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Abstract

Predicting the social and ecological impacts of natural resource management can be a
highly technical task involving complex modeling. However, in many contexts, data and
technical capacity are limited and system uncertainty is high. Moreover, affected people may
distrust incomprehensible black box models and resist management recommendations stemming
from these tools. Decision support tools that overcome these challenges can facilitate moving
from planning to action. One such tool is Fuzzy Cognitive Mapping (FCM), a modeling process
suited to complex situations where data are scarce and uncertainty is high. FCM relies on
people’s perceptions to build a mental model of important system elements and their relative
impacts on system dynamics and outcomes. FCM mental models then can be embedded in other
decision support processes, such as Structured Decision Making (SDM), to rigorously evaluate
the trade-offs across stakeholder objectives of alternative management options. In natural
resource management applications, building FCM with stakeholders within a participatory SDM
process has the distinct advantage of increasing transparency, representativeness, and trust. My
research used FCM and SDM to investigate how fire impacts ecosystem services and how FCM
and SDM can be used together to aid the decision-making process for one group of landowners
in Wai‘anae, Hawai‘i. Fires are increasing in frequency in Hawai‘i, affecting increasingly more
areas, people, and economic sectors. Land managers struggle to incorporate stakeholder
knowledge and feedback when making fire management decisions. I used FCM to build mental
models capable of evaluating the feedback between stakeholder values for ecosystem services
and fire resource management actions. I embedded the FCM in an SDM process that directly
involved stakeholders in the fire management decision process, specifically to identify values
and potential management alternatives, and to transparently discuss consequences and trade-offs.
Biodiversity, water resources, and spiritual experience were the most frequently raised
ecosystem services valued by the stakeholders, and native species outplanting was the fire
management activity that supported these ecosystem services the most. The methodologies used
in this study can be applied to other decision scenarios to predict ecosystem service outcomes
from alternative fire management strategies and improve the inclusion of stakeholder values in
fire management decision-making. FCM provides an easy and cost-effective way to model
consequences within an SDM process that is transparent and engages stakeholders.
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Introduction

Natural resource management is a difficult task that can involve complex modeling, data
and technical capacity limitations, and high uncertainty. Additionally, without stakeholder
involvement, affected people may distrust decision makers and resist management
recommendations. Decision support tools that overcome these challenges can facilitate moving
from planning to action. Decision analysis is the process of systematically addressing problems
with multi-criteria objectives and multiple stakeholders in order to inform decision-making
(Gregory et al., 2012). Decision analysis is especially suitable for complex environmental
management decisions for its ability to engage multiple stakeholders, address conflicting goals,
and handle mixed data sets (Adem Esmail & Geneletti, 2018; Mendoza & Martins, 2006).
Structured Decision Making (SDM), a decision analysis framework, aids decision-making under
uncertainty and encourages collaboration with decision makers, scientists, and stakeholders
(Marcot et al., 2012B), making it particularly good at informing complex problems and
incorporating stakeholder objectives. SDM reframes management problems as decisions to be
made that are informed, defensible, and transparent with the purpose of aiding decision makers.
While SDM offers the framework for how to tackle environmental problems, managers still need
other tools, usually in the form of models, in conjunction with SDM to determine how their
actions will impact their objectives (Gregory et al., 2012).

Fuzzy Cognitive Mapping (FCM) is a method that uses expert knowledge to create
models of a system or management problem. The method takes the mental models held by
experts and/or stakeholders and makes them explicit through mapping. Variables of a system are
connected through weighted positive and negative relationships to create concept maps. FCM 1is
simple and easy to use, can incorporate a range of information sources, and facilitates
collaboration, making it useful for modeling decision management problems (Gray et al., 2015;
Hobbs et al., 2002; Vasslides & Jensen, 2016). Additionally, FCM is useful in situations when
data are limited or not available, time is restricted, and technical expertise is constrained (Chen et
al., 2014; Kelble et al., 2013; Moreno et al., 2014), as is common in community-based
management (Voinov & Gaddis, 2008). In natural resource management, practitioners can use
FCM to predict management outcomes in complex systems and incorporate stakeholder input.
However, FCM on its own is not enough; FCM needs to be embedded in a process where
stakeholders identify outcomes of concern and management alternatives. Combining FCM with
SDM allows resource managers to predict outcomes under complex management scenarios and
include stakeholder input. Together, with FCM to model the system, and SDM to elicit a clear
problem statement, objectives, alternatives, and address trade-offs, FCM and SDM have the
ability to tackle complex natural resource problems.

