result was a greatly reduced 

BBN, not only in the qualitative component but also in the quantitative component.  

In a nutshell, up to this point, all modeling steps have been implemented by the modeler 

alone. It was demonstrated how a rigorous Knowledge Acquisition may enable a 

sophisticated BBN diagram construction process. Organizing the knowledge via visual 

means is advantageous for the actual compilation of a BBN diagram. However, while 

zooming in into more detailed and specified interactions, limitations of available literature 

became quickly evident. Thus, the two BBNs developed to reflect the perceptions of the 

modeler on the interactions between reed beds and fish stocks. Nevertheless, the nodes and 

structure are subject to uncertainty which arose from limited information availability and 

the fact that the modeler is not a specialist in the study area or the example ESs. The 

developed BBNs with its rationales for the node definition and structure must thus be made 

available for critical reflection by experts on the Curonian Lagoon, its lagoon fringe reed 

beds, as well as fish and reed bed interactions. In conclusion, literature allows for the 

construction of a BBN and forces the model to critically evaluate existing knowledge. 

Nonetheless, in information restricted environments many uncertainties are connected to 

this type of BBN development approach. In this sense, the transition from the merely 

literature based BBN diagram to an expert informed BBN is initiated to confirm or 

disconfirm findings presented in this chapter and translated into the literature based BBN 

diagrams.
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5 Results - expert informed BBNs  

This section denotes a change in the method from a solely literature based research to an 

expert informed study. In the following, the remaining steps of the Design Phase are 

discussed. As a first part of the expert elicitation process, the previously constructed BBN 

diagram was challenged by receiving critical feedback from a panel of experts. To do so a 

Skype session was scheduled. During this session, the panel of experts was given a short 

presentation informing them about the basic concept of BBNs, the modeling process 

performed so far, and the resulting BBNs with the definition of the nodes and their 

rationales. Experts then were surveyed on (i) the chosen nodes and their rationales; (ii) the 

proposed structure and causal links; (iii) clarification of uncertainties which arose from 

incomplete information in the literature; (iv) suggestion supplementary nodes. A full 

documentation of the meeting is provided in Appendix IX.  

5.1 Design Phase - the expert based BBN 

5.1.1 Updated node definition  

The following section describes the results obtained during the Expert Elicitation – 

Structure step indicated in the methodology. Provided are the rationales for any 

modifications made in the BBN, based on the inputs received during the expert meeting 

(personal communication, Adrasiunas, Ilgine, Morkūnė, & Razinkovas-Baziukas, 2016). 

Those insights led to an updated version of the network (BBN Revision). Similar to the 

previous chapter (Ch. 4.2) first the rationales for changes from the literature based BBN in 

comparison to the updated, expert informed BBN are discussed. The final expert informed 

BBN diagram is presented at the end (page 86). 

The input nodes 

In the literature based prototype BBN, described in the previous section, a focus on reed 

harvesting during winter and fall was proposed, based on the fact that the Curonian Lagoon 

is subject to several EU Directives. This decision was supported by the expert discussion, 
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as it was stated that reed harvesting during the summer was only practiced twice as a trial 

for conservation. This was done in restricted areas with no aim to sell the harvested reed. 

Thus, Winter reed harvesting stayed an input node, only denoting the time scale more 

pronounced in the node’s name. Reed harvesting still represents the proposed management 

intervention in the lagoon fringes. It stayed an input node because the aim of the study is to 

investigate the likelihood of reed harvesting resulting in trade-offs between different ESs 

provided by the lagoon fringes.  

Natural variation was carried over from the initial model and continues to function as a 

second input node. This node stands for the possible annual variation in the reed belts. 

Reed bed dynamics can differ in subsequent years due to a variety of determining factors, 

such as climatic conditions, diseases or nutrient availability. Including this node provides 

an alternative to reed harvesting as an explanation for any evidence entered into the 

network. It is important to account for natural variations in reed belts for a realistic 

illustration of the investigated system.  

The output nodes 

For the output nodes, a lot of adjustments have been implemented in accordance with the 

knowledge made available during the expert discussion. However, Thatching material 

stayed an output node and was kept from the literature prototype model. This node 

represents one of the ESs under investigation. Including this node allows for elucidating 

trade-offs between ESs provided by the lagoon fringes arising from reed harvesting. There 

is a positive relation between the volume of reed utilizable as thatching material and the 

area covered by reed. This node represents the direct benefits gained by humans through 

reed harvesting.  

The first adjustment of a node is represented by the Juvenile fish diversity. This output 

node is a minor variation of the primary proposed node Fish fry diversity. The 

transformation of the node into Juvenile fish diversity allows for encompassing all 

development stages of fish (from larvae to young-of-the-year). Rise to this adjustment 

stems from the acquired knowledge that not only fish larvae and fry dwell in the lagoon 

fringe reed beds, but previous year’s young fish are highly dependent on reed beds as 

foraging habitats as well. Expanding the definition by including all development stages of 

fish further widens the potential sources for empirical data. This was of particular interest 
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in this case as data availability is scarce. A further argument for the modification was the 

information on the positive correlation between reed bed coverage and juvenile fish 

diversity. The greater the area covered by reed beds; the larger the feeding and nursery 

grounds for juvenile fish. A decline of lagoon fringe reed belts consequently would decline 

essential habitat, illustrating an important trade-off in the lagoon fringe ecosystem.  

One node that is new to this expert informed BBN is the Lagoon fringe biodiversity. 

Lagoon fringe biodiversity, in this context, describes the variety of flora native to the 

lagoon fringes and diversity of birds, particularly species protected under the EU bird 

directive. The loss of biodiversity in the lagoon fringes is an urgent problem. The 

unregulated proliferation of reed beds is one of the major causes facilitating the continuous 

degradation of the biodiversity. Due to its attributes reed outcompetes other native 

vegetation and subsequently overgrows essential habitat for (migrating) birds. In order to 

conserve and restore the unique biodiversity in the lagoon fringes further expansion of reed 

must be stopped and the area covered by reed, preferably, reduced. An increase in 

biodiversity is also beneficial in the context of the EU habitat directive. A proposed 

measure to achieve such an outcome is to actively harvest the lagoon fringe reed belts. 

Embracing this node into the BBN structure creates a point of contradiction between the 

output nodes. In this manner, trade-offs arising from reed harvesting between multiple key 

ESs of the reed beds can be visualized. This node replaced the previously proposed node 

Migration corridor. It was suggested to exchange these two nodes because the overgrowth 

of migration corridors does not represent a key issue affecting migrating fish in the 

Curonian Lagoon. Migration routes do not pass through or lead along the reed belts. This 

node was exchanged for Lagoon fringe biodiversity because the structure and overall 

biodiversity of the lagoon fringes play a much more important role. By exchanging 

Migration corridor with Lagoon fringe biodiversity, the BBN is able to draw a more 

realistic picture of interactions and possible trade-offs in the lagoon fringes due to reed 

harvesting.  

The intermediate nodes 

Two intermediate nodes have been exchanged with more suitable nodes suggested by the 

experts. The first new node was the Mosaic nature of lagoon fringe vegetation. The Mosaic 

nature of lagoon fringe vegetation of the reed belts is a key determining factor for the 
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biodiversity of the lagoon fringes. Non-continuity of reed beds frequently alternating with 

patches of other vegetation native to the lagoon fringes is advantageous for the 

biodiversity. Simultaneously, the development of a mosaic of vegetation is 

disadvantageous by reducing the accessibility to feeding and nursery grounds for juvenile 

fish. Hence, this node represents a much more powerful and meaningful way of 

propagating information from the input to the output node in the BBN.  

The second new intermediate node included was Reed bed perimeter. Reed beds provide 

spawning grounds for phytophilic fish (i.e. bream and roach). Roach places its eggs on 

newly emerging sprouts. Bream spawns along the edges of the reed belts. The length of the 

reed belt perimeter determines the size of spawning grounds for these fish species. The 

larger the perimeter the greater the spawning grounds. During the summer, when the 

juvenile fish move into the reed beds, a larger perimeter means a wider area for juveniles 

to enter the reed belts. This allows juvenile fish to spread out over a larger area, thereby 

reducing the competition for space. In contrast, an elongated perimeter can indicate a 

reduced lagoon fringe biodiversity, especially when the mosaic nature of the habitat is low.  

The two described nodes were included in exchange for Reed bed density and Reed bed 

morphology. Originally proposed on the basis of the literature review, Reed bed density 

and morphology were thought to indicate changes in the reed beds as a result of reed 

harvesting. In the context of the Curonian Lagoon, this is not correct. The lagoon freezes 

over during the winter. In early spring when the ice is breaking up and the spring flood 

occurs ice sheets are pushed inland. During this process, the old reed stands are cut. Most 

of the dead above ground biomass is transported up to 50 m inland. Consequently, 

harvesting of aquatic and near shore reed would replace this natural process and not 

introduce cutting as a new form of pressure to the reed belts. In this sense, annual cutting 

by ice has already modified reed bed density and morphology. Only in truly terrestrial reed 

beds, not affected by the ice movement, changes in morphology and density are possible. 

Nevertheless, the differences are expected to be negligible and not of concern as juvenile 

fish do not dwell in in those reed beds. This inside justified the exchange of Reed bed 

density and Reed bed morphology with Reed bed perimeter and Mosaic nature of lagoon 

fringe vegetation.  
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The third and last intermediate node for the expert based BBN was Reed bed coverage. 

This node is very similar to the earlier picked node, Reed bed distribution. Both nodes 

represent the area covered by reed beds, as it represents a precarious issue. Reed bed 

coverage was suggested to reduce the ambiguity of the node. Continuous proliferation of 

reed belts reduces nesting and migration corridors for birds. It leads to a loss of other 

native fauna and in long-term perspective will lead to a transformation of the fringes from 

wetlands to terrestrial terrain. In contrast, young aquatic reed beds represent key feeding 

and nursery grounds for most juvenile fish in the lagoon. The greater the area covered by 

reed the larger the available feeding and nursery grounds. For the exploitation of reed as 

thatching material and enhanced coverage is beneficial as well.  

The discarded nodes 

One node which was discarded is the Physical disturbance. Rationales for this decision 

arose from the fact that during winter harvesting, the physical disturbance is minor. 

Deleting this node benefited the symmetry of the network, thereby aiding the sensitivity of 

the output nodes towards the input nodes. Excluding this node resulted in greater 

advantages than inserting the node in relation to its effect on the system. It furthermore 

aided the model parsimony and was deleted in the light of the following expert elicitation 

for the conditional probability tables.   

Another node suggested during the expert meeting but decided to not be included, to 

practice model parsimony and as they would have exceeded the scope of this study, was 

firstly Erosion protection. During the expert meeting, erosion protection was mentioned as 

an additional ES provided by the fringe reed belts. The decision to exclude this node from 

the BBN had one main reason, model parsimony. It is believed that trade-offs in the system 

are well represented by the chosen output nodes. Incorporating erosion protection would 

have added an additional trade-off, but simultaneously, the complexity of the network and 

number of conditional probability tables would have been increased. The benefits gained 

by encompassing erosion protection did not outweigh the advantages gained by practicing 

model parsimony.  

The second node not to be included was Climate variation. Changes in climatic condition 

were described as a critical element in the lagoon, differences in climatic conditions 

represent an unmanageable driver. This was acknowledged as an important factor, but as 
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formerly explained, in light of model parsimony it was decided to abstain from creating an 

additional node for climate variation. Instead, it is suggested to account for differences in 

climatic conditions in the Natural variation node.  

Thirdly, Water level as an intermediate node was not included. Changes observed in the 

water level would have made a good intermediate node, resulting from the proposed node 

Climate variation. Since it was determined to disregard climate conditions as an own node, 

including differences in the lagoons’ water level did not benefit the model structure 

anymore. The included nodes were perceived to add greater value to the BBN. Finally, the 

BBNs aim is to visualize possible effects of reed harvesting on the lagoon fringes ESs and 

water level is not directly influenced by this management action.   

5.1.2 The expert informed BBN structure 

In this sub-chapter, the rationales of the arcs, linking the previously mentioned nodes, are 

described. For each arc, a short description is provided. This was done to ensure model 

transparency allowing anyone, not included in the BBN development process, to 

understand and reconstruct the decisions made during this process. Describing the arcs of 

the expert informed BBN diagram is part of the BBN Revision step.  

There are three arcs leading away from Winter reed harvesting. The first arc connects 

Winter reed harvesting with the intermediate node Mosaic nature of lagoon fringe 

vegetation. The justification for linking the two nodes was founded on the idea that 

specific reed harvesting supports the restoration of native fauna resulting in the 

development of a mosaic of vegetation. The second link was drawn to the node Reed bed 

perimeter. Performing reed harvesting as management intervention potentially changes the 

total length of the perimeter. The third arc interlinks Winter reed harvesting with Reed bed 

coverage. The reasoning for this link arose from the concept that cutting of reed is 

promoted as an intervention targeting the reduction of reed beds.  

Natural variation represents a cause (i) Mosaic nature of lagoon fringe vegetation; (ii) Reed 

bed perimeter; (iii) Reed bed coverage. Changes in any of the three affected nodes can 

have a different cause besides Winter reed harvesting, as stated in the rationale for this 

node. Drawing a connection from Natural variation to the three subsequent intermediate 

nodes creates a converging connection between each of the intermediate nodes with the 
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two input nodes. Later, this structural setup will allow for “explaining-away” the likelihood 

of either Winter reed harvesting or Natural variation for being the main cause of any 

changes observed in the system.  

The Mosaic nature of lagoon fringe vegetation has two child nodes. The first child node is 

Lagoon fringe biodiversity. As explained, the extent to which the lagoon fringes exhibit a 

mosaic state of habitat structure has a direct effect on the Lagoon fringe biodiversity 

defending the choice for the arc. Child node number two is Juvenile fish diversity. If the 

vegetation along the lagoon fringes is in a mosaic, habitat for juvenile fish is interrupted. 

Therefore, the Mosaic nature of lagoon fringe vegetation had to be denoted as a parent as it 

represents a determining cause for any observed effects on the Juvenile fish diversity.   

Two arcs emanate from Reed bed perimeter describing a cause-effect relationship with 

Lagoon fringe biodiversity and Juvenile fish diversity. As explained earlier, the length of 

the aquatic reed bed perimeter defines the area available for fish to spawn and juveniles to 

enter and spread throughout the reed belts. Additionally, it acts as an indicator for the 

fringes biodiversity as an elongated perimeter signifies domination of reed belts along the 

fringes and vice versa.   

Reed bed coverage was made a parent to all three output nodes. This decision was based 

on knowledge that the size of the area covered by reed beds stands in direct, positive 

relation to the volume of reed utilizable as Thatching material and provision of habitat and 

feeding ground for juvenile fish. A negative impact of an enhanced coverage relates to the 

decline of the Lagoon fringe biodiversity. Any modification of the area covered by reed 

beds will thus have a direct effect on the availability of any of the three output ESs. The 

updated, expert informed BBN structure is illustrated in Figure 18 on the following page.  
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Figure 18: Expert informed BBN 

The final result of the first session involving experts in the modeling process was an 

updated version of the BBN, the expert informed BBN. As was made clear in the 

preceding paragraphs, a lot of adjustments in regard to the original, literature based BBN 

diagram had to be implemented. This highlights the role of expert involvement in the 

modeling process can have on the suitability of a BBN. All in all, a lot of meaningful 

insights into the Curonian Lagoon and the lagoon fringe reed bed and fish interactions 

were gained, diminishing some of the uncertainties allocated to the node of the literature 

based BBN. The development of the expert informed directed acyclic graph structure 

represented a milestone enabling the instigation of the final part of the qualitative 

development process, the definition of the states.  
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5.1.3 Definition of the states of the expert informed BBN 

Ascribing states to the nodes of the BBN represents the final, but equally important step of 

the Design Phase. The development and decision process indicated as Expert Elicitation – 

Node State, was a twofold process. As described in the methodology, deciding on the 

state’s benefits from close interaction with the experts (Pollino & Henderson, 2010). 

However, due to time limitation a different approach was applied, in which a number of 

states and their definition were proposed to the experts to seek confirmation on their 

appropriateness. The number of states where chosen based on their ability to represent an 

appropriate level of preciseness of the nodes, while being kept to a minimum, facilitating 

the tractability of the conditional probability tables (Marcot et al., 2006; Chen & Pollino, 

2012; Landuyt et al., 2013; Ban et al., 2014). In this sense, states were developed with the 

idea to represent contradicting scenarios a node could be in. It was tried to use easily 

understandable language to avoid ambiguity (Pollino & Henderson, 2010; Hamilton et al., 

2015) by clearly defining the intended meaning of every state. The goal was to avoid any 

biases or uncertainty arising from misunderstanding or misinterpretation of the states. The 

aim of this exercise was to create states further translating the notion of trade-offs to 

intensify the language the expert informed BBN is operating in.  

The states and their definition were sent via e-mail to the experts involved during the 

previous Skype session (Expert Elicitation – Node State). This was done in combination 

with providing the revised BBN diagram and its rationales, discussed in the preceding 

chapter. The goal of this strategy was on the one hand to acquire a final confirmation on 

the directed acyclic graph, and on the other hand to provide a clear context to the proposed 

states. Experts were asked to confirm or disconfirm the proposed states or suggest any 

adjustments. In the case of this study, all proposed states and their definition were accepted 

by the experts without the need for any adaptations.  

Despite the experts’ consensus, it was found that defining suitable states is a challenging 

exercise. Containing the full meaning of a node within a minimum number of states 

requires knowledge and creativity while simultaneously leading to compromises between 

precision and parsimony. Nonetheless, the confirmation of the states by the experts 

represented the last step of the Design Phase necessary to continue with the development 

of an expert survey to elicit priors for the conditional probability tables. Table 5 holds the 
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states assigned to each node included in the expert based BBN. This result marks the 

transition from the Design Phase into the last stage, the Site Application.  

Table 5: Nodes’ states and their definition 

Node State  Definition of state  

Natural variation  High / Low  High= >50% of observed variation (size and 

distribution of reed beds) has natural causes 

(i.e. differences in ice sheet thickness & 

coverage period, type of flood, temperature, 

diseases) 

Low= <50% of the observed variation origins 

from natural factors  

Reed harvesting 

 

Sustainable 

Unsustainable 

Sustainable= the amount of reed harvested is 

in balance with the carrying capacity of the 

system 

Unsustainable= reed beds are overexploited 

for raw material, creating negative spin-offs  

Mosaic nature of 

lagoon fringe 

vegetation 

 

Sufficient/ 

Insufficient 

Sufficient= reed beds are non-continuous, 

alternating regularly with other native 

vegetation; a mosaic nature of habitat 

dominates the lagoon fringes  

Insufficient= reed beds occur in large, 

monospecific beds; other native flora only 

occurs sporadically at the edge of the reed belts 

Reed bed coverage 

 

Increase  

Unchanged 

Decrease  

Increase= the total area (ha) covered by reed 

beds increased after introducing reed 

harvesting in comparison the current coverage 

Unchanged= there are no noticeable changes 

in the overall reed bed coverage detected 

Decreased= the area covered by reed beds 

declined after introducing reed harvesting in 

comparison to the area covered currently 

Reed bed perimeter 

 

Fish 

Biodiversity 

Fish= the length of the perimeter provides 

abundant space for phytophilic fish to spawn 

and juvenile fish to dwell  

Biodiversity= the combined length of reed bed 

perimeters is reduced, exhibiting a multitude of 

vegetation and is supporting the lagoon fringes 

biodiversity (plants and birds) 

Thatching material 

 

Good / Poor  Good= the total amount of reed harvested 

(tons) yields sufficient & qualitative 

appropriate raw material to promote selling 

reed as thatching material, creating an 

alternative income source for local 

communities 

Poor= the amount of reed harvested fulfilling 

the required attributes to be used as thatching 
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material is low and benefits do not compensate 

for the required efforts    

Lagoon fringe 

biodiversity 

 

High / Low High= lagoon fringes are very diverse habitats, 

they show a healthy variety of plant species 

heterogeneity, host a variety of bird species & 

exhibit an overall well balanced state 

Low= reed is the dominant plant species by far; 

lagoon fringes exhibit a low variety of native 

fauna and only a few distinctive bird species 

are dwelling around the lagoon  

Fish fry diversity  

 

High / Low  High= reed beds are characterized by a high 

variety of fish fry/larvae/y-o-y of different fish 

species with an abundant number of individuals  

Low= lagoon fringes are home to a small 

number of fish fry/larvae/y-o-y with a low 

variety in individual species  

 

5.2 Site Application of expert informed BBN 

5.2.1 Prior probability elicitation 

Initiation of the Site Application phase was done by developing an expert survey eliciting 

estimates to be used to populate the conditional probability tables of the expert informed 

BBN (Expert Elicitation – CPTs). The questionnaire was developed in a way that it 

translated the combination of parent nodes’ states, represented in the conditional 

probability tables, into short scenarios. An example of how such a scenario for the node 

Lagoon fringe biodiversity, being in either of its two assigned states, looked like the 

scenario provided below:  

”Scenario: 

In this scenario, the NATURAL VARIATION of the reed beds is still HIGH, 

but the extent to which WINTER REED HARVESTING is performed exceeds 

the carrying capacity, hence it is UNSUSTAINABLE. 

What proportion of the lagoon fringe vegetation would you expect to show a 

SUFFICIENT degree of mosaic habitat structure? What proportion do you 

expect to be in an INSUFICIENT mosaic? Please also indicate your 95% 

credible interval.” 
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In other words, the conditional probability tables were formulated into verbal scenarios 

facilitating the expert surveying process. For a full description of the questionnaire and 

scenarios see Appendix VII. A 3-point elicitation strategy was used, surveying for the prior 

probability in the form of a best guess estimate, the upper and lower limit of the 95% 

Bayesian Credible Interval (BCI) (5% and 95%). A quick recap, the 95% BCI refers to the 

upper and lower limit between which the expert beliefs that there is a 95% probability of 

the true value lying in between. On top of the short scenario statements, a scale with 

numerical and their respective verbal definition was included. The intention behind this 

was to create a more common understanding of the meaning of different estimates, 

decreasing cognitive biases attached to a varying understanding of probabilities. Experts’ 

elicited consisted of the same panel of experts involved during the previous development 

steps. The experts were provided with a short summary of the project, including statements 

of the defined model specifications. All experts were encouraged to contact the modeler in 

the case of any questions. An extract of the questionnaire is provided in Appendix VII.I.  

After getting back the filled-in questionnaires from the experts their responses were 

critically analyzed. This was done as part of the data preparation and quality assurance for 

the conditional probability table parameterization later on. In addition to the provided best 

guess and 95% BCI limits, linear interpolation was applied to derive the 25th and 75th 

percentile of the 95% BCI interval. The 25th and 75th BCI percentiles were generated for 

illustration purposes during the estimate comparison process and for potential use in the 

later conditional probability population. All expert responses were checked for similarities 

and peculiarities. When looking at the individual expert as well as comparing the experts’ 

answers, several observations were made which are discussed in this chapter. 

Formula linear interpolation: 

1 0
0 0

1 0

( )
y y

y y x x
x x


  

  

With:  

x= 25% or 75% BIC 

y= derived estimate  

y0= 5% BCI estimate 

y1= 95% BCI estimate  

x0= 5% BCI 

x1= 95% BCI 
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Issues regarding the elicited prior probabilities 

The first apparent peculiarity were the assigned estimates to the two States “Fish” and 

“Biodiversity” of the intermediate node Reed bed perimeter by one of the experts. As a 

short recap, the way the States of every node were defined implied that they represent a 

trade-off, meaning that if either one is likely to be positively affected by a scenario the 

other one should indicate a negative trend. In this particular case, it meant that if the reed 

bed perimeter would be elongated and consistent it would favor the state “Fish”. This is, as 

it provides plenty of space for spawning as well as feeding and nursery grounds for the 

juveniles. “Biodiversity” in the contrary would indicate a scenario where the reed bed 

perimeter is shortened and alternates frequently with other macrophytes. This would be a 

sign of a higher overall biodiversity among the lagoon fringes. 

Coming back to the beliefs provided by the expert, the way the estimates were assigned did 

not reflect the idea of trade-offs between the two states . The node Reed bed perimeter had 

four potentially scenarios it could be in which arose from the possible combinations of its 

parent nodes, Winter reed harvesting and Natural variation. These possible scenarios are 

denoted by the prefixes S1 through S4 (S1-S4 each scenario is indicated by a gridline, 

Figure 19).  

 

Figure 19: Initial answers to the node “Reed bed perimeter”  
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As shown in the graph (Figure 19), very similar Best Guesses (BG) and 95% BCIs were 

assigned to the two states. Taking the first scenario S1 – Fish and S1- Biodiversity (Figure 

19) as an example, it becomes evident that both BG estimates are equal. This can be 

interpreted in a way that the assigned beliefs suggested that under the given combination of 

the parent’s States both States of the Reed bed perimeter would be positively affected. 

Same observations were made for all four scenarios (S2-S4, Figure 19). Though not all BG 

estimates were identical, they always indicated synergies by assigning equally positive 

beliefs to the state. These results stood in stark contrast to the type of answers that were 

expected from the expert survey. For clarification purposes, the expert was contacted 

regarding this particular node. 

A short statement of why the provided answers raised confusion in the data analysis was 

given to the expert together with a request to explain the rationale behind the estimates 

ascribed. The result of this inquiry is depicted in Figure 20. What can be seen is that the 

assigned BG estimates for the two states in one scenario reflect a trade-off. For example, in 

this case, Reed bed perimeter is assigned a 60% belief to be in the state Fish (S1-Fish), 

reflecting a positive correlation. Biodiversity in contrary (S1 – Biodiversity) is only 

assigned a 40% belief, indicating a negative trend for this state. In the first two scenarios, 

trade-offs are small, whereas in scenario S3 and S4 trade-offs are more protruding.  

 

Figure 20: Re-evaluated answers for the node Reed bed perimeter 
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The reason for the reconsideration and re-evaluation of the provided estimates was the 

initial ambiguity of the state “Biodiversity”. In the first case (Figure 19, page 89) 

“Biodiversity” was interpreted as the suitability of the reed bed perimeter for birds only. In 

the case of this node “Biodiversity” was supposed to represent the overall biodiversity of 

the reed bed which includes macrophytes heterogeneity as well. After clarifying the 

assigned meaning of the states the answers were re-evaluated, now representing actual 

trade-offs between the two possible states. 

The above-described case turned out to not be a singular instance. Surprising responses for 

the same node were detected for another set of expert estimates. In this situation, the lack 

of trade-offs was even more obvious. Especially for the 2nd-4th scenario (S2-S4, Figure 21 

on the next page), the 95% BCI (boxplots plus whiskers) covered a range from 20-90%, 

with a best guess of 60% for any of the states in all three scenarios. In general, what can be 

seen in Figure 21 (page 92) is that in the case of the first scenario (S1) the state of “Fish” 

and “Biodiversity” are both equally likely to experience a negative trend. For the other 

three scenarios, both states are equally likely to depict positive trends. As explained earlier, 

these estimates stand in contrast to the type of estimates intended to be elicited by the 

survey. How can these answers be interpreted? On the one hand, these results allocated 

large uncertainties to the assigned estimates. On the other hand, the choice of wording 

describing the states may have led to ambiguity.  
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Figure 21: 2nd expert’s beliefs assigned to the node Reed bed perimeter 

  

 

 

Dissimilarities between the experts’ prior probabilities estimates 

The next outstanding observation was made when comparing the individual experts’ 

answers among each other. Figure 22 (page 93) illustrates an example of how much the 

assigned beliefs of the individual experts tended to vary. Visualized are examples of some 

of the most distinctive cases. In the graph (Figure 22) the answers for the first two possible 

scenarios of the node Lagoon fringe biodiversity are depicted. Plotted are the responses of 

all four experts individually and their mean. The graph was arranged in the way that the 

belief of each expert for Scenario 1 and 2 for the state “high” (H) is visualized first. 

Afterwards, the same order represents the assigned estimate for the state “low” (L). 

Indicated by the boxplots is the range of the 25-75% BCI. The whiskers extend to the 5-

95% BCI specified. The asterisk denotes the best guess (BG) estimate. 
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Figure 22: Node Lagoon fringe biodiversity comparison of individual expert answers 
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described trend was detected continuously throughout all scenarios. The observed 

differences might not have always been as prominent as shown above. Nevertheless, there 

was not one single scenario where at least one of E2 or E4 ascribed a much higher estimate 

to the State “high” than E1 and E3. For the case of the State “low” likewise observations 

were made. E1 and E3 denoted very small likelihoods, whereas E2 and E4 indicated much 

higher estimates. 

There was only one exemption detected. Beliefs appointed for Scenario 10 only ranged 

between 40-55%. In this context, it must be mentioned that one of the experts did not 

provide estimates for the two states adding up to 100%, as the other did. Thus, the 

estimates allocated by this expert were not coinciding with this guideline and allowed for 

the comparatively small range between the beliefs.  

Similarities among the experts’ prior probability estimates  

In contrast to the above-described variations among the experts’ responses similarities for 

the assigned Best Guess estimates and 95% BCIs of all four experts were detected as well. 

An example for such a case were two scenarios (Scenario 5 = S5, and Scenario 6 = S6) of 

the output node, Juvenile fish diversity. In these two particular cases, the trade-offs 

between the two assigned states “High” (H) - and “Low” (L) – Juvenile fish diversity, were 

clearly visible in both scenarios. For illustration purposes, the Bet Guess (BG) estimates 

for both states of all four experts (E1-E4) and the average are plotted in Figure 23 on the 

following page. Looking at BG and 95% BCI estimates of state “High” for E1-E4 in 

Scenario 5 (E1/S5/H –E4/S5/H), it becomes evident that the BG are similar and the BCIs 

are covering almost identical ranges. Additionally, the estimates for the state “Low” of the 

same scenarios reflect a clear trade-off between their assigned beliefs. The same can be 

observed for the estimates for S6. Naturally, some differences between the BG estimates of 

all experts arose, but they vary over a rather small range.  
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Figure 23: Node Juvenile fish diversity, Scenarios 5 & 6, comparison of all experts  
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agreeing with each other on the probable chances, all experts display signs of rather high 

uncertainties about their answers.  

 

Figure 24: Verbal and numerical probability scale (Renoij & Witteman, 1999) 

Other examples addressing the issue of the width of the 95% BCI are provided on the next 

page in Figure 25. In this case, a high variation in the assigned confidences per scenario 

and per node of the different experts was observed. E1 and E3 indicated large 95% BCI for 

the state sufficient (S) of the Mosaic nature of lagoon fringe vegetation, chances ranged 

from 32-85% for E1 and 25-75% for E3 (E1/S1/S, E3/S1/s). Estimates provided by E2 and 

E4, however, indicated very small 95% BCI, with a difference of only 20 percentile points 

(50-72%) (E2/S1/S). These observations stand in contrast to the findings described 

previously in Figure 23 (page. 95). Thus, it can be said that the provided 95% BCI by the 

individual experts can very noticeably, but do not have to.  
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Figure 25: Mosaic nature of the lagoon fringe vegetation, state= sufficient, all experts 

(varying confidence in the answers)  

 

 

Overall the 95% BCIs assigned by every expert to every state of all nodes varied between 

percentile points as low as 5% and as high 70% in some instances. Those two ranges 
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of the individual experts lay between 27-30%. These findings suggest a varying level of 

certainty ascribed to the BG estimates provided by the four experts. Hence, these varying 

levels of uncertainty should be accounted for during the actual BBN Application. To do so 

several conditional probability tables were constructed to pay justice to the variation in 

certainty assigned by the experts.  

In a nutshell, the estimates for the BG and 95% BCIs provided revealed some issues with 

the expert elicitation process. Ambiguity in the meaning of the assigned states has been 

confirmed by at least one expert and may have had effects on the other experts too. 

Moreover, the large confidence intervals could have a multitude of reason, starting from 

further ambiguity about nodes or states, the way the questions and scenarios were 

formulated or uncertainty due to a lack of knowledge or expertise. Regardless of the 

source, these findings must be kept in mind during the next steps, when converting the 

estimates into the conditional probabilities. 
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5.2.2 BBN Application – General information 

Definition of the different BBN models utilized  

This chapter denotes the BBN Application step of the Site Application stage. In the 

following chapters, all results generated by applying the full BBN are represented. For 

each of the four experts surveyed five models were constructed and investigated. Two of 

the five models had six sub-models each, which is explained in the following paragraph. 

The models differed in such a way that they were populated using different priors in the 

conditional probability tables. Each model was subject to a specific way of 

parameterization. All models and the conditional probability specifications are summarized 

in Table 6.  

Table 6: Different types of BBN models and their conditional probability tables 

Name of the BBN Model Conditional Probability Table 

Best Guess (BG) - Model Best guess estimate of every expert 

Lowest-Model 5% BCI estimate for all States 

Highest-Model 95% BCI estimate for all States 

5-95%-Model 
5% BCI for the 1st State and 95% BCI for the 2nd 

State  

95-5%-Model 
95% BCI for the 1st State and 5% BCI for the 2nd 

State 

Weighted Average Best Guess (BG)-

Model 

Best guess estimate of all experts weighted 

according to the assigned 95% BCI 

Absolute minimum Best Guess 

(BG)-Model  

Absolut minimum Best Guess estimate of all 

experts for the 1st State and absolute maximum 

Best Guess estimate of all experts for the 2nd State   

Absolute maximum Best Guess 

(BG)-Model 

Absolute maximum Best Guess estimate of all 

experts for the 1st State and absolute minimum Best 

Guess estimate of all experts for the 2nd State  

The Best Guess (BG)-Model was populated by directly adopting the BG answers of each 

expert into the conditional probability tables. This was possible for E1, E2, and E3, since 

their Best Guess estimates added up to 100%, satisfying the assigned requirements of 

GeNIe 2.1 Academic. In the case of E4, the provided Best Guess estimates had to be 

converted into percentiles adding up to 100%. For the Lowest- and Highest-limit Models, 

the lowest denoted estimates for any state (5%-limit) and highest denoted estimates for any 

state (95%-limit) were used, respectively. To do so the probabilities were calculated, using 



 

99 

the estimates provided by the experts, to satisfy the requirements for the conditional 

probability tables as done for the Best Guess estimates of E4. The 5-95%- and 95-5%-

Models were constructed using the 5%- estimate (lowest limit) indicated for the 1st State of 

each node and the 95%- estimate (highest limit) for the 2nd State and vice versa. Each of 

these models had six sub-models, indicated by the numbers (1)-(6). The reasoning for these 

sub-models arose from the fact that the intermediate node Reed bed coverage had three 

States assigned to it, instead of two like the other nodes. Consequently, six different 

combinations for the 5-95%- and 95-5%-Models were possible. Three ways of assigning 

two 95%-estimates and one 5%-estimate for either State of both models were used, and 

vice versa.  

In addition to the expert specific models, models using a combination of all four experts 

were built too. Those included a model using the weighted average, two using the absolute 

minimum BG for State1 and maximum BG for State 2 of any expert and vice versa. All the 

expert specific and combined models were investigated for four different input scenarios 

representing all possible combinations of states from the two input nodes, Winter reed 

harvesting and Natural variation. A description of the definition of the four input scenarios 

is provided in Table 7, at the example of the Best Guess (BG)-Model. The numbers 1 

through 4 respectively indicate the combination of the input nodes’ states. The number 

were added to each model’s. In the case of the example below (Table 7) BG connoting the 

Best Guess-Model, consequently BG1 denotes the first input scenario and so forth. The 

same combinations of the input nodes’ states were used for all models investigated in the 

course of this research.  