One such example of complex natural resource problems is wildfire management in
Hawai‘i. Fire can alter ecosystem structure and function (Adkins et al., 2019; Garcia et al., 2018;
HWMO; Kelly & Brotons, 2017; Pellegrini et al., 2018), and impact ecosystem services (e.g.,



Adkins et al., 2019; Hawbaker et al., 2017; Neary et al., 2005; Prouty et al., 2010), but it is also a
complex management problem due to limited budgets, limited data, and competing management
objectives. Fires in Hawai‘i have been increasing over the past century, (Trauernicht et al., 2015)
and have been exacerbated by invasive, fire-adapted grasses (Smith & Tunison, 1992),
increasing fire risk across the state (HWMO). The impacts of fire in Hawai‘i are particularly
worrisome due to their impacts on unique ecosystems and society. Wildfire management in
Hawai‘i requires more collaboration, partnerships, and context-specific projects focused on
prevention that is accessible to land managers (Trauernicht et al., 2015). My thesis illustrates an
example of using SDM and FCM together to tackle a fire management problem for one
community in Wai‘anae, Hawai‘i to address these management needs.

The rest of the thesis is organized as follows. First, I describe the relevant background
information with a literature review. Then I outline the research goals and objectives. Next, |
describe the study system and recount the methodologies followed to conduct my research. Then
I detail the results of my research. Next, I discuss the key findings and knowledge gained from
my work. Finally, I conclude with detailing the applications of this work to other decision
contexts and conservation problems beyond wildfires in Hawai‘i.

Background and Literature Review

Four key concepts are central to my thesis: (1) fire impacts on ecosystem services, (2)
modeling ecosystem services, (3) Fuzzy Cognitive Mapping as a method to model ecosystem
services based on expert knowledge, and (4) Structured Decision Making as a tool to inform fire
management.

Fire impacts on ecosystem services

Fire can alter ecosystem structure and function, including affecting soil nutrient cycling,
biodiversity, and pollination (Adkins et al., 2019; Garcia et al., 2018; HWMO; Kelly & Brotons,
2017; Pellegrini et al., 2018). The impacts of fire on ecosystem function are site specific,
determined by landscape characteristics such as slope, fuel type and load, and moisture (Mandle
et al., 2011). Fire impacts can be both positive and/or negative, depending on the type of impact
and the region (HWMO; Neary et al., 2005). Ecological restoration and fire management
strategies affect how ecosystems rebound after fire by altering how the ecosystem responds to
and recovers from a fire. For example, fire management outcomes like frequency and burn
severity affects biodiversity (Kelly & Brotons, 2017), and the out-planting of native species after
a fire increases their establishment and abundance (Trauernicht et al., 2018).

By altering ecosystem function, fire can impact ecosystem services. For instance,
wildfires can increase erosion (Neary et al., 2005), leading to watershed impacts such as poor
water quality, coral reef degradation, and loss of recreational and fishing opportunity (Bartley et
al., 2014; Franco et al., 2016; HWMO; Prouty et al., 2010). Forests store large amounts of
carbon, and wildfires that degrade these forest ecosystems can decrease carbon storage (Adkins
et al., 2019; Hawbaker et al., 2017; Pan et al., 2011; Pellegrini et al., 2018). Wildfire can also



impact supporting services like biodiversity (HWMO; Schmerbeck & Fiener, 2015).
Furthermore, fire can exacerbate nonnative species invasions, which impact a wide variety of
ecosystem services (LaRosa et al., 2008; Pejchar & Mooney, 2009). In Hawai‘i, many native
plants and ecosystems are fire-sensitive and wildfires can cause the recruitment of invasive
species, typically grasses, which further increase wildfire risk and frequency, and then further
increase nonnative species recruitment (termed the grass-fire cycle) (D’ Antonio & Vitousek,
1992). As native species struggle to outcompete these invasive species, many of which are suited
for conditions under wildfires, fire impacts increase and intensify, creating landscape-scale
positive feedback loops (Ellsworth et al., 2014; Smith & Tunison, 1992).

Fires in Hawai‘i have been increasing over the past century, with a large uptick in recent
years (Trauernicht et al., 2015). Most ignitions are human caused, as fires do not frequently
occur naturally in Hawai‘i, and fire frequency and extent have been exacerbated by invasive,
fire-adapted grasses (Smith & Tunison, 1992) that have spread throughout the islands, increasing
fire risk across the state (HWMO). The impacts of fire in Hawai‘i are particularly worrisome due
to their impacts on unique ecosystems and society. Hawai‘i is a tropical island chain in the
Pacific Ocean, and the most geographically isolated island chain on Earth. Hawai‘i’s montane
topography drives spatial variability in climate (rainfall, wind, solar radiation, etc. can vary
dramatically over short distances) and ecosystems (tropical rain forests, mesic forests, montane
wet forests, etc.). Isolation, climate, and geography have resulted in high terrestrial biological
diversity, with many species being endemic to the islands (Juvik & Juvik, 1998). Land managers
are concerned about fire because of its impacts on these endemic and/or threatened species, as
well as impacts on the wellbeing of the local communities. Fire management in Hawai‘i is
orchestrated by an extensive system of state, federal, and non-profit fire resource managers,
including the state Division of Forestry and Wildlife, US Forest Service, county fire departments,
and the Hawai‘i Wildfire Management Organization, as well as a variety of private landowners,
whose goals align and focus on controlling the risk of fire to critical ecosystems and property.