Table 7: Combination of input node states for all scenarios  

Input Scenario State of the input node  

BG1 
Winter Reed harvesting= Sustainable; 

Natural variation= High 

BG2 
Winter Reed harvesting= Sustainable; 

Natural variation= Low 

BG3 
Winter Reed harvesting= Unsustainable; 

Natural variation= Low 

BG4 
Winter Reed harvesting= Unsustainable; 

Natural variation= High 
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Testing for model outputs  

As a first step, all models were populated with their allocated conditional probability 

tables. Each model was run four times, using a different input scenario every time. 

Appendix X holds an example of how the output of the GeNIe 2.1 Academic software for 

the posterior probabilities looked like. In total, this resulted in 60 posterior probability 

distributions for each output node. An example of all computed posterior probability 

distributions for the two States (“High” and “Low”) of the node Lagoon fringe biodiversity 

and Juvenile fish diversity of E1 are provided in Figure 26 and Figure 27 (page 101). Each 

bar represents the posterior probability computed for one scenario. This procedure was 

repeated for all models of every expert, as well as for the combined expert models. All 

results can be found in Appendix X. 

 

Figure 26: Posterior probability for the Lagoon Fringe Biodiversity (LFB) of all scenarios 

for all models (E1) 
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Figure 27: Posterior probabilities for Juvenile Fish Diversity (JFD) of all scenarios for all 

models (E1) 
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in Figure 28 and Figure 29 (page 103). On closer examination, it becomes apparent that for 

both experts no significantly pronounced dissimilarities between posterior probability 

distributions calculated by the six sub-models of the 5-95% are visible (5-95% (1) – 5-95% 

(6), Figure 28). The same is true for the 95-5%-Models (95-5% (1) – 95-5% (6), Figure 

28). Variation between the input scenarios can be seen, however, the trends are nearly the 

same for each sub-model. If they at differ, those differences ranked somewhere between 1-

4%, which was thought to be negligible. The graphs shown in Figure 28 and Figure 29 

(page 103) are representative of the behavior of the sub-models of each expert and all 

nodes. Thereupon, only the (1)-sub-model of both 5-95%- and 95-5%-Models are 

displayed in the further analysis. The estimate combinations used for the illustrated 5-95%-

Models were the inverse of the arrangements used for the 95-5%-Models represented. 

Solely in the few cases where prominent divergences between the six versions were 

observed, the diverging results are displayed.  

 

Figure 28: Posterior probabilities E1 Juvenile fish diversity 5-95% 1-6 & 95-5%1-6 

Models 
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Figure 29: Posterior probabilities E2 Juvenile Fish Diversity 5-95% 1-6 & 95-5% 1-6 

Models 

 

To sum up, this section demonstrated that there are visible differences in the posterior 

probabilities computed for all five models investigated. In the case of the 5-95% and 95-

5% - Models, variations among the six sub-models were generally small. Henceforth, only 

one sub-model will be displayed in the following sections. Solely in cases where 

differences are more protruding, more than one sub-model will be displayed. In this sense, 

the next sub-chapter holds the results generated for the four individual experts.   

5.2.3 BBN Application – Individual experts  

This chapter is a continuation of the BBN Application process. All posterior probabilities 

computed for the three output nodes in each of the five models are represented and 

discussed. Besides the investigation of similarities and divergences among the results of 

every individual expert, the results of all four experts are compared as well. This approach 

is deemed to shed light on consensus and disagreements between the experts and 

examining the ability of the constructed BBN to fulfill its defined purpose.  
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Posterior probabilities of the node: Lagoon fringe biodiversity (E1) 

The inferred posterior marginal probability distributions of the output node Lagoon fringe 

biodiversity E1, for which several observations were made, are discussed and a graph is 

provided later in this section. On closer examination, a greater chance of the Lagoon fringe 

biodiversity being in a “Low”-State was detected for the BG-, Lowest-, Highest- and 5-

95%-Models. For the 95-5%-Models the inferred posterior probabilities showed inverted 

distributions. In those scenarios, the state “High” of the Lagoon fringe biodiversity was 

computed to be more likely than the Lagoon fringe biodiversity being in a “Low”-State 

(95-5% (1), Figure 30).  

 

Figure 30: Posterior probabilities E1 Lagoon Fringe Biodiversity (LFB) 

Most of the posterior probabilities found for the fifteen models fluctuated close to a 

60/40% range. Most scenarios were even marginally less pronounced, ranged between a 

55-58%, suggesting a “Low” Lagoon fringe biodiversity and 45-42% indicating a “High” 

Lagoon fringe biodiversity (e.g. scenario Highest 1, Figure 30). This suggested a high 

uncertainty to the likelihood of the nodes being in either of the two States. Only posterior 

probability distributions calculated by the 5-95%-Models showed more distinct tendencies. 

All four input scenarios (1-4) resulted in posterior probabilities denoting an approximate 

70% likelihood of the Lagoon fringe biodiversity to being in a “Low”-State.  

In regards to the posterior probabilities computed for the 1-4 input scenarios of each 

model, nearly no variances were observed in the case of the BG-, Highest- and 5-95%-

Models. The outputs appeared to be very uniform and differed, if at all, only marginally 
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(about 1%). For the Lowest-Model, Scenario 2 and 3 indicated more defined likelihoods 

for the Lagoon fringe biodiversity of being in a ‘Low”-State than the first and fourth 

scenario. Trends in the 95-5%-Models were reversed. The (1) and (4)-input scenario 

suggest a more distinct posterior probability distribution than the (2) and (3)-input 

scenario. To sum up, most of the models resulted in wide posterior probability distributions 

for any input scenario, indicating a low certainty about the chance of Lagoon fringe 

biodiversity being in a “High”- or “Low”-State. An exemption were the posterior 

probabilities computed for the 5-95%-Models, which indicated a somewhat stronger 

chance of a “Low”-State. When translating the computed posterior probabilities in 

accordance with the verbal scale used for the expert elicitation and presented earlier 

(Figure 24, page 96), the 5-95%-Models were close to “expected”, whereas the rest just 

scored marginally higher than a “fifty-fifty” chance. 

Posterior probabilities of the node: Lagoon fringe biodiversity (E3) 

Very similar posterior marginal probability distributions were found for any of the models 

populated with the survey results of E3. The general trends were indifferent to the ones 

observed for E1, with posterior probabilities varying only slightly amongst the two experts 

(differences around <5%). As for E1 all but the 95-5%-Model were found to assign a 

bigger chance for the Lagoon fringe biodiversity to be in a “Low”-State. The posterior 

distributions further showed the most predominant divergences for the 5-95%-Models, and 

so on (Figure 31). 

 

Figure 31: Posterior probabilities E3 Lagoon Fringe Biodiversity (LFB) 
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Nevertheless, a few dissimilarities were noticed besides the variances in the probabilities 

as mentioned before. The results of the BG- and 95-5% (1)-Model diverged slightly. For 

the BG-Model, E1 computed very uniform posterior probabilities for all four input 

scenarios, whereas the model of E3 revealed a marginally narrower probability distribution 

for the second and third scenario over the first and fourth. In the case of the 95-5% (1)-

Model the second scenario of E3 indicated the same probabilities as the fourth scenario, in 

contrary to E1 where the second scenario was more alike to the third input scenario. Also, 

in contrast to E1, E3 were found to result in a different posterior probability for Scenario 2 

of the 95-5% (1)-Model in comparison to the other 95-5%-Models. This is shown in Figure 

31. A posterior probability of 63/37%, suggesting a “High”-State was computed for the 95-

5% (1) -Model, whereas the other sub-models resulted in posterior probabilities varying 

between 53-55/47-45% in favor of a “High”-State.  

Posterior probabilities of the node: Lagoon fringe biodiversity (E2) 

Up next, the inferred posterior marginal probability distributions for E2 for the node 

Lagoon fringe biodiversity. The different outputs for any of the five models indicated a 

greater chance of a “High”-State over a “Low”-State, regardless of the used input scenario. 

The most directed results were observed for the BG, Lowest, and 95-5% models, with the 

narrowest posterior probability distributions for the 95-5%-Models. The 95-5%-Models 

computed posterior probabilities in the range of 90-95%/10-5% indicating an increased 

probability of a “High”-State (Figure 32). 

 

Figure 32: Posterior probabilities E2 Lagoon Fringe Biodiversity (LFB) 
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The outputs of the Highest-limit model were less distinctive in direct comparison to the 

other models (Highest 1-4, Figure 32). The widest posterior probability distributions were 

detected for all four input scenarios for any of the three 5-95% models, denoting a higher 

uncertainty propagated in this model. The smallest difference between posterior 

probabilities computed was a likelihood of 60/40% for the Lagoon fringe biodiversity of 

being in a “High”-State (Scenario: 5-95% (2) 2). This probability denotes a much more 

balanced chance between the two States and stands in stark contrast to the result found for 

the other models, especially the 95-5%-Models described above. Put in the verbal 

equivalencies, probabilities just above “fifty-fifty” chance (5-95%-Models) were found as 

well as models close to a “certain” probability. Otherwise, no major variations between the 

four input scenarios for any of the models were detected. All input scenarios resulted in 

relatively uniform posterior probabilities with only slight differences.  

Posterior portability distributions found for E2, however, differed noticeably from the 

results computed for E1 and E3. Every model populated with the estimates elicited from 

E2 predicted a much greater chance for the Lagoon fringe biodiversity being in a “High”-

State. Two-thirds of the models parameterized using answers of E1 and E3, on the other 

hand, computed a greater chance for Lagoon fringe biodiversity being in “Low”-State. The 

only case where all experts’ models resulted in posterior probabilities, indicating a higher 

chance for the Lagoon fringe biodiversity being in a “High”-State, were for the 95-5%-

Models. Anyhow, distributions found for E2 all represented a very definite chance 

distribution with up to 95/5% of a “High”-State, indicated small uncertainties assigned to 

the outputs. Posterior probability distributions for E1 and E3 in contrast, allocated a 

maximum chance of 63/37% for a “High”-State in the 95-5%-Models, suggesting a very 

large uncertainty towards the outcome of the scenarios. For the BG- and Lowest-Models, 

results observed for E2 did not only indicate a “High”-State over a “Low”-State, which 

inverted the results computed for E1 and E3 but also resulted in much more defined and 

narrow distributions. The only times where E1 and E3’s distributions indicated a more 

defined trend, E2 had similar distributions but inverted to E1 and E3. As a last point, 

differences among the input scenarios were more pronounced for E1 and E3 than E2. In 

general, it must be pointed out that the computed posterior probability distributions for the 

Lagoon fringe biodiversity resulted in strongly differing likelihoods between E2 in 

comparison to E1 and E3.  
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Posterior probabilities of the node: Lagoon fringe biodiversity (E4) 

Now, focusing on the posterior probability distribution computed for E4 (Figure 33). The 

general trend of the results favors a “High”-State of the Lagoon fringe biodiversity for 

every model. All 5-95%-Models accounted for the most equally distributed posterior 

probabilities between the two states. The chances of a “High”-state ranged between 54-

60%/46-40%. The 95-5%-Models computed the most directed posterior probability with 

the narrowest probability distributions with all four input scenarios being close to 80/20% 

chance of a “High”-State. The BG- and Lowest-Models revealed posterior probabilities 

less distinct than the 95-5%-Models, but still clearly in favor of a “High”-State. The 

outputs observed for the Highest-Model can be placed in between the BG- and 5-95%-

Models. Thus, uncertainties about the states of the Lagoon fringe biodiversity were the 

highest in the 5-95%-Models and lowest in the 95-5%-Models.  

 

Figure 33: Posterior probabilities E4 Lagoon Fringe Biodiversity (LFB) 

Results for the individual input scenarios displayed similar tendencies for all models. The 

fourth input scenario computed the most defined posterior probability, followed by the first 

scenario. The second and third were usually alike. Only in the 5-95%-Models, gradual 

increases in the certainty of the computed probabilities from Scenario 1 to 4 were 

observed, respectively. In summary, posterior probabilities of E4’s models assigned 

chances close to the “fifty-fifty” mark as well as almost reaching “probable” chances, all 

predicting a “High”-State of the Lagoon fringe biodiversity. These results indicate a 

fluctuating degree of certainty for the different models investigated. 
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Comparing the results of E4 to the distributions found for the other experts, it becomes 

evident that E4 and E2 have very similar results which are both in stark contrast to E1 and 

E3’s results. The differences of E2 to E1 and E3 have already been described above and 

can be extrapolated to E4. A variation between E2 and E4 was only found in the absolute 

numbers of the computed posterior probabilities. The results for E4 were more 

conservative than the results computed for E2, indicating a slightly larger uncertainty of 

the results for E4 over E2. This observation must be viewed with caution though since the 

elicited estimates for E4 differed in a way to the other three experts as that they did not 

always add up to a 100% distribution. Therefore, the answers were mathematically 

adjusted to fit the requirements of GeNIe Academic 2.1. This adjustment of the estimates 

might have had some impact on the posterior probability distributions found for E4.  

Posterior probabilities of the node: Juvenile fish diversity (E1) 

Next, the results of the node Juvenile fish diversity are discussed, starting with E1. The 

probability of a “High”-State clearly outweighed the “Low”-State of this node. Every 

single input scenario for any of the fifteen different models predicted a better chance for a 

“High”-State for the Juvenile fish diversity. The Lowest- and 95-5%-Models computed the 

narrowest posterior probability distributions, allocating chances up to 93/7% for a “High”-

State (95-5% (1) 3, Figure 34 on the next page). Outcomes for the Best Guess (BG)- and 

Highest- Models were proportional less pronounced than the probabilities computed for the 

Lowest- and 95-5%-Models but still fluctuated around a 70/30% chance. Results computed 

for the 5-95%- Models stood in contrast to the more lopsided distributions of the other 

models. In these cases, all four scenarios resulted in comparatively equally distributed 

posterior probabilities. The maximum chance found for a “High”-State was predicted at 

60/40% probability (5-95% (1) 2), and often even less. Also, in this case, the different 

models resulted in very different posterior probabilities all the way from almost “certain” 

to somewhere between “fifty-fifty” and “expected”.  
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Figure 34: Posterior probabilities E1 Juvenile Fish Diversity (JFD) 

The BG-, Highest- and all 95-5%-Models computed uniform posterior probability 

distributions for the four different input scenarios. In the case of the Lowest- and the 5-

95%-Models, the second and third scenarios resulted in proportionally narrower posterior 

probability distributions than the first and fourth scenarios. To sum up, all models 

computed posterior probabilities predicting a larger probability of a “High”-State. Distinct 

variations of the propagated uncertainties between the models were detected.  

Posterior probabilities of the node: Juvenile fish diversity (E3) 

Like for the previous node, Lagoon fringe biodiversity, the results produced for E1 and E3 

of the Juvenile fish diversity resembled each other a lot. Figure 35, on the next page, shows 

the posterior probabilities found for E3. The trends among the input scenarios of the 

individual models as well as the general tendencies among the models were identical for 

both experts. Conversely to the results of the Lagoon fringe biodiversity, for the Juvenile 

fish diversity E1 posterior probability distributions tended to be marginally narrower, 

indicating chances about 1-3% higher than E3.  
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Figure 35: Posterior probabilities E3 Juvenile Fish Diversity (JFD) 

Posterior probabilities for the node: Juvenile fish diversity (E2) 

Now, the results of E2 for the output node Juvenile fish diversity are looked at. Similar 

trends to the Lagoon fringe biodiversity’s posterior probabilities were observed. As for the 

Lagoon fringe biodiversity, every single scenario for each of the fifteen models resulted in 

a posterior probability in favor of a “High”-State. Like for the node Lagoon fringe 

biodiversity, the Lowest-, and 95-5%-Models resulted in most distinctive posterior 

probabilities with the narrowest allocated distributions of 97/3% (95-5% (1) 2 and 3). The 

Highest-Model can be placed in the middle again, this time being only partially less clear 

on the computed probabilities than the BG-Model. Least prominent posterior probabilities 

were generated for the 5-95%-Models again, predicting a 59 to 69% chance of a “High”-

State (5-95% (1) 1-4 Figure 36).  

 

Figure 36: Posterior probabilities E2 Juvenile Fish Diversity (JFD) 
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What was remarkable for this node is that for 16 different scenarios probabilities of 95 up 

to 97% in favor of a “High” – State were computed. All outputs gathered for the 95-5%-

Models and three of the Lowest-Models resulted in a 90% chance or higher for a “High”-

State. Even the BG- and Highest-Models with the widest distribution still resulted in 

narrow posterior probabilities suggesting a 73% chance for the Juvenile fish diversity 

being in a “High”-State. Only the 5-95%-Models resulted in more conservative outputs 

assigning more equally distributed posterior probabilities to either of the two States. In 

summation, most models found chances for Juvenile fish diversity being in a “High”-State 

between “probable” and almost “certain”. The more conservative 5-95%-Models ended up 

between “fifty-fifty” and “expected”. 

Zooming in on the results for the four input scenarios, it was detected that all models 

revealed similar trends. Each time the second scenario had the most directed score 

followed by the third input scenario. The fourth input scenario resulted in the least distinct 

posterior probabilities. In a nutshell, E2’s results indicated very small uncertainties for 

most of the models. Directly comparing the posterior probabilities, the 5-95%-Models had 

the largest uncertainty assigned to them. Nevertheless, all models predicted a “High”-State 

with generally high certainty.  

When comparing the outputs of E1 and E3 with E2 for the Juvenile fish diversity, posterior 

probabilities were very much alike. In contrast to the Lagoon fringe biodiversity, the three 

experts seemed to have similar ideas about the chance of the juvenile fish being in a 

“High”-State regardless of the input scenario. Results computed for all three experts 

showed the same trends among the models as well as for the input scenarios for the 

individual models. E2 had the models with the most distinct distributions (e.g. 95-5% (2) 2 

with a posterior probability of 98/2% for a “High”-State).  

Posterior probabilities of the node: Juvenile fish diversity (E4) 

The computed posterior probabilities for E4 are discussed in this section. The BG- to 

Highest-Model generated posterior probabilities very much alike to each other. The 95-

5%-Models generated the narrowest posterior probability distributions, indicating a bigger 

chance of a “High”-State. Chances for a “High”-State were close to or at 90% (e.g. 95-5% 

(1) 3, Figure 37). Stark contrasts to all mentioned models were the posterior probabilities 

found for the 5-95%-Models. All six sub-models resulted in a marginally higher chance of 
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Juvenile fish diversity being in a “Low”-State. However, the posterior probabilities for this 

model fluctuated close to a 50/50% chance (50/50% to 56/44%). In the case of E4, most 

posterior probabilities ranked somewhere between a “fifty-fifty” and “expected” chance. 

These results were solely exceeded by the 95-5%-Models, which generated results in the 

region of a “probable” chance. This indicated a much higher uncertainty propagated 

through the models.  

 

Figure 37: Posterior probabilities E4 Juvenile Fish Diversity (JFD) 

Moreover, for all but the 5-95%-Models, the input scenarios revealed the same trends. 

Scenario 4 resulted in the narrowest probability distribution and Scenario one in the widest 

(e.g. BG1 and BG4, Figure 37). In the case of the 5-95%-Models, divergences were nearly 

nonexistent. Minimal tendencies towards a more directed posterior probability were 

observed for the second and third scenario, if at all.  

Results computed for E4 were contradicting to results generated for E1, E2 and, partially, 

E3. E4 was the only expert with some model outputs suggesting a “Low”-State of the 

Juvenile fish diversity. Even though the posterior probabilities of the other three experts 

were not very distinctive for the 5-95%-Models either, none of the other experts’ models 

showed results like E4. Models that did show very similar results for all four experts were 

the 95-5%-Models. Posterior probabilities found for E4 came close to the 90% mark in 

favor of a “High”-State too, though E4 allocated the most conservative chances. It also 

must be kept in mind that E4’s prior probabilities differed in a way that they were modified 

to fit the requirements of GeNIe 2.1. The BG-, Lowest- and Highest-Models computed 

larger likelihoods of a “High”-State, however, distributions found for E4 were noticeably 
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smaller than for the other three experts. To sum up, the similarities and discrepancies 

between the experts’ results observed differed to the ones detected for the previous node, 

Lagoon fringe biodiversity. 

Posterior probabilities of the node: Thatching material (E1) 

Now the results of the output node Thatching material are described. E1’s inferred 

posterior probabilities for the node Thatching material are illustrated on the next page in 

Figure 38. Results computed for this node were not as distinct as for the other two output 

nodes. Predicted posterior probabilities for the two states “Good” and “Poor” were more 

balanced. Prediction found for the Best Guess (BG)-, Lowest- and Highest-Model 

allocated 60/40% chances for Thatching material to be in a “Good”-State. The 5-95%-

Models were even more equally distributed with most models resulting in posterior 

probabilities of 50/50% (5-95% (3) 3) to maximum 56/44% (5-95% (2) 4) tendency 

towards a “Poor”-State. Trends among the 5-95%-Models differed in a way that for some 

models (e.g. 5-95% (1) and (2)-Model) a marginally higher tendency towards a “Poor”-

State was detected, whereas others (e.g. 5-95% (5)-Model) computed a slightly larger 

chance for a “Good”-State. However, the overall prediction of all 95-5%-Models was that 

there is an equal chance of Thatching material being in any of the two states. Exemptions 

to these findings were the outputs calculated for the 95-5%-Models. All six sub-models 

generated uniform posterior probabilities predicting a “Good”-State with a 70/30% chance. 

The four input scenarios of each model resulted in similar posterior probabilities.  

 

Figure 38: Posterior probabilities E1 Thatching Material (TM) 
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Posterior probabilities of the node: Thatching material (E3) 

For this last output node, the results generated for E1 and E3 resembled each other for 

most of the models. The BG-, Lowest-, and 95-5%-Models all resulted in nearly the same 

posterior probability distributions for the two States. However, unlike the previous two 

nodes, some differences in the outputs for the 5-95%-Models were detected. Starting with 

the most obvious one, in contrary to E1, the model output for E3 suggest a greater 

probability for Thatching material to be in a “Poor”-State in the 5-95% (3)-Model. Where 

the model of E1 resulted in almost solely 50/50% chances, with a minimal higher tendency 

to a “Good”-State (about 1%), the model for E3 was closer to a 60/40% in favor of a 

“Poor”-State. In the case of the 5-95% (1) –Model of E3, the computed posterior 

probability distributions showed a more defined affinity to a “Poor”-State. E1’s results, in 

contrary, fluctuated closely around the 50/50% distribution again. Lastly, the 5-95% (2)-

Model for both experts demonstrated a higher probability of a “Poor”-State, but also in this 

instance, the results for E3 were, in direct comparison, more defined than E1’s results 

(Figure 39).   

 

Figure 39: Posterior probabilities E3 Thatching Material (TM) 

Posterior probabilities of the node: Thatching material (E2) 

Next, the focus lies on the posterior marginal probability distributions for E2. First, the 

outputs computed for this node were not as lopsided towards one particular State as for the 

other two output nodes. All, but the 5-95%-Models, generated posterior probabilities 

0

20

40

60

80

100

B
G

 1

B
G

 2

B
G

 3

B
G

 4

Lo
w

es
t 

1

Lo
w

es
t 

2

Lo
w

es
t 

3

Lo
w

es
t 

4

H
ig

h
e

st
 1

H
ig

h
e

st
 2

H
ig

h
e

st
 3

H
ig

h
e

st
 4

5
-9

5
%

 (
1

) 
1

5
-9

5
%

 (
1

) 
2

5
-9

5
%

 (
1

) 
3

5
-9

5
%

 (
1

) 
4

9
5

-5
%

 (
1

) 
1

9
5

-5
%

 (
1

) 
2

9
5

-5
%

 (
1

) 
3

9
5

-5
%

 (
1

) 
4

P
o

st
e

ri
o

r 
p

ro
b

ab
ili

ty
 (

%
)

Scenarios per model

TM Good

TM Poor



116 

predicting a “Good”-State. Scenarios of the BG- and Highest-Model resulted in posterior 

probabilities ascribing a chance between 55-60% of a “Good”-State. The Lowest-Models 

computed marginally higher chances of Thatching material being in a “Good”-State with a 

maximum 67/43% (Lowest 2, Figure 40).  

 

Figure 40: Posterior probabilities E2 Thatching Material (TM) 

The highest chances, and thereby narrowest posterior probability distributions, were 

observed for the 95-5%-Models. Posterior probabilities of a “Good”-State ranged between 

70-80%. Results of the 5-95%-Models predicted a “Poor”-State with a probability of 

approximately 60% in every case. These equally distributed posterior probabilities 

represent a high uncertainty propagated through all models. This uncertainty gets further 

emphasized by the fact that the computed posterior probabilities can be translated to barely 

above “fifty-fifty” chances, only with the 95-5%-Models in part scoring results around the 

“expected” mark. 

Variations among the individual input scenarios were detected. For the BG-, Lowest-, 

Highest- and 95-5%-Models, the second scenario computed the most directed posterior 

probability. This was followed by the first, third and fourth in decreasing order 

respectively. For the 5-95%-Models, a marginally more directed result was found for the 

third and fourth scenario over the first and second. These dissimilarities were much smaller 

than for the other models. All models in favor of a “Good”-State revealed the same trends, 

and each of the six 5-95% sub-models had the same tendency.  
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When comparing the computed posterior probability distributions for E2 with E1 and E3 it 

was observed that for this node the results of E2 and E3 for the 5-95%-Models were more 

akin than for E1 and E3. This was the first time E3 displayed a greater similarity to E2 than 

to E1. Otherwise, the generated probability distributions ranked in the same range for the 

BG-, Lowest- and Highest-Model. E2 displayed larger variances between the individual 

input scenarios than E1 and E3 did. The same was found for the 95-5%-Models.  

Posterior probabilities of the node: Thatching material (E4) 

The results found for E4 were interesting. For the BG-, Lowest- and Highest-Model the 

inferred posterior probabilities were uniformly at a 50/50% chance for Thatching material 

being in either a “Good”- or a “Poor”-State. For the three 5-95%-Models a uniformly 

60/40% chance of a “Poor”-State was predicted. Results distributions for the 95-5%-

Models displayed an inverted posterior probability of the 5-95%-Models, predicting a 

greater chance for a “Good”-State instead of a “Poor”-State. In other words, all models and 

every individual scenario did result in “fifty-fifty” chances, with only the slight deviations 

in the case of the 5-95%- and 95-5%-Models. This represented a very large uncertainty 

allocated to the outputs of this node. All observations described are presented in Figure 41. 

 

Figure 41: Posterior probabilities E4 Thatching Material (TM) 

On the first glance, the results gathered for E4 seemed to differ substantially to the results 

of the other three experts. However, on closer examinations parallels became evident. 
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60/40% probability, only with the 95-5%-Models computing more directed chances. In the 

latter models, E4 displayed more conservative chances. However, the BG-, Lowest, and 

Highest-Models showed some dissimilarity to E4. The models of E4 invariably computed a 

50/50% posterior probability distribution in contrast to the other three experts which all 

scored around a 60/40% distribution with an advantage toward a “Good”-State.  

Comparison of all the posterior probabilities for the Best Guess-Models 

In addition to the similarities and discrepancies observed for the individual nodes, 

divergences of the results among the three output nodes were detected too. Posterior 

probabilities generated for the Lagoon fringe biodiversity and Juvenile fish diversity were 

much more defined, with much narrower distributions than any of the results computed for 

Thatching material. This suggests a much higher uncertainty ascribed to the responses 

elicited for Thatching material than for the Lagoon fringe biodiversity and Juvenile fish 

diversity (Figure 42).  

 

Figure 42: Posterior probabilities Best Guess (BG)-Model of all experts for all three 

output nodes, Lagoon Fringe Biodiversity (LFB), Juvenile Fish Diversity 

(JFD), and Thatching Material (TM) 
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Another key observation concerned the states predicted for the output nodes. Posterior 

probabilities generated for E1 and E4 predicted the Lagoon fringe biodiversity to be in a 

“High”-State at the same times as they predicted a better chance for the Juvenile fish 

diversity to be in a “High”-State too. With exception of the 5-95%-Models, all other 

models of E2 even found very narrow posterior probability distributions suggesting a 

“High”-State for both nodes. Results of E4 were more conservative, distributing chances a 

bit more equal. Outputs for E2 and E4 thus suggest a synergy of the Lagoon fringe 

biodiversity and Juvenile fish diversity with a high certainty. On the other side are the 

results of E1 and E3. Models of these two experts found that the Lagoon fringe 

biodiversity would be more likely to be in a “Low”-State while for the same models 

Juvenile fish diversity had a bigger posterior probability to be in a “High”-State. All but 

the 95-5%-Models for both experts computed such results. Hence, E1 and E3 suggested 

trade-offs between the Lagoon fringe biodiversity and the Juvenile fish diversity. However, 

posterior probabilities, especially for the state of the Lagoon fringe biodiversity, were less 

directed than results computed for E2 in comparison. This indicated a lower certainty for 

the results suggesting trade-offs than the results finding synergies between the two nodes.  

As discussed earlier, outputs for the node Thatching material were associated with high 

uncertainties and more equally distributed posterior probabilities among the two states 

“Good” and “Poor”. No trade-offs or synergies to the predicted states of the other two 

output nodes could be identified. Generally, the state of Thatching material seems to be 

quite uncertain, independent of the input scenarios or other nodes. The Best Guess (BG)-

Model results of all four experts, underlining the above-described similarities and 

discrepancies between the results generated for the tree output nodes can be seen in the 

previous figure (Figure 42). Obviously, this only represents a small part of all computed 

posterior probabilities, but it gives a great representation of the overall trends observed in 

this study. Looking at the BG-Model results furthermore, shows how diverging the BG 

results of the different experts were. Just as an example, for the node Lagoon fringe 

biodiversity the state “High” (LFB High), shows that E1 and E3 (blue and gray, 

respectively), generate very similar posterior probabilities indicating a negative 

development of the Lagoon fringe biodiversity. In comparison, E2 (red) and E4 (yellow) 

resulted in posterior probabilities envisioning a likely chance of the LFB to be in a “High”-

State. However, for the second node, the Juvenile fish diversity, posterior probabilities 
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reveal very similar predictions, suggesting for all four experts a better chance of reaching a 

“High”-State (JFD High, Figure 42). For the Thatching material, all experts seem to be 

equally unsure about the state the reed beds will be in, based on the very widely distributed 

posterior probabilities generated for every expert (TM Good and TM Poor). Probable 

reasons for these dissimilarities are elaborated upon in the discussion chapter. 

In terms of informing any manager in their decision-making process the results generated 

for the four experts can be translated into the following exemplary future scenarios. Given 

a situation in which winter reed harvesting is done in a sustainable manner and natural 

variation of the reed beds is low (referring to the first input scenario, BG1 Figure 42), for 

E1 the BBn predicts a 57% chance of the Lagoon fringe biodiversity being in a low state. 

A 70% likelihood for the Juvenile fish diversity being in the state “High” was found for the 

same scenario. This indicates a trade-off between the two ES. For Thatching material a 

posterior probability of 59%, indicating a “Good” state, was computed In summary, 

according to this scenario there is a possibility of trade-offs to occur between the Lagoon 

fringe biodiversity and Juvenile fish diversity if winter reed harvesting would be 

implemented sustainably and the natural variation would is low. Furthermore, a marginally 

higher chance is indicated for Thatching material and the Lagoon fringe biodiversity to be 

representing trade-offs.  

A contrasting result to the previous scenario would be the example of the BG3 scenario for 

E2 (Figure 42). In this case, the input scenario describes a situation in which winter reed 

harvesting is implemented to an unsustainable level, while at the same time natural 

variation of the reed beds is low. For this particular case, the BBN projected a 83% 

likelihood for the Lagoon fringe biodiversity being in a “High” state. Simultaneously, the 

Juvenile fish diversity is predicted to be in a “High” state as well, with a chance of 80%. 

Hence, in this context the scenario predicts a higher likelihood for the two ESs to display a 

synergy. For the Thatching material a 58% posterior probability for the node being in a 

“Good” state was computed, thereby indicating a marginally higher chance for the node to 

be positively affected. This in turns also suggest a slightly higher chance for Thatching 

material being in a synergy with the other two output nodes. In short, regarding to the 

information surveyed from E2 all three ESs are more likely to display a synergy rather than 

a trade-off when winter reed harvesting is implemented in an unsustainable manner, while 

natural variation of the reed beds is low. These two paragraphs provided an example of 
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how to read the outputs generated by the expert informed BBN, and how to translate them 

into possible futures depending on the input scenarios. This section described the results 

for the individual expert’s models. In the next sub-chapter outputs generated for the BBN 

using the merged results of all experts are further elaborated on.  

5.2.4 BBN Application – Experts combined 

The weighted average BBN  

On top of the models populated for the individual experts, a Best Guess (BG)-Model was 

investigated too. This describes the last part of the BBN Application step. The conditional 

probability tables were parameterized using an average of all experts’ Best Guess estimates 

for either state which then were weighted accordingly to their assigned 95% BCI. For 

every Best Guess point estimate, in form of a prior probability, a 95% BCI was assigned. 

The 95% BCI in this case, denotes the range of probabilities between which the expert is 

95% confident the correct probability occurs. Meaning the larger the assigned 95% BCI the 

smaller the assigned weight. Averaged was a percentage, the point estimate (Best Guess) 

of each expert. The following formula was used to determine the weight for every 

individual expert’s response per state for each node.  

0

i i

avg i n

i

w x
BGW

w








 

With: 

BGWavg= average of weighted Best Guess estimates 

w= weight  

x= Best Guess estimate  

n= number of experts  

100iw BCI   

With: 

BCI= assigned 95% Bayesian Credible Interval  

In fact, two weighted average BG-Models were built. The first was populated using the 

weighted average of E1, E2, and E3. The second model included E4 as well. A 
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differentiation was made because the estimates elicited for E4 very different to the 

numbers provided by the other experts, as was described earlier. Thus, the two models 

were investigated and compared for their inferred posterior marginal probability 

distributions for the four different input scenarios. Findings are depicted in Figure 43. 

 

Figure 43: Posterior probabilities of the Weighted average Model. E1-E3 vs. E1-E4 

The results revealed only minor variations between the computed posterior probabilities 

for the two weighted average BG-Models. Some differences were as small as 1 percentile 

point (e.g. the fourth scenario for the state “LFB low” in Figure 43). The maximum 

differences were 4% in some cases, i.e. the two second scenarios of TM Good. However, 

the found differences were so small that they were ranked as negligible. Hence, for the 

weighted BG-Model, only the weighted average of all four experts was considered.  