Modeling ecosystem services

In altering ecosystem structure and function, fire can affect the potential to generate
ecosystem services. Ecosystem services are the benefits that nature provides to people and are
the direct and indirect things that ecosystems provide to humanity’s benefit (Potschin et al.,
2016). The ecosystem services concept provides an approach to integrate societal impacts of
ecosystem change into fire management (e.g., Bremer et al., 2018).

A diverse set of mapping and modeling approaches at many different temporal and
geographical scales have been applied to evaluate ecosystem services globally (Agudelo et al.,
2020; Burkhard et al., 2013; Dunford et al., 2018), using both qualitative or quantitative methods
(Shoyama et al., 2017). Ecosystem services can be divided into four broad categories: regulating
(ecosystem processes that support environmental functioning), provisioning (usable or
consumable resources), cultural (non-material, spiritual, and recreational benefits), and
supporting (biological processes that lead to other services) (TEEB, 2010). One review from



2013 covering 113 global studies across all ecosystems found that regulating services were most
commonly studied, followed by provisioning and cultural services (Crossman et al., 2013).
Ecosystem service studies are most often conducted at the regional or sub-national scale
(Agudelo et al., 2020; Crossman et al., 2013). The diversity of modeling approaches illustrates
the ability for researchers to model numerous ecosystem services in different regions, at a range
of scales, and for various management purposes.

Two separate reviews conducted by Agudelo et al. (2020) and Englund et al. (2017),
covering 209 and 170 studies respectively, categorized ecosystem service modeling
methodologies, and a select few are summarized here. Empirical models use local, point-based
measurements of ecosystem services to extrapolate ecosystem service values to other sites
(Englund et al., 2017). This approach is best for assessing ecosystem service interactions during
a specific time interval and when sufficient data are available (Agudelo et al., 2020). Simulation
and process models create simulations or models of ecosystem processes to determine how
changes in ecosystem properties change the amount of ecosystem services supplied. Direct
mapping uses survey and census approaches to map the complete spatial information and
distribution of an ecosystem service in a region (Andrew et al., 2015; Englund et al., 2017).
Direct mapping is best used for understanding specific ecosystem service interactions between a
small number of ecosystem services (Agudelo et al., 2020). Extrapolation involves using
summary values to categorize different ecosystem features based on the level of ecosystem
service they supply (Englund et al., 2017). Qualitative techniques (e.g., mental models) are
descriptive data usually elicited through surveys and/or interviews. Qualitative techniques are
best used for general approximations of ecosystem service interactions, especially when data are
limited and there is broad community involvement (Agudelo et al., 2020).

Ecosystem service modelers have used a number of strategies to model ecosystem
services in Hawai‘i. One option is to apply off-the-shelf biophysical models to Hawai‘i and test
their validity for Hawaiian conditions, like what was done for modeling hydrological ecosystem
services in Maui using the simulation and process model SWAT (Htun, 2018). Researchers
modeled sediment retention, nitrogen retention, carbon sequestration, and water availability in
west Maui with extrapolation methods using the tool INVEST (Falinski, 2016). Another option is
to use an existing modeling platform, but develop a Hawai‘i-specific model, like what was done
to estimate services from coral reef ecosystems using a modification of the EPA-developed
ReefSim process-based model (Weijerman et al., 2018). An alternative option is to take existing
environmental data and use generally accepted mathematical equations or models and apply
them to the Hawai‘i context, like in Bremer et al. (2019) to empirically model groundwater
recharge. All of these cases have data and resource requirements to adjust the modeling platform
or method to Hawai‘i, so oftentimes managers have to strike a balance between accuracy, time,
data, and expertise requirements when deciding which modeling method to use (Martinez-Lopez
et al., 2019). Bullock and Ding (2018) developed a guide detailing criteria to consider when
selecting an ecosystem service model for decision-making. Key considerations include the



ecosystem services analyzed, model outputs, accuracy and timeframe needs, purpose of the
model results, current data availability, and technical expertise available.