The generated results for the weighted average BG-Model were analyzed for dissimilarities 

between the four input scenarios as well. In this case, results for all three output nodes are 

collectively displayed in one graph. On closer investigation, no major variations for the 

posterior probabilities of the different input scenarios were detected. Only minor variations 

are visible, reflecting similar probabilities regardless of the combination of the input nodes 

(Figure 44).  
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Figure 44: Posterior probabilities weighted average Best Guess (BG)-Model all four input 

scenarios 

The largest, most directed posterior probabilities were computed for the node Juvenile fish 

diversity with 70-75% chance indicating a “High”-State (JFD High). This node had the 

narrowest posterior probability distribution compared to the Lagoon fringe biodiversity and 

the Thatching material, indicating the least uncertainty towards the assigned priors. Lagoon 

fringe biodiversity and Thatching material both generated posterior probabilities 

fluctuating closely around the “fifty-fifty” mark. Lagoon fringe biodiversity was assigned a 

marginally better chance to be in a “High”-State and Thatching material revealed a slight 

tendency to a “Good”-State.  

The results of the weighted average BG-Model resemble more the posterior probabilities 

found for the individual BG-Models of E2 and E4. Just as a recap, E1, and E3 predicted a 

“Low”-State of the Lagoon fringe biodiversity in their BG-Models. This reflects a greater 

certainty assigned to the BG-estimates by E2 and E4 in comparison to E1 and E2. Since 

the results of the weighted average model only considering E1, E2 and E3 computed 

almost identical posterior probabilities as the weighted average model, including all 

experts, it shows that E2 assigned a much greater confidence to the elicited priors than E1 

and E3. The Juvenile fish diversity was found to predict a “High”-State with large certainty 

describing the narrowest posterior probability distribution and being absolutely in line with 
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the individual experts’ results. The same was observed for the posterior probabilities 

generated for Thatching material. Solely E4’s BG-Model resulted in a 50/50% posterior 

probability slightly varying from the results computed for the weighted average BG-

Model.  

The absolute minimum and maximum combined experts BBNs 

Lastly, the results found for the Best Guess (BG)-Models applying the smallest estimate of 

all experts assigned for the first state, and the highest elicited estimate for the second state 

and vice versa. As for the weighted average BG-Model, two versions were created one 

excluding and the other one including priors provided by E4. The posterior probability 

distributions found for the models excluding E4 differed only marginally from the results 

computed for the model including E4. Hence, in the following only results for the models 

including all experts are discussed.  

First, the model using the smallest estimate for all first states (“High” for the Lagoon fringe 

biodiversity and Juvenile fish diversity, and “Good” for Thatching material), and highest 

for the second state. Posterior probabilities generated for any scenario of any of the six 

sub-models ranged all between 50/50% chances (TM Good BG3 (3)) to maximum 63/40% 

(JFD High BG2 (4)), indicating very wide probability distributions (Figure 45, page 125). 

The models computed slightly higher chances for the Lagoon fringe biodiversity being in a 

“Low”-State, the Juvenile fish diversity being in a “High”-State and Thatching material 

being marginally more likely to be in a “Poor”-State. The results diverge only marginally 

between the four different input scenarios. Only in the case of the Thatching material 

slightly bigger variations between some scenarios are found. However, these differences 

are only marginal and represent exemptions of the overall trend. All in all, it can be said 

that the estimates used for this model with its six sub-models resulted in undirected 

posterior probabilities with high uncertainty regarding the state of any of the three output 

nodes.  
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Figure 45: Posterior probabilities Best Guess (BG)–Model of all experts, absolute min BG 

for State 1 and max for State 2  

 

 

The outputs of the model using the highest Best Guess (BG)-estimate for the first state and 

the lowest for the second state of each node are discussed now. This model consisted of six 

sub-models as well. Posterior probabilities computed for this model stood in stark contrast 

to the previously described results. Very narrow posterior probabilities for the Lagoon 

fringe biodiversity and the Juvenile fish diversity were generated, both times predicting a 

“High”-State for the two nodes (e.g. LFB High BG1 (1), Figure 46, page 126). The 

“High”-State was assigned a chance around 80% or higher (e.g. JFD High BG2 (3) 84%, 

Figure 46).  
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Figure 46: Posterior probabilities Best Guess (BG)–Model of all experts, absolute max BG 

for State 1 and min for State 2   

 

 

All sub-models found very similar posterior probabilities for each input scenario for the 

Lagoon fringe biodiversity. In the case of the Juvenile fish diversity, it can be described as 

almost uniformly. Predictions for the Thatching material were less directed, but with 

posterior probabilities all fluctuating around 60% suggesting a “Good”-State (TM Good), 

they were narrower than for the previous model. To sum up, the latter model using the 

maximum estimate of the first state of all nodes resulted in posterior probabilities indicated 

a larger certainty than the previously described model. This second model was more akin 

to the results found for the weighted average BG-Model than the model using the 

minimum estimate of the first state.  

All in all, results found for the individual experts as well as for the several models using 

the combined priors of all experts, suggested a high level of uncertainty allocated to the 

priors as wells as posteriors. It became evident that in some cases assigned 95% BCI’s 

were so large that they resulted in contradicting posterior probability distributions when 

arranged differently in the conditional probability tables. This demonstration of uncertainty 
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must be kept in mind further on when interpreting the results and formulating a conclusion 

in regard the research questions.  

This point marks the end of the BBN Application performed in during this case study. 

During this step, it was demonstrated how different estimates and varying 95% BCIs can 

be translated into a number of conditional probability tables. It furthermore was shown 

how differences in the underlying conditional probability tables result in different posterior 

probabilities. Those posterior probabilities did not just vary in their certainty, but 

sometimes even both states could be possible depending on the chosen conditional 

probability tables. On the whole, it became apparent that differences among the experts’ 

provided estimates identified in the preceding step, were reflected in the outputs of the 

BBN as well. If the generated outputs are realistic and reflect the opinions the experts have 

about the probable futures of the Curonian Lagoon is open to debate and must be discussed 

with the experts involved in a later step. What can be concluded at this point is that the 

models’ purpose to depict trade-offs between ESs inflicted by anthropogenic interventions 

was reached to some extent. However, the described high uncertainties and divergent 

outcomes for the different experts prohibit forming any concert conclusion about the 

model's suitability yet. This requires further steps, such as subjecting the model to different 

ways of model validation, which exceeded the scope of this research. A Model Validation 

has been performed only based on comparing the findings with results described in the 

scientific literature and is further elaborated on in Chapter 6.  
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5.3 Summary of all results 

In the course of this thesis study, a multitude of results has been generated, as described in 

detail in the earlier chapters (Ch. 4 & Ch. 5). Figure 47 on the next page summarizes the 

key findings of this thesis. On the left-hand side the applied methodology is represented 

and on the right-hand side, and a brief summary of the produced results is provided (Figure 

47). Each oval underlying either several or individual steps of the methodology indicates 

the steps comprised within the results section on the right-hand side. Each square 

comprises the main findings, with achievements indicated by the green boxes and 

recommendations indicated by the red boxes. The first, grey oval including the System 

Analysis, Model Definition, Node Definition, and BBN Structure steps summarizes the 

main findings of the desk study (Ch. 4). In the second, purple oval, the qualitative 

component of the expert collaboration study is reflected upon, encompassing the Expert 

Elicitation – Structure, and Expert Elicitation-State steps (Ch. 5.1). The third, orange oval, 

leads to the main results produced during the Expert Elicitation-CPT process, as the first 

part of the quantitative research implemented within this case study (Ch. 5.2). Lastly, the 

light blue oval underlying the BBN Application step is connected to the key results 

generated during the BBN Model Application process, resulting in the posterior 

probabilities for the developed expert informed BBN. Results for the final step Model 

Validation are not represented in this figure yet, as they will be presented in the next 

chapter (Ch. 6).  



 

129 

 

Figure 47: Summarized results from desk study and expert collaboration study
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6 Discussion & conclusion 

This study investigated the appropriateness of literature founded BBN in comparison to 

expert influenced BBNs in depicting trade-offs between ESs in a non-monetary manner in 

information restricted environments. Such trade-offs are potentially caused by ES 

management and/or utilization. The lagoon fringe reed belts of the Curonian Lagoon 

served as a case study area. Tested in this study was the null-hypothesis that “BBNs based 

solely on literature are as suitable to adequately represent the effects ES 

management/utilization imposes on the ecosystem in as BBNs developed on experts’ 

cooperation”.  

The literature based BBN 

One of the questions addressed in this study looks at the benefit and constraints of creating 

BBNs based on the available scientific literature in contrast to BBNs built in cooperation 

with experts. In the presented work, the methods suggested in the literature (Marcot et al., 

2006; Chen & Pollino, 2012; Gruenewald & Bastian, 2015) such as the DPSIR-framework 

and construction of conceptual models, were applied for knowledge identification and 

accumulation. Each step allowed for structuring the existing knowledge on the interactions 

of the lagoon fringe reed belts and lifecycle fish, respectively. The results were two 

literature based prototype BBNs. The aim was to depict trade-offs between utilization of 

reed as raw material via winter reed harvesting on the one hand, and reed beds functioning 

as nursing and spawning grounds for fish, on the other hand.  

One benefit of this exercise was the identification of knowledge gaps. It appears that most 

information available for the lagoon fringe reed belts of the Curonian Lagoon, and the role 

they play for fish, is more generic. As soon as more detailed information about the 

interconnectivity of reed beds and fish is sought limitations are quickly reached. One 

reason for this lack of information is that research has not been published yet or not made 

available in the English (personal communication, Adrasiunas et al., 2016). However, 

identifying areas subject to a lack of (published) knowledge could be useful in defining 

future research priorities, as has also been suggested by Douglas & Newton (2014). In this 
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sense, it can be concluded that there is still a great need for processing existing data to 

make it utilizable. Also, more research on the interaction of fish and reed within the 

Curonian Lagoon would be beneficial for future research. 

Building a BBN based on the existing literature as a preceding step to expert involvement 

and elicitation seems to be beneficial in facilitating such procedures. If, as was true in this 

case, the modeler is a layman to the study area and BBN as a methodology, it appears to be 

of high value to become acquainted with the concept. Making use of the DPSIR-

framework and conceptual models as knowledge structuring approaches were perceived to 

ease the role of facilitator later on. If the facilitator of the elicitation procedure is informed 

about the issue discussed, it may enhance their performance (Bromely, 2005). Thus, it can 

be said that developing a system understanding is key for proper BBN modeling and expert 

elicitation processes.  

In this study, the literature prototype BBN served as a foundation for the expert elicitation 

on the model structure (directed acyclic graph). Its aim was to reliably depict a trade-off 

situation between ESs provided by lagoon fringe reed belts. However, the expert panel 

pointed out misconceptions about the importance and rightfulness of several nodes defined 

during the literature review. The result of this feedback and discussion session was an 

expert informed BBN. Six previously included nodes were either exchanged, modified or 

deleted. This result suggests that BBNs constructed only on the basis of limited literature 

might be prone to incorporating misconceptions arising from extrapolation information. 

This finding stands in contrast to the results found by Douglas & Newton (2014). In their 

case information gathered from the existing literature was found to be sufficient in the 

majority of cases. Only in two cases, additional nodes were suggested by experts, but no 

nodes had to be exchanged or deleted. Even though Douglas & Newton (2014) mentioned 

limit information availability in their study, this statement is relative and there is a great 

chance that they had more information available than was the case during this research. 

However, they also found that expert knowledge was beneficial in confirming the 

developed structure and adding missing variables (Newton & Douglas, 2014), further 

supported by Landuyt et al. (2013). One key aspect learned from this is that especially in 

situations where in-depth knowledge is not directly available, expert input is beneficial. 

Experts represent an additional channel of system specific knowledge, which may improve 

the appropriateness of the BBN, as demonstrated by this research. In addition, this outcome 
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highlights potential limitations to be kept in mind when developing a model solely based 

on literature in an information restricted environment. Thus, one conclusion of this study is 

that literature based BBNs are helpful in creating a system understanding. Nevertheless, if 

the modeler is a layman to system and processes under investigation, it is not advised to 

rely solely on literature based BBNs. Literature BBNs provide a great means of opening 

and facilitating a discussion about a system. However, too much uncertainty was allocated 

to the chosen nodes and structures in this case study. 

The expert elicitation process 

The next step in pursuit of modeling trade-offs between ESs in the Curonian Lagoon was 

to define the states of each node and to populate the underlying conditional probability 

tables. Key insights were gained about the expert elicitation process influencing the 

uncertainty. Due to time limitations, the states of the nodes were proposed to the expert 

and confirmation was asked over e-mail. This approach appears to have created an 

additional source of uncertainty introduced into the BBN. Rise to this concern gave the 

quantitative intervals assigned by the different experts. As stated in the results, the states 

were intended to represent trade-offs. In other words, if the parents’ states would benefit 

one state the other state should be negatively affected. Nonetheless, this was not always the 

case. Despite the prior agreement on the proposed states, on further interrogation one 

expert named misperception about the assigned states as the reason for assigning 

controversial estimates. Even though it is stated as a valid method to provide the states of 

the nodes (Chen & Pollino, 2012; Ban et al., 2014), and it has been made sure that the 

experts agree (Uusitalo, 2007), this problem arose. Also, the several elicitation steps from 

the structure to the quantitative estimates were a prolonged process. This elongated time 

span might have enhanced the misunderstanding reflected in the elicited quantitative 

intervals. Furthermore, the ambiguity of the states seemed to have caused problems 

(Pollino & Henderson, 2010) Eliciting the states for the nodes by the experts supposedly 

could have helped to avoid this issue. Based on the knowledge gained, this study concludes 

that for reducing uncertainty and minimizing misunderstandings, the states of the nodes 

should best be developed together with the experts rather than providing them with pre-

defined states.  
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Furthermore, the used states are all labels defined exclusively by verbal description. Thus, 

if data becomes available the states must be defined at a quantifiable level again (Marcot et 

al., 2006; Pollino & Henderson, 2010). It seems that if the experts would have provided the 

states or would have been defined in close cooperation, this could have been done directly, 

facilitating later modeling steps. Hence, this study highlights the importance of the model 

acceptance (Uusitalo, 2007) to reduce uncertainties during the expert elicitation process. 

Close and continuous involvement of the experts to receive a critical review, as stated by 

Marcot et al., 2006, and Chen & Pollino (2012) and experienced by Douglas & Newton 

(2014), appears to be essential to build a meaningful BBN. Building on the conclusion of 

the previous paragraphs, it is concluded that the best way of assigning states is in 

cooperation with the experts and assigning some kind of value to define the condition of 

the state.  

With the previous finding in mind, another key insight gained from the expert survey 

addresses the choice of wording. As there is no concrete method available on how to 

formally elicit conditional probabilities from experts, the survey tried to incorporate 

guidelines provided from several sources (e.g. Kuhnert et al., 2010; Sepeirs-Bridge et al., 

2010; Hamilton et al., 2015). As discussed previously, one issue found was the name and 

the definition of the state. Other reasons for the diverging responses and responses not 

resulting in trade-offs might have been the formulation of the questions in the 

questionnaire (Speirs-Bridge et al., 2010). It is possible that the language barrier might 

have caused some of the uncertainty assigned to the best guess estimates by the experts. In 

summation, easily understandable, clear, ambiguity-free language is key for a successful 

expert survey.  

On top of the language barrier, the length of the survey might have been and additional 

obstacle. The compiled survey was relatively long, potentially leading to expert fatigue 

(Ban et al., 2014). Hence, the elicitation of the prior probabilities needed to populate the 

conditional probability tables underlined the importance of model parsimony widely 

stressed in the literature (Marcot et al., 2006; Chen & Pollino, 2012). Even though it is a 

trade-off between model precision and parsimony, model parsimony seems to benefit the 

conditional probability table elicitation process. Also, if fewer priors are elicited 

potentially more precise elicitation method could be applied (e.g. the 4-point elicitation 

method) as found by Speiers-Bridge et al. (2010), and Ban et al. (2014, 2015). Thus, this 
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case study showed that model parsimony to avoid expert fatigue and appropriate language 

seems to be a key aspect and should be kept in mind when applying expert elicitation.  

The performance of the individual expert informed BBN 

Now, directing the focus from the individual experts’ responses to the posterior 

probabilities generated in the BBN. Results produced for the different experts and the 

different models indicated sometimes similar and other times diverging posterior 

probability distributions. Those outputs were derived by applying various versions of 

conditional probability tables in the BBNs. Narrow posterior probabilities computed for the 

Best Guess (BG)-Models generally indicate higher certainty allocated to the results than 

widely distributed posterior probabilities (Kjærulff & Madsen, 2013). However, these 

results must be interpreted with caution. By creating a multitude of models utilizing the 

different prior estimates of the quantitative intervals it was demonstrated how the 

prediction can vary for an individual expert. These observed dissimilarities by utilizing the 

different 95% BCI estimates suggest relative high uncertainties assigned by the experts. 

Particularly contrasting results for the models using the upper and lower 95%BCI limits 

suggest high uncertainty (Hamilton et al., 2015). Reasons for this uncertainty, besides the 

potential causes earlier elaborated on, might be the general finding that experts tend to be 

underconfident (Uusitalo, 2007). Another factor which might have caused some 

uncertainty is the potential bias of the experts as they might not be familiar with all factors 

incorporated in the BBN (Douglas & Newton, 2014). This could have been the reason for 

some larger 95% BCIs ascribed to the Best Guess estimates of some nodes. Kuhnert et al. 

(2010), therefore, suggested to not only eliciting a point estimate but survey intervals. This 

was done in this thesis, and experiences made support Kuhnert’s statement that intervals 

are useful to investigate experts’ uncertainties. Consequently, the appropriateness of any 

elicited prior probabilities must always be tested. To avoid false interpretations it is thus 

advised to always elicit for uncertainties.  

In addition, the results found for the four experts differed among each other. As has 

become evident in this case, different experts can have very different opinion about the 

behavior of a system. For example, BBNs of two experts found the Lagoon fringe 

biodiversity to be in a “High”-State in a majority of their models and scenarios. The other 

two predicted greater chances for a “Poor”-State. Generating such contradicting results 
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points out could be interpreted as highlighting the knowledge gaps about the ESs under 

investigation. It demonstrates how difficult it can be to envision potential futures in an 

environment characterized by information scarcity. However, as Douglas & Newton 

(2014) cite, consistency among experts could be interpreted as results reliability, though, 

divergences could also just indicate honest variations in their opinions about the situation. 

Hence, using multiple experts to populate the conditional probability tables seems to add 

value to the results generated by the BBN (Landuyt et al., 2013). This finding is in line 

with the “plurality of expert opinions” discussed by Hamilton et al. (2015). It further 

suggests that including multiple experts in the conditional probability table 

parameterization process allows investigating the model for contradicting views, 

potentially helpful in further defining the model. In this case, the spatial scale was rather 

large, and environmental conditions around the Curonian Lagoon vary. Maybe by reducing 

the scale of the spatial focus less controversial results could be generated. To sum up, 

investigating for similarities and contradictions between experts additionally may help to 

avoid making false conclusions based on the computed posterior probabilities. In the light 

of the produced results, including multiple experts should be chosen over methods using a 

single expert.  

The performance of the combined expert BBNs 

One last way of looking at the BBN and its prediction was to assign a weight to the experts 

Best Guess (BG) estimates in accordance to their assigned uncertainties (absolute 

maximum BG, and absolute minimum BG of all experts). The posterior probabilities 

showed similar behavior as for the individual experts. Among the predictions of the 

minimum and maximum Best Guess-Models, the differences were clearly visible. It could 

be demonstrated for which nodes the experts seemed to have higher consensus and which 

nodes resulted in divergent expectations. These findings appear to indicate, on the one 

hand, a high uncertainty for the state of the Thatching Material. On the other hand, it also 

may show divergent understanding on the node Lagoon fringe Biodiversity. This could 

have happened because this node included the word “biodiversity”, which seemed to raise 

some issues in another node, as discussed previously. In general, combining different 

expert opinions implies some issues. As Uusitalo (2007) states, just because some experts 

have a very distinct opinion about a situation does not make it automatically true. 

Incorporating the uncertainties ascribed to the Best Guess estimates by applying some kind 
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of weighting approach seems to be one option to combine divergent expert opinions. It was 

one way to demonstrate how BBNs are able to combine different sources of knowledge, 

supporting findings by Douglas & Newton (2014). However, it also highlighted that 

limitations must be accounted for when analyzing the found posterior probabilities. Hence, 

combining expert knowledge must be done with care and interpreted accordingly.  

The visualization of ecosystem service trade-offs 

As stated earlier, assigned states and chose language have led to some misconceptions 

during the BBN development process. Keeping this aside, some insights on the 

applicability of BBNs in ESs trade-off analysis were gained. Starting out with the 

questions of how trade-offs could be visualized most realistically for the case study area, 

the Curonian Lagoon. At this point it must be kept in mind that the model constructed is at 

an alpha level, meaning its aim is to make it act in a way it is intended to (Marcot et al., 

2006). For two experts’ trade-offs between the Lagoon fringe biodiversity and the Juvenile 

fish diversity were predicted by the model, though, these results were subject to 

uncertainties. The other two experts’ opinions did not predict any trade-offs. As elaborated 

on previously, this may be due to the choice of nodes. Thus, at this stage, it would be 

beneficial to review the choice of nodes in order to adapt and improve the model 

performance. This is an eligible procedure as cited in the scientific literature (e.g. Marcot 

et al., 2006; Uusitalo, 2007). Thus, it can be concluded that BBNs appear to have the 

ability to depict trade-offs, however, the model developed during this study might not have 

been the most suitable to do so.  

The computed posterior probabilities for the Juvenile fish diversity appear to be in line 

with findings stated by Iital et al. (2012) in the way that winter reed harvesting usually 

does not have any direct effects on the quality and ability of reed functioning as feeding 

and nursing grounds during the spring and summer season. Posterior probabilities for 

Thatching material were widely distributed for all cases. This uncertainty about the state 

conforms to the work of Huang et al. (2014), who mentioned the inconsistency of 

observations on the effect of reed harvesting on the regrowth of reed. This suggests a lack 

of knowledge incorporated into the BBN and the network may benefit from further, site-

specific research. For the Lagoon fringe biodiversity, information was provided by the 

experts during the development of the structure. Variation may though originate from 
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diverging views (Hamilton et al., 2015). In this sense, future research on optimizing the 

qualitative part of the BBN could be beneficial for the model's performance in visualizing 

trade-offs. The ability to depict trade-offs could be demonstrated in this study, at least in 

parts. Ultimately, it is concluded that the variables and model specifications chosen are 

applicable to show trade-offs, but for the aim of this thesis other, more contradicting 

variables, would have been better.  

Even though the trade-offs between the ESs were not as pronounced as intended, one key 

aspect demonstrated by this study was the combination of tangible and intangible ESs. 

Reed beds have been identified to provide a variety of tangible ESs (e.g. provision of raw 

material) and intangible ESs (e.g. nursery and spawning ground for fish) (Iital et al., 2012). 

Being able to combine tangible and intangible values of ESs could benefit future research 

on ESs, their utilization, management, and optimization. This would be of great advantage, 

as identified by Fisher et al. (2009) as one key issue in ESs valuation. Accounting for 

trade-offs and their likelihood could potentially tackle in some way the problem of 

underestimation of the value of an ecosystem (Folmer et al., 2010; Gee & Burkhard, 2010). 

In this sense, BBN appear to represent a promising tool for bridging the gap between 

qualitative and quantitative approaches, as they make scenarios more palpable by 

incorporating on evidence (Landuyt et al., 2013). Therefore, it is found that BBNs could 

benefit the process of scenario operationalization allowing for investigating trade-offs 

between ESs imposed by management measures other than by solely performing monetary 

valuation. 

Reed harvesting as a management measure for the Curonian Lagoon 

As presented in the results and already discussed earlier, the outputs generated by the 

expert informed BBN suggested on the one hand that trade-offs between the state of the 

Lagoon fringe biodiversity and Juvenile fish diversity are possible in the case of two 

experts. On the other hand, the results computed for the respective experts predicted no 

trade-offs between the two nodes. Computed posterior probabilities for the node Thatching 

material suggested very similar likelihoods of the node being in either of its two sate, 

thereby indicating that it is immensely difficult to envision a concrete future for this node. 

This fact makes it impossible to derive a very conclusive understanding of whether winter 

reed harvesting will lead to trade-offs between Thatching material and any of the two other 
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output nodes. In this light and in regards to the precautionary principle, stating that if a 

management measure might pose a risk for negative spin-offs on the environment it is 

recommended to await further research on the topic. Subsequently, winter reed harvesting 

at this point is not recommended for the Curonian Lagoon.  

In a nutshell, this study demonstrated the potential to use BBNs for operationalization of 

ESs trade-off analysis combining tangible and intangible ESs, thereby providing an 

alternative to monetary valuation approaches. It suggested that constructing a meaningful 

BBN can immensely benefit from close cooperation with experts. Particularly, in situations 

where the modeler is unfamiliar with the study area and in-depth information is scarce. In 

this light, it was demonstrated how expert inspired BBNs could be potentially applicable in 

ESs trade-off research. It also underpinned the necessity of model validation. Nonetheless, 

even with a model not necessarily resulting in a precise prediction, BBNs seem to provide 

a great means of facilitating conversation about the potential implications of ES 

management. They appear beneficial to define areas in need for more research in order to 

successfully manage, utilize, and optimize ESs for human well-being. It was found that 

literature based BBNs are beneficial for knowledge aggregation and time-efficiency. 

However, developing BBNs in close collaboration with experts is found to provide an 

appropriate way to tackle the issue of data and information scarcity. Even though this study 

was not able to derive a conclusion to whether or not winter reed harvesting would be an 

appropriate management application in the Curonian Lagoon, it was able to communicate 

issues and uncertainties linked to such a proposal. This insights are valuable for any 

protected area park manager in a way that they get informed about potential issues. 

Ultimately, it is concluded that there might be a more applicable design of a BBN able to 

account for trade-offs between ESs in the lagoon fringes. However, the BBN developed in 

this study represents a first step in the right direction and can act as a foundation for further 

research on the matter.  
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7 Research limitations and future 

recommendations 

The scope of this study was limited by a few variables. Firstly, the number of experts 

involved in the reviewing process was restricted to experts from the University of Klaipėda 

volunteering to participate in this study. Secondly, the elicitation process was restricted to 

Skype meetings and e-mail contact, since long distance prohibited face-to-face workshops. 

Thirdly, as with the development process, the number of experts setting the parameters for 

the conditional probability tables was limited to the experts previously volunteering from 

the University of Klaipėda. Eliciting experts to provide estimates to populate the 

conditional probability tables further restricted the depth and complexity of the developed 

BBN. As few nodes, states and arc as possible, and as many as needed, were included. The 

intent was to keep the size of the conditional probability at tractable dimensions to avoid 

fatiguing the expert reviewers during the elicitation. Fourthly, the BBN development 

process described in this thesis was restricted to an alpha level development and 

application. Due to time constraints, model validation was restricted to a critical 

comparison of the results with the existing scientific literature. However, other suggested 

methods of model validations could not be implemented due to those same time 

constraints. Lastly, the length of this study was set to a period of eight months in 

accordance with the Master thesis internship placement. In light of the described study 

limitations and experiences made in the course of this thesis, a number of 

recommendations are discussed in the following paragraphs.  

Recommendations for the model validation process 

Firstly, the result of this study was a BBN at the alpha level. Next steps strongly 

recommended addressing the model validation. This can be done in various ways and at 

different level of precision. As a first advance it is suggested to discuss the generated 

results with the panel of experts involved in the model construction process, and elicited 

for the prior probabilities. An approach suitable for this could be to first provide the 

experts with the posterior probability distributions generated for the three output nodes and 
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discuss if the results coincide with the experts’ expectations. Afterwards every expert 

could be presented with the outputs of the BBNs populated using the other experts’ 

estimates. The intention behind this would be to allow the experts to see how other 

participants perceived the model and potentially update their own beliefs or provide 

rationales for why they disagree with any other outcomes. Such a comparison might shed 

some light on the origin of the diverging views, particularly reflected in the node “Lagoon 

fringe biodiversity”.  

Secondly, at this stage a sensitivity analysis (entropy reduction) could be performed. This 

could provide some insights into the impact each node has on the final outputs. Due to time 

limitations, this study solely focused on the posterior probabilities of the output nodes. 

However, interesting behavior of the intermediate nodes was acknowledged. A closer look 

into these posterior probabilities in combination with a sensitivity analysis could benefit 

the model and suggest which nodes might need more attention than others. Other 

computational model validation could be approached by building a training data set using 

the elicited prior probabilities. There are several ways of performing and validation data 

with trainings data sets. For example, performance accuracy test could be implemented, 

evaluating the model performance by error rate and Cohen’s kappa coefficient (e.g. 

Hamilton et al., 2015).  

To further progress from an alpha to a beta level model (Marcot et al., 2006) it is advised 

to perform a validation with independent, external experts who are not involved in the 

construction process. Subjecting the BBN to a peer review and revision allows for further 

updating the model. Validation by external experts would enhance the credibility of the 

model. Further, potential uncertainty included in the graphical component of the network 

structure could be revealed in this way. Such a validation process is necessary if to use the 

developed BBN in any real-life decision making processes or for demonstration purposes.  

Recommendations on the BBN specifications 

As discussed in the previous chapters the aim of the BBN developed during this thesis was 

to depict trade-offs between ESs provided by reed beds and negative spin offs likely to 

result due to winter reed harvesting. For this purpose, the lagoon fringe biodiversity, fish 

fry diversity, and thatching material were chosen. However, during the process of expert 

elicitation, additional nodes were suggested. Since they exceeded the scope of this study, 
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they were neglected. Some particular nodes were already elaborated on in the results 

chapter (Chp. 5.1). Other proposed nodes encompassed aspects like changing 

environmental patterns triggered through climate change and another potential node, 

suggested for a later time, addresses the recreational value of the coastline. In this sense, it 

might be interesting to build a BBN from scratch in close cooperation with the experts, and 

compare which factors they rate most crucial for the lagoon fringe reed belts. Such an 

expert-driven study could be coupled with the construction of a complementary BBN 

focusing on effects of summer reed harvesting as a conservation measure. Interactions 

between the lagoon fringe biodiversity and the juvenile fish diversity are most likely very 

different from the results found in this study.  

In addition to developing a BBN that investigates impacts of reed harvesting during the 

summer, an option could be to switch the focus from fish and fish fry diversity towards 

trade-offs affecting migrating and nesting birds. Since reed beds represent a succession 

stage from aquatic to terrestrial conditions, reed beds can actually be found much further 

inland than fish and their juveniles thrive. However, birds potentially dwell in a wider area 

affected by reed beds. In this sense, trade-offs between summer reed harvesting and 

provision of habitat and nesting ground for birds are potentially much more distinct than 

trade-offs with fish. If the intend of the model is to distinctively highlight trade-offs among 

ESs as a showcase, this might be more applicable.  

A last recommendation addresses the spatial scope of the BBN. In this study, the spatial 

scope chosen was comparatively large. By including the complete Lithuanian part of the 

Curonian Lagoon (excluding only the Nemunas River delta), the spatial scope revealed 

itself as too broad in terms of the modeling process. During later conversations with the 

experts it was mentioned that the lagoon fringes and their respective reed beds do vary 

noticeably around the lagoon. Furthermore, the prevailing activities around the lagoon and 

the spit differ and are site specific. This in turn might affect the type and level of trade-offs 

within the reed beds. For example, as mentioned in the literature review, research on 

juvenile fish and fish fry has demonstrated that the highest concentration of juveniles can 

be found around Ventė Cape. In contrast, only small numbers of juvenile fish are found 

along the lagoon fringe reed beds located on the spit. Thus, focusing on a specific area with 

more site-specific nodes could potentially result in more accurate BBN structures. It is 

therefore recommended to develop BBNs at different spatial scales.  
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Different BBN model types 

The BBN developed during this study is categorized as chance BBN, since it only 

consisted of “chance” or “nature” nodes (Bromely, 2005). In other words, the BBN 

developed in this study represents only the impacts of different input scenarios, resulting in 

an informative output. There are further options to expand a chance BBN into an influence 

diagram. An influence diagram is a BBN that includes different types of nodes, such as 

decision or utility nodes. Influence diagrams in this way represent a more sophisticated 

version of BBNs. If the BBN should be applied at a later stage in any kind of decision-

making context, research could consider extending the current model into an influence 

diagram. The advantage of an influence diagram is that it would be better at describing the 

outcomes of management interventions applied within the system under investigation.  

The expert elicitation process and survey 

One topic that is thought to benefit from further research is the method used for expert 

elicitation. Based on the experiences made in the progress of this research it is highly 

recommended to perform face-to-face elicitations in the form of workshops, if possible. 

Advantageous expected from a face-to-face approach would include aspects like a livelier 

discussion round. A BBN could be developed in an interactive manner, directly 

implementing changes, exchanging nodes and being able to instantly reflect on any 

changes. Of course, a workshop is not always feasible, nonetheless, it is recommended as 

the go-to approach when possible.  

Next, a major source of uncertainty and disagreement between experts’ prior probability 

estimates originated from the states assigned to each node. Despite receiving confirmation 

on the states and their definitions, in subsequent elicitation steps they have been identified 

as a source of misconception. Thus, it is highly recommended to develop the states of the 

nodes in close cooperation with the experts involved. This would not only minimize the 

issue of ambiguity, but also allow for developing states incorporating numerical values 

instead of merely labels. Using numerical values is advantageous in that it creates a more 

precise description of the condition reflected by a state while also facilitating the 

incorporation of empirical data in later stages. 
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As has been discussed in the results chapter, some of the experts provide priors quite 

different to what was originally intended. Thus, a study focusing on improving the style of 

expert survey could be useful. Of course, the style of expert survey must fi the situation, 

however, in the context of the ECOPOTENTIAL projects, setting guidelines would be 

beneficial in ensuring that the type of priors elicited, at least to a certain extent, will be 

performed under similar conditions.  Hence, research into a more appropriate wording of 

the states and scenarios used to elicit the priors of these states would be advantageous. 

Additionally, it could be considered to perform a test run with all experts using an example 

node to which prior probabilities could be assigned together. In this way, common ground 

is provided, potentially aiding the surveying procedure.  

A further idea to improve and speed up the processing of the elicited estimates would be to 

consider any type of software applicable for expert elicitation. The ideal software would 

have a function that directly allows transforming the elicited priors into an excel 

spreadsheet. Eliciting a small number of experts, as done during this study, still allows for 

manually transferring provided estimates into excel sheets. However, if there is a greater 

number of experts and stakeholders involved, a more practical approach will be needed. 

This would not only be more time efficient, but also reduce any copying mistakes due to 

human error.  

In summary, this master thesis resulted in a first building block of an iterative BBN 

development process. As listed in this chapter, there is still a large potential for 

improvement and validation of the BBN developed in this study. Additionally, it 

demonstrates how the knowledge gained in this project could benefit any future research 

conducted in similar contexts. In this sense, it is recommended to pay further attention to 

the Bayesian belief network as an approach in ecosystem service analysis.  
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Appendix I – ECOPOTENTIAL mind-map  

 

Figure 48: Full mind-map of the ESs in the Curonian Lagoon by ECOPOTENTIAL (El Serafy et al., 2016) 
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Appendix II - Underlying math & Bayesian 

inference  

II.I The underlying math 

Bayesian belief networks are founded on Bayes’ Theorem. The fundamental idea of Bayes’ 

Theorem is the existence of conditional probability between two events allowing the 

calculation of uncertainties associated with them. In other words, the conditional 

probability (certainty) that an event A will occur based on the evidence that event B 

already has occurred and no other factors are influencing A, is x (Kjærulff & Madsen, 

2013). 

(A | B)P x  

This conditional probability for each node is held in the conditional probability tables 

(CPT). The CPT of (A | B)P (Table 8) embraces priors for each state, per the state of the 

parents. Considering the example (Table 8) if Nutrient input (A) has three states and 

Maritime traffic (B) has two states the CPT would contain six priors representing the belief 

of the occurrence of each particular state. The conditional probability that the water quality 

improves (a1), while the state of maritime traffic indicates an increase in traffic (b1), is 20% 

(x). One important criterion of every CPT is that the all beliefs per column add up to one 

(Bromley, 2005; Kjærulff & Madsen, 2013).  

Table 8: Exemplar conditional probability table for P(A|B) 

Water quality   Maritime traffic (B) 

  State Increased (b1) Unchanged 

Nutrient input 

(A) 

Improved (a1) 0.2 (x) 0.3 

Unchanged 0.2 0.5 

Worsen 0.6 0.2 
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Since maritime traffic (B) can have varying probabilities of being in either of its two states 

as well, the joint probability of the two variables must be considered. This is done by the 

so called “Fundamental Rule” (Bromley, 2005; Kjærulff & Madsen, 2013). 

( , ) (B | A) P(A) P(A | B) P(B)P A B P   

With ( , )P A B standing for the joint probability that A and B occur. Kjærulff & Madsen 

(2013) define this joint probability as “the probability of co-occurrence of two events, A 

and B, can be computed as the product of the probability of event A (B) occurring 

conditional on the fact that event B (A) has already occurred and the probability of event B 

(A) occurring”. In other words, in order to get the joint probability table for ( , )P A B the 

knowledge stored in the CPT from (A | B)P is used together with the probability of B being 

in either of its assigned states. Each value for the joint probability table can be calculated 

using the according values. As with the CPT, the probabilities in the joint probability tables 

must add up to one in each column (Bromley, 2005).  

From this joint probability ( , )P A B  the probability of event A ( ( )P A ) can be marginalized 

out by using the following formula:  

1

1( ) ( , )
n

z z n

j

a aP P b


  

With: az= any one state of node A 

 n= total number of possible states of node B 

 j=1 = first of all possible states of node B (Bromley, 2005) 

 

This finally gives rise to Bayes’ theorem (Bromley 2005; Kjærulff & Madsen, 2013): 

(A | B) (B)
(B | A)

(A)

P P
P

P
   

Based on this rule for the above-mentioned example it would be possible to compute the 

CPT for maritime traffic (B) found on evidence available for water quality (A). Evidence 

in the context of BBN translates to the availability of information in terms of likelihood 
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distributions for each possible state of the node, acquired from a source (i.e. experts or 

empirical data). Evidence can take two forms (i) hard evidence (P=1 for one state and P=0 

for all other); (ii) soft evidence (P>0 for at least two of all possible states) (Kjærulff & 

Madsen, 2013). The situation described in the above example is thus reversed. This 

reversal is the key to the reasoning ability of BBNs.  

II.II Bayesian inference 

Bayesian inference states the belief (probability) of a node’s state based on observed 

evidence or degree of belief of an expert/stakeholder into the state. Applying this inference 

onto a BBN consequently implies that prior beliefs of the networks’ nodes are updated in 

regards to the newly included evidence. Due to the nature of Bayes’ theorem, inference in 

a BBN allows to infer the certainty of a cause given an observation of its effect. Inferences 

made in a BBN representing different scenarios or management actions, illustrates the 

change in certainty within the included nodes, thereby, providing a glimpse of how 

uncertainties of the nodes are altered. It is a representation of impacts throughout the 

network (Bromley, 2005, Kjærulff & Madsen, 2013). Since uncertainties are represented as 

probabilities in BBNs, Bayesian inference ultimately updates uncertainty associated with 

the node, enabling managers and decision-makers to found their decisions on these 

uncertainties (Uusitalo, 2007). This feature of inferring uncertainties makes the BBN 

methodology so useful in the context of this study. 
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Appendix III - Information flow (d-

separation)  

One crucial aspect to keep in mind when developing a BBN is how the information is 

propagated between the nodes throughout the depicted network. The causal flow of 

information in a directed acyclic graph is represented by the arcs linking the nodes. 

Depending on the type of connecting and the presence or absence of hard evidence within 

the network, the flow of information varies. There are three different types of connections 

possible within a directed acyclic graph, demonstrating varying properties (Bromley, 2005; 

Kjærulff & Madsen, 2013):  

• Serial connection (ABC) 

• Diverging connection (ABC) 

• Converging connection (ABC)  

III.I Serial connection (causal chain)  

In a serial connection (ABC) without any hard evidence on the middle node (B), 

information from node A can freely be propagated via middle node B to node C and vice 

versa. Evidence entered in either node A or node C updates the existing belief on the other 

nodes. Node A and C are so called d-connected, because information about node A passes 

through the nodes influencing the degree of belief of node C and vice versa (Bromley, 

2005; Kjærulff & Madsen, 2013). An example is provided in Figure 49. 

 

Figure 49: Serial connection d-connected (adapted from Kjærulff & Madsen, 2013) 
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Considering the example (Figure 49) the serial connection is indicated by the black arrows 

between the nodes, the links. The dotted red arrows represent the flow of information. For 

illustration purposes, consider the situation in Figure 50. Imagine evidence is available 

stating that there is no inflow of anthropogenic pollution into the ecosystem. This 

information causes a change on the belief of the water quality and consequently updates 

the certainty indicating habitat suitability in this case.  

If hard evidence for the node in the center (B) becomes available, evidence will no longer 

be propagated from node A to node C or vice versa. The hard evidence inserted in node B 

blocks the flow of information between A and C. Even if an observation for node A 

becomes available, as long as there is an observation for node B information on node A no 

longer will influence the belief we have about node C and the other way around. Node A 

and C are d-separated (Bromley, 2005; Kjærulff & Madsen, 2013). For this example 

(Figure 50) it implies that if evidence indicates that the water quality is bad, additional 

evidence entered for habitat suitability does influence the belief of the state of water 

quality. With the certainty of the state of water quality unchanged no further changes for 

the belief of pollution is denoted.  

 

Figure 50: Serial connection d-separated (after Kjærulff & Madsen, 2013) 

III.II Diverging connection 

A diverging connection (ABC) follows the same principle of information flow as a 

serial connection. When no observations for the middle node B are available evidence on 

node A is transmitted via node B to node C impacting our belief about node B and C and 

vice versa. It is important to keep this attribute in mind, since the causal relations indicated 



 

163 

by the arc diverge away from node B towards node A and C. Due to the underlying math, 

information is propagated reverse the intuitive perception given the direction of the arcs in 

the directed acyclic graph. For this instance, no hard evidence on the middle node results in 

node A and C to be d-connected, influencing each other’s beliefs (Bromley, 2005; Kjærulff 

& Madsen, 2013). 

When considering the example (Figure 51) observation made on pollution will update the 

certainty of habitat suitability even though the arc indicates a causal link from habitat 

suitability towards pollution. The updated belief for habitat suitability consequently 

influences the certainty about the state of fish kills.   

 

Figure 51: Diverging connection d-connected (after Kjærulff & Madsen, 2013) 

If observation for the node in the center is inserted information cannot be propagated from 

node A to node C anymore. As with the serial connection, evidence for node B blocks the 

flow of information between the two other nodes. In other words, if evidence for node B is 

available, observations entered into node A does not impact the belief about node C 

anymore and contrariwise. Node A and C are d-separated (Bromley, 2005; Kjærulff & 

Madsen, 2013).  

Considering the example below (Figure 52) if evidence is available indicating that the 

habitat suitability is good, observations made for pollution does not change the belief about 

the hard evidence for habitat suitability. As with the serial connection, this denotes no 

further change in the belief about fish kills.  
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Figure 52: Diverging connection d-separated (after Kjærulff & Madsen, 2013) 

III.III Converging connection 

In contrary to the previous two connections, in a converging connection (ABC) 

information can only be disseminated if evidence for node B (or any of node B’s 

children’s) is available. Meaning, node A and C are d-connected, influencing each other’s 

certainty if an observation for node B is entered into the BBN. Given these characteristics 

of the converging connection, if additional evidence on the state of node A becomes 

available, an explanation for the state of node B is provided. Since node A and C are both 

causes for node B, evidence on node B in combination with evidence for one of the parent 

nodes consequently approves or disapproves the states of the second parent C (Bromley, 

2005; Kjærulff & Madsen, 2013).In the example given in Figure 53, it implies that if fish 

kill is observed and evidence states that no toxic algal bloom occurred, the certainty that 

pollution must be the cause for the fish kill becomes the most certain.   

 

Figure 53: Converging connection d-connected (after Kjærulff & Madsen, 2013) 

Kjærulff & Madsen (2013) describe this way of information propagation as the 

“explaining-away effect” or “intercausal inference”. Evidence of one parent and the 
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common child node has the power to confirm or disconfirm impact of the second parent 

node on the state of the child node, thereby explaining one of the two parents away. This 

intercausal inference is the key difference of models using directed acyclic graph in 

comparison to rule-based systems (Kjærulff & Madsen, 2013). 

Building on the above-mentioned characteristics of a converging connection, node A and C 

are called to be d-separated when no evidence for node B, or any of the descendants of 

node B, is entered in the BBN. The flow of information from A to C is blocked by the 

unobserved node B. Arising evidence for node A therefore does not impact the existing 

belief about node C or conversely (Bromley, 2005; Kjærulff & Madsen, 2013). If the state 

of fish kills (Figure 54) is unknown any evidence inserted for algal blooms or pollution 

does not update the belief of the state of fish kills, subsequently neither of the two parents 

can be explained away.  

 

Figure 54: Converging connection d-separated (after Kjærulff & Madsen, 2013) 

In brief, two nodes are called to be d-separated when the presence of evidence prohibits the 

flow of information between them. The presence of evidence prevents the update of the 

belief of the blocked node. Nodes are characterized as d-connected when the input of 

evidence into the BBN leads to an update of certainty among them. The type of 

connection, separated or connected, can change in the network depending on the evidence 

fed into it. 
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Appendix IV – List of ecosystem services 

provided by reed beds 

In the tables below (Table 9) an extract of the ESs, identified by the ECOPOTENTIAL 

working group, are listed. Listed are only ESs occurring the reed beds of the Curonian 

Lagoon. 

Table 9: Full list of ecosystem services provided by the reed beds, Curonian Lagoon 

(Ecopotential, 2015) 
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Appendix V – Reed utilization options 

Table 10 summarizes a variety of possibilities reed, as raw material, harvested during the 

summer period can be utilized as.  

Table 10: Summer harvesting utilization options (summarized after Köbbing et al., 2013) 

Use Time  Requirements Treatment Output 

Energy 

Biogas Summer  

Whole plant, low 

quality required; 

wet/high 

moisture content 

Chopping 

1 kg reed=0.4-

0.5 m3 biogas 

with max. 

methane 

content of 55-

60% 

Agriculture  

Fodder & litter  

May – 

October  

Soft, sweet shoos 

grazed before 

flowering 

Directly grazed - 

May & 

June 
 

Cut & stored in 

a dry place  

Nutritional 

value of 13.31 

kg reed = 1 kg 

oats  

Fertilizer/compost  

(Late) 

summer  

Green sludge 

from biogas 

production  

Digestion in a 

biogas plant 
- 

Summer  Chopped reed - - 

Summer 

Moisture content 

above 35% mix 

with other garden 

waste 

Composting - 
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Table 11 summarizes a variety of possibilities reed, as raw material, harvested during the 

summer period can be utilized as.  

Table 11: Use of winter harvested reed (adjusted from Köbbing et al., 2013) 

Use Time  Requirements Treatment Output 

Energy 

Combustion Winter 

Whole plant, low 

quality required; 

moisture content 

15-20%; low 

nutrient and ash 

content, mixed 

with wood chips 

Chopping and 

pressing to pellets, 

bailing or bulks 

Pellets or 

briquettes 

16.2-16.5 

MJ/kg 

Biofuel Winter 
Whole plant can 

be used 

Different treatment 

to extract cellulose 

and converted to 

glucose 

- 

Industrial material  

Roof thatching 

for all house 

types, minimum 

roof slope 45° 

Winter 

High quality, 

long, straight, 

flexible, annually 

moved, moisture 

content <18% 

(dry) 

Leaves etc. removed 

by combing; Stems 

packed in uniform-

length bundles, dried 

if necessary 

40 cm thick 

= 20 

bundles/m2 

1 m2  

Construction & 

gardening;  

Walls, panels, 

mats, fence, 

plaster base, 

insulation 

Winter 

Long, thick, 

straight stems 

only 

Compressed & 

knitted in a weaving 

loom, fixed to the 

wall and covered 

with clay 

Size 1.25 m 

x 1.0/2.0 m, 

1 m2 panel = 

20 kg (5 cm 

thick) or 13 

kg (3 cm 

thick) of reed 

Granulate panel Winter 

Chips or clippings 

for granulate 

panels, also 

leftover 

Chopping & mixing 

with glue 

Size 110 cm 

x 60 cm  

All kinds of 

paper & pulp 
Winter 

Dry reed, 

depending on the 

kind of paper the 

whole plant can 

be used 

Chopping& 

pressing; for some 

paper kinds removal 

of sheets; mixing 

with wood pulp 

1 ton of 

paper pulp = 

3.3-3.5 tons 

of reed  

Polymerization 

for textile or 

plastic 

Winter Whole plant 

With help of 

chemical separated 

into components, the 

cellulose is used to 

for products  
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Appendix VI - Guidelines for the 

development of a Bayesian Belief Network 

Existing literature discusses guidelines for the proper development of BBNs (e.g. Bromley, 

2005; Marcot et al., 2006; Chen & Pollino, 2012; Landuyt et al., 2013). Those guidelines 

defined the outcome of the BBN developed in this study. For the better understanding of 

the development process, it is important to understand and acknowledge these rules. A list 

of all rules, plus a short purpose statement for each rule is provided Table 12 below: 

Table 12: Guidelines for BBN development 

Guidelines Explanation 

To the extent possible, 

each node should have 

three parents at maximum, 

preferably less.  

The fewer parents a node has the smaller and more tractable 

the resulting conditional probability tables for the child node 

will be, keeping in mind that for every possible combination 

of the parents' state a probability must be entered into the 

conditional probability tables. This is particularly of interest, 

when the conditional probability tabless are filled in by 

experts (Bromley, 2005; Marcot et al., 2006; Chen & 

Pollino, 2012) 

The number of states 

assigned to each node 

should be kept to a 

minimum (five or fewer). 

With every additional state the underlying Conditional 

Probability Table (CPT) grows exponentially: 

 
 

Keeping the conditional probability tables as small as 

possible facilitates their tractability and supports the 

understandability of the whole network. Assigned states 

should be representative enough to guarantee an appropriate 

level of preciseness of the nodes (Marcot et al., 2006; 

Landuyt et al., 2013; Ban et al., 2014). Pollino & Chen 

(2012) recommend to include states describing the 1) current 

state of the used variable, 2) potential states the variable will 

attain based on evidence input, 3) any intermediate state (if 

really necessary). All included states should follow the logic 

of the network (Pollino & Chen 2012). 

 

S = number of states 

Pi = number of states in 

the ith parent node  
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No feedback loops (cyclic 

loops) may be included in 

the BBN.  

Feedback loops cannot be included because BBNs are 

directed acyclic graphs. Including a feedback loop 

compromise this characteristic (Bromley, 2005; Chen & 

Pollino, 2012) 

If possible, all nodes 

included into the BBN 

should be either of 

quantifiable, observable, 

manageable or testable 

nature 

Ability to include well founded evidence significantly 

improves the perceived reliability of the model, thus, makes 

it more likely to be recognized (Bromley, 2005; Marcot et 

al., 2006; Chen & Pollino, 2012; Landuty et al., 2013). 

The depth of the model 

represented by the number 

of sequential layers and 

intermediate nodes should 

be kept to a minimum (four 

of fewer). 

Intermediate nodes are included to aggregate the key topics 

identified in the influence diagram. The more intermediate 

nodes are included in a BBN, the more likely it is to include 

redundant nodes increasing the degree of uncertainty within 

the network. A high number of intermediate nodes 

potentially lessen the sensitivity of the output node towards 

the input node, thereby, reducing the representativeness of 

the model. Even though a reduced number of layers simplify 

the system, the trade-off aids the model understanding, and 

providing more reliable results. All nodes included must 

therefore either directly impact or be affected by the output 

variable (Marcot et al., 2006; Chen & Pollino, 2012; Landuyt 

et al., 2013). 

Variables identified as 

redundant, in order to keep 

BBN complexity to a 

minimum, are represented 

in the form of unexplained 

variability (or model error). 

This variability is denoted in the conditional distribution 

(Chen & Pollino, 2012). 

As far as feasible, the 

model should be 

symmetric. 

A varying number of intermediate layers between input and 

output node can greatly impact the degree of sensitivity 

between the two (Chen & Pollino, 2012; Landuyt et al., 

2013) 

To reduce the number of 

parent nodes the so called 

“divorcing” of nodes can 

be performed. 

If applicable, some nodes are aggregated in an additional 

intermediate node, reducing the overall number of parents to 

the node in question (Bromley, 2005; Pollino & Chen 2012). 
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Appendix VII –Conditional probability 

tables-questionnaire  

VII.I Introduction to questionnaire and example  

This appendix contains an extract of the conditional probability table survey provided to 

the expert panel as send to the four experts involved in this thesis project: 

Prior Probability Expert Elicitation Survey  

This survey has been designed to elicit prior probabilities from experts. These probabilities 

are to be used to parameterize the conditional probability tables (CPTs) of the developed 

Bayesian belief network (BBN) model. The BBN addresses the potential trade-offs 

between Ecosystems Services (ESs) caused by winter reed harvesting in the Curonian 

Lagoon, Lithuania. This model functions as a case study in the context of investigating 

non-monetary valuation strategies for ESs and is embedded in a Master thesis. The BBN is 

a prototype model and describes the first step of an iterative process to build a fully 

functioning BBN. This survey is anonymous and participants will not be uniquely linked 

from their expertise information and survey response.  

Figure 55 holds the developed BBN structure. Each variable is called a node, with the 

orange nodes representing the input nodes, the blue nodes are so-called intermediate nodes 

and the yellow nodes depict the output nodes or ESs of interest. The arrows indicate the 

cause-effect relationship between the nodes. Nodes from which an arrow leads to another 

node are called “parent nodes” and the receiving nodes are referred to as “child node”. For 

each possible combination of the parent node’s states there has to be a probability 

established for the child node. This elicitation is done via questionnaires which you are 

asked to answer to the best of your knowledge. 
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Figure 55: Expert informed Winter reed harvesting BBN (example in questionnaire) 

Model specification 

The model’s purpose is to depict potential trade-offs between ecosystem services provided 

by the lagoon fringe reed beds. 

Focal ecosystem services are: 

• Reed beds as nursery and spawning habitat for fish 

• Winter harvesting of reed to be used as thatching material  

• Lagoon fringes as home to a thriving biodiversity 

 

Ecosystem service threatened by the proliferation of reed beds: 

• Loss of biodiversity  

 

Threats of winter reed harvesting: 

• Overexploitation 

• Degradation of key spawning grounds, nursery and foraging habitat for juvenile 

fish  

 

Spatial and temporal scale: 

The model is developed to envision a  

• 3 year time span  

• For the complete Lithuanian part of the Curonian Lagoon. 

• For reed harvesting during the winter time  
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Underlying assumptions:  

• It is assumed that if the reed bed perimeter is in the state of “biodiversity” it equates 

to a low diversity of juvenile fish and vice versa 

• The assumption is made that if reed is not dominating an area all other plant species 

will exist in a heterogenic state with no other plant species dominating  

• Relationships in the Winter Reed Harvesting Model are assumed to be static  

• It is assumed that fishing pressure will not affect the abundance of juvenile fish 

along the lagoon fringes of the Curonian Lagoon 

• Without reed harvesting the majority of the reed fulfills the physical properties 

required for the use a thatching material 

• The model assumes that the natural conditions of the lagoon fringes and the lagoon 

fringe reed beds are mostly similar around the whole Curonian Lagoon, including 

the lower end of the Nemunas River Delta 

• The model assumes that the use of winter reed harvesting machinery does not have 

any negative impact on the underlying biota  

In the following you are going to be asked questions which will aid to quantify the causal 

relationships described in the BBN structure of Figure 55. I am asking for estimates based 

on your best knowledge of the situation. There is NO RIGHT or WRONG answer for the 

questions asked. You will be also asked to indicate your 95% credible interval, which 

refers to the upper and lower limit between which you belief that there is a 95% probability 

of the true value lying in-between. For clarification purposes I provided an example of how 

to answer the questions.  

Guidelines: 

I. Not every estimate must have a nonzero entry; 0% is a valid answer 

II. Width 95% credible interval indicates the level of certainty to your answer 

III. Words written in CAPITALS are the nodes of interest and their respective states. 

IV. For all questions please consider the whole Lithuanian part of the Curonian Lagoon 

(including only the outer edge of the Nemunas River Delta) 

V. Each column in the CPTs must add up to 100% 

Example Answer: 

Table 13 depicts a conditional probability table which has to be populated. To do so, 

various scenarios are described asking for your belief in the possibility of the states in 

regards to the corresponding parent nodes. In this example the probabilities that the node 

MOSAIC NATURE OF LAGOON FRINGE VEGETATION will be either SUFFICIENT 

or INSUFFICIENT are looked for. For the elicitation process scenarios for each possible 
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combination of the parent nodes were designed. For this example case see Scenario 1 

(next page).  

Table 13: Conditional probability table, Mosaic nature of lagoon fringe vegetation 

  State 

Parent nodes  
Natural variation High Low 

Reed harvesting  Sustainable Unsustainable  Sustainable Unsustainable  

Child node 

state 

Sufficient         

Insufficient          

EXAMPLE SCENARIO: Imagine a situation where the NATURAL VARIATION of 

reed beds in the lagoon is HIGH and at the same time WINTER REED HARVESTING is 

performed to a SUSTAINABLE extend.  

What proportion of the lagoon fringe vegetation would you expect to show a SUFFICIENT 

degree of mosaic habitat structure? What proportion do you expect to be in an 

INSUFFICIENT mosaic? Please also indicate your 95% credible intervals. 

 

 

 

 

 

 

 

 

In this case the best guess is 75% with a 95% credible interval ranging from 60 – 87% for 

the MOSAIC NATUER OF THE LAGOON FRINGE VEGETATION to be in a 

SUFFICIENT state and 25% as best guess for being in an unsustainable state with a 95% 

credible interval ranging from 5 – 30%.   

Sustainable 

 

 

 

Upper limit: 87 % 

Best guess: 75% 

Lower limit: 60 % 

 

Unsustainable 

 

 

 

Upper limit: 30% 

Best guess: 25 % 

Lower limit: 5% 
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V.II Expert details 

In addition to elicit the experts for their priors they were also asked to provide some 

personal details for the meta-data. 

In the following you are kindly requested to provide some personal information. This 

information serves solely the documentation of the type of experts and level of expertise 

surveyed. Your information will not be linked to your survey answers in any way.  

1) What is your Affiliation (i.e. University, company, protected area manager/park)? 

2) What is your Educational Background (i.e. post-doc, researcher, etc.)? 

3) What is your Field of Specialization (i.e. fisheries, macrophytes, etc.)? 

4) For how long have you been working in your field (length of specialization)? 

5) Do you have any Cross-Disciplinary background? If yes, which ones? 

6) How long have you been involved in the work with the Curonian Lagoon? 

Table 14 holds the meta-data of all experts included in the elicitation process. The order of 

the information per expert is random and not affiliated to the identifier (E1-E4).  

Table 14: Experts meta-data  

Affiliation 
Educational 

Background 

Field of 

Specialization 

Length of 

specialization 

Cross-

Disciplinary 

background 

Time worked with 

Curonian Lagoon 

University 
PhD 

Student 

Fisheries; 

Ichtyology 
5 years 

Ecology; 

biology; 

botany; etc. 

4 years 

University 
Lead 

researcher 

Aquatic 

ecology; 

ecological 

modeling; 

food webs 

33 years No 33 years 

University 
PhD 

Student 

Aquatic 

ecology; food 

webs; birds 

6 years No 
appr. 4 years 

(Discontinuously) 

University 
PhD 

Student 

Ichtyology; 

spatial 

modeling 

8 years 

System 

ecology; 

population 

ecology; 

biology; etc. 

8 years 





 

179 

Appendix VIII – Trade –offs close up 

This appendix provides a close-up of the “Yes”- and “No”- branch of the reed harvesting 

trade-off model introduced in Chapter 4.1.3. Figure 56 depicts the “Yes”-branch.  

 

Figure 56: Reed harvesting zoom in Yes-branch 
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This figure (Figure 57) is a magnification of the “No”-branch, of the reed harvesting trade-

off diagram of Chapter 4.1.3. 

 

Figure 57: Reed harvesting zoom in No-branch 
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Appendix IX – Protocol of Expert Meeting  

Date: 1st December 2016 

Total time: 1:04:00 h 

Organizer: Alex Ziemba 

Presenter: Solveig Höfer 

Participants: 

• Artūras Razinkovas-Baziukas 

• Raimonda Ilgine  

• Rasa Morkūnė 

• Vaidotas Adrasiunas 

• Ghada El Serafy 

 

Introduction:  

Brief introduction to the participants of this Skype meeting  

Presentation: 0 - 3:36 min  

The presentation was given by Solveig Höfer. It provided a short introduction to the 

research topic (“Non-monetary valuation of ecosystem services by applying a Bayesian 

belief network to visualize trade-offs”) and main research question (“How can trade-offs 

between reed harvesting and fish fry dynamics in the Curonian Lagoon be depicted using a 

Bayesian belief network?”). This was followed by the reason for the meeting “performing 

an expert elicitation to get insight information on the main ecological features and 

problems in the Curonian Lagoon in the context of reed harvesting, lagoon fringe reed beds 

and fish fry diversity”. After a brief overview of how Bayesian Belief networks (BBN) 

work, two BBNs were presented stating the core nodes and causal relationships identified 

based on the literature review. Based on the presented BBNs and nodes, a question and 

answer session was initiated. 
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Introduction of Experts: 3:50 – 7:08 

Question and Answer session (7:09 – 1:00:43) 

Q1: “Do you have any comments about the proposed key actors and the identified causal 

relationships? Do you agree with the identified key factors?” 

A 1a: Reed beds as spawning vs. nursery and feeding grounds  

In the Curonian Lagoon, only a few phytophilic fish species are present. These species 

(e.g. bream, roach) do not spawn on last years “reed litter” (check how they called it in the 

other report), but roach is placing its eggs on the newly emerging reed stands/ sprouts and 

Bream spawns along the lagoon fringe reed belts perimeter. They do this because are late 

spawners, hence, the reed beds are already too mature for bream to enter them. The 

breeding season is from April till the beginning of June, when the reed beds are still young 

and mostly consisting of sprouts. Bream belongs to the late spawning species. All the other 

fish species breed and spawn in the open water of the lagoon. 

Reed beds start to function as nursery and feeding ground in the beginning of July, when 

all the fish larvae, fish fry and young-of-the-years (y-o-y) move into the, now more mature, 

reed beds. These functions are much more important than reed beds providing spawning 

grounds. Almost all juvenile fish (encompasses all development stages: fish larvae, fry and 

y-o-y) utilize reed bed as nursery and feeding grounds, whereas only the few above 

mentioned species use it as spawning grounds.   

Gammaridea (crustaceans), are a main food source. They are most abundant in the reed 

belts during the summer. They move out of the reed beds in autumn (~ October) when the 

temperature drops and water can freeze. Juvenile fish follow their food and to avoid 

freezing in the shallow waters.  

A 1b: Exchange “migration corridors” with “lagoon fringe biodiversity” 

Overgrowth of migration corridor is not a key issue for migrating fish in the Curonian 

Lagoon since their migration routes do not pass by/through the reed belts. This node 

should be exchanged. The structure and overall biodiversity of the lagoon fringes play a 

much more important role. Widely distributed reed beds are positive in the context of 
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feeding and nursery grounds for juvenile fish. In contrast, the density of reed beds stands in 

negative correlation to bird biodiversity. Rapid expansion of reed beds has negative effects 

on the plant species heterogeneity. Biodiversity in this context does not include fish and 

juvenile fish, as they can use and thrive well in monospecific reed beds, but encompasses 

native plant species and bird species diversity. Those are important factors since the lagoon 

is denoted as a protected area under the EU bird and habitat directive. This is the key trade-

off in the system. Lagoon fringe biodiversity should be included to paint a more realistic 

picture. To benefit biodiversity reed must be removed, which concurrently is positive in 

the context of reed utilization as thatching material.   

A 1c: Reed distribution as total aboveground reed bed coverage  

The node “reed distribution” could be named “areal reed coverage”, indicating the total 

area (ha) of reed beds around the lagoon. It stands in positive relation to the total nursery 

and feeding area available for juvenile fish.  

A 1d: Reed beds as protection against erosion 

One ES that could be included is the function of reed beds to act as erosion protection. It is 

a very important issue in the lagoon. Reed bed coverage stands in positive relation to 

erosion protection. The authorities are looking for a substitute measure for reed beds to 

prevent further expansion.  

A 1e: Reed bed density and morphology are not key players in the Curonian Lagoon, better 

be replaced with reed  

The density and morphology are seasonally dependent. Growing season starts in spring and 

ends in autumn. Specific for the lagoon is its ice coverage during the winter. The ice, 

together with the annual spring flood naturally cuts the aquatic and near shore reed beds 

and transports them some 50 m inland. Reed harvesting would not change the natural 

variation arising from the cutting by ice. Truly terrestrial mature reed beds would be 

affected by reed harvesting, but the differences are (i) negligible, (ii) not of concern, as 

juvenile fish does not dwell in them.  

Suggested alternative nodes are (i) “heterogeneity of reed distribution” (pattern of reed 

beds versus other vegetation patches). This is an important factor determining the overall 
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biodiversity. (ii) length of reed bed perimeter; essential for phytophilic fish. (iii) water 

level; Water level varies (± 0.5 m), especially during summer droughts. A drop in the water 

level substantially decreases habitat for all juvenile fish. In contrary an increase in the 

water level has a negative correlation to the availability of breeding grounds for birds.  

Another aspect that is important, but not manageable, is the variation in climatic 

conditions. This affects the ice-coverage (volume and total period) in the lagoon and the 

types of spring floods, which determines physical factors of the lagoon. As an overarching 

issue, permanent changed due to climate change will alter the environmental characteristics 

of the lagoon regarding ice-coverage, types of floods and summer droughts.  

Q 2: “What are the reed harvesting regulations in Lithuania?” 

A 2: Reed harvesting is permitted only during the winter time. One exemption was granted 

for a reed elimination pilot project, targeting the protection of some protected species (e.g. 

aquatic warbler, Acrocephalus paludicola).  

Q 3: “What were the results of the reed harvesting pilot project in 2008?” 

A 3: It was a desk study assessing the possibility to apply reed harvesting as a measure to 

remove nutrients from the lagoon.  

There are two different pilot projects, both aiming at restoring habitat. Project 1 focused on 

the aquatic warbler. Project 2 targeted the recreation of halophytic vegetation.  

Q 4: “Do you have or expect data any time soon?” 

A 4: Reliable data is scarce. Data will be made available over the long-term. 

Data availability is a difficult issue. The process to investigate spatial development data of 

reed beds was currently started. It will include GIS, remote sensing and Earth Observation 

data. Currently, data on some few reed beds transects is available, but it only encompasses 

about 200 m of the lagoon and is not representative and should not be extrapolated on to 

the whole system. 

Reliable data is available for fishery catches (end-point data) and environmental conditions 

(e.g. water quality, nutrient levels), but they believe this data is not beneficial in the 
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context. One long term project which just started is the compilation of a fish fry data base. 

Data on the water level can be provided. 

Q 5: “To which distance do juvenile fish venture into reed beds? What is the required 

water depth?” 

A 5: The reed beds are not very dense. Juvenile fish can move as far as water is present. 

Water depth varies from 1 – 0 m. 

The water depth in reed bed dominated sections is between 1 – 0 m. It is possible, because 

of the non-uniform bottom structure. Hollows and depressions made during the ice-scratch 

provide habitat for juvenile fish even at very low overall water levels in the reed beds.  

Q 6: “Would you be willing to assist in filling in the conditional probability tables (CPT) 

for the final network?” 

A 6: Yes, they have seven experts, willing to fill in the CPTs. This will be done via e-mail.  

Final words: (1:00:43 – 1:04:00)  

Thank you not for participating in the meeting. Suggestion of an additional meeting for 

once the BBN is finalized and to give the final presentation of the project.  
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Appendix X – Posterior probabilities  

This Appendix holds all posterior probability distributions for every expert computed for 

each model and subsequent input scenarios. First, an example of how the computed 

posterior probabilities were provided by GeNIe 2.1 Academic, are provided (Figure 58). 

Second, the posterior probabilities of all nodes for all experts are presented in the form of 

bar chars.  

X.I Posterior probabilities outputs within the BBN 

 

 

Figure 58: Example of the computed posterior probabilities within the GeNIe 2.1 

Academic for the Best Guess-Model of E1 
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X.II Thatching material results for E1 

Every bar of the bar chart (Figure 59) represents the posterior probability of the node’s 

state. Blue indicates the posterior probabilities of the first state of each node, and yellow 

the second possible state. Thus, i.e. the first blue bar indicates the probability of the node 

Thatching material to be in a ”Good”-State (TM Good) and the first yellow bar the 

respective chance of Thatching material being in a “Poor”-State (TM Poor), and so forth.  

 

Figure 59: Posterior probabilities of Thatching Material (TM) of all scenarios (E1) 
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X. III All results for E2 

 

Figure 60: Posterior probabilities of the Lagoon Fringe Biodiversity (LFB) of all 

scenarios (E2) 

 

 

 

Figure 61: Posterior probabilities of the Juvenile Fish Diversity (JFD) of all scenarios for 

all models (E2) 
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Figure 62: Posterior probabilities for the Thatching Material (TM) all scenarios of all 

models (E2) 

 

 

X.IV All results for E3 

 

Figure 63: Posterior probabilities of the Lagoon Fringe Biodiversity (LFB) of all 

scenarios for all models (E3)  
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Figure 64: Posterior probabilities of the Juvenile Fish Diversity (JFD) of all scenarios for 

all models (E3) 

 

 

 

Figure 65: Posterior probabilities of Thatching Material (TM) for all scenarios of all 

models (E3) 
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X.V All results for E4 

 

Figure 66: Posterior probabilities of the Lagoon Fringe Biodiversity (LFB) for all 

scenarios of all models (E4) 

 

 

 

Figure 67: Posterior probabilities of the Juvenile Fish Diversity (JFD) for all scenarios of 

all models (E4) 
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Figure 68: Posterior probabilities of Thatching Material (TM) for all scenarios of all 

models (E4) 
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