Mental models, i.e., personal and internal representations of the real world used to make
decisions (Jones et al., 2011), can be used in situations when data are limited or not available,
time is restricted, and technical expertise is constrained (Kuhnert et al., 2010; Marcot et al.,
2012A; Moreno et al., 2014;). Additionally, mental models can represent a variety of ecosystem
services, incorporate different types of data, and adapt to time and data restrictions (Gray et al.,
2015; Kelble et al., 2013). Mental models are particularly good at incorporating stakeholder,
manager, and researcher feedback and knowledge (Chen et al., 2014; Kelble et al., 2013; Moreno
et al., 2014). Mental models were created through workshops for nature tourism and hydrological
regulation in the Sierra Nevada and water provisioning and scientific knowledge (research
opportunities) in Dofiana in order to inform interdisciplinary management decisions (Moreno et
al., 2014). Another study created a mental model for the Florida Keys And Dry Tortugas marine
ecosystem to inform management decisions, incorporating a variety of cultural, provisioning, and
regulating ecosystem services (Kelble et al., 2013). As another example, expert knowledge was
used to model how climate change would impact the abundance of three endangered wetland
birds in Hawai‘i (Htun et al., 2016). The BBN and mental model-based ARIES was used to
model recreational attractiveness based on coastal characteristics (Oleson et al., 2020). In each
of these cases, ecosystem service mental models were created using expert knowledge from a
variety of sources. Mental models are beneficial for smaller projects and studies that do not have
the ability to use more complex and data- and time-intensive methods, but do have access to
managers and other field experts (Marcot et al., 2012A; Voinov & Gaddis, 2008). They are also
particularly useful for community-based management, where complex modeling expertise and
time is limited or restricted (Voinov & Gaddis, 2008). Additionally, mental models are
appropriate for situations with complex interactions and data limitations (Marcot et al., 2012A).

Using Structured Decision Making to inform fire management

Decision analysis is the process of systematically addressing problems with multi-criteria
objectives and multiple stakeholders in order to inform decision-making (Gregory et al., 2012). It
was first developed in the 1960s by Howard (1966) and Raiffa (1968). Decision analysis uses
consequences and probabilities to aid in decision-making by evaluating actions through the
expected value of each action (Cappello et al., 2016). Formal decision analysis is intended to aid
decision-making particularly when faced with uncertainty and risk (Wu, 2021).

Decision analysis is especially suitable for environmental management decision contexts.
It is particularly useful for management problems that involve multiple stakeholders (with
multiple values), multi-functional resources (e.g., forests, coral reefs), and multiple competing
goals (Adem Esmail & Geneletti, 2018; Mendoza & Martins, 2006). Furthermore, decision
analysis has features that can address the typically complex natural resource management
problems (Mendoza & Martins, 2006). It can handle mixed data sets (expert opinions, qualitative



and quantitative data), enables collaboration, and encourages the involvement of multiple
stakeholders, such as experts, researchers, and members of the public in addition to the decision
makers (Mendoza & Martins, 2006). Decision analysis is useful because of its ability to
incorporate ecological, social, and economic values along with diverse stakeholder preferences
and concerns in a transparent and replicable way (Adem Esmail & Geneletti, 2018; Langemeyer
et al., 2016; Mendoza & Martins, 2006). Increasingly, management decisions have become
collaborative efforts between more than just experts, professionals, and resource managers, but
also those affected by these decisions. Since these objectives can be in conflict, tools like
decision analysis are beneficial for their ability to address these conflicts (Mendoza & Martins,
2006), and help diverse participants clarify and express their specific objectives (Kellon & Arvai,
2011).

Decision tools can aid in making better-informed, transparent, and cost-effective
management decisions. In the face of complicated goals and limited budgets, Structured Decision
Making (SDM), a decision analysis framework, can help identify priorities and predict the
consequences of management decisions (Driscoll et al., 2015; Marcot et al., 2012B; Martin et al.,
2018). SDM provides a framework and methodology for decision-making under uncertaintys; it is
a “formal decision process for common sense, when the problem is too complex for common
sense alone” (Keeney, 1982). SDM reframes management problems as choices or decisions to be
made that are informed, defensible, and transparent. SDM is ‘prescriptive,” meaning that the
purpose of SDM is to aid and inform decision makers so that they can make better decisions.
SDM emphasizes practical and real-world solutions and incorporates methods from a variety of
sources, including multi-attribute utility theory, psychology, and applied ecology. Multi-attribute
utility theory stems from decision analysis, and calls for identifying objectives, describing
alternatives and their outcomes, then weighting the outcomes based on their ‘utility,” or in other
words, assigning each outcome a preference score. SDM also aims to be defensible, involving
systematic deliberation, using the best available information, and including scientific and
stakeholder-based information. SDM is value-driven, aiming to provide a path towards
identifying what a decision maker or makers want, and how to get there, and recognizes that
preferences are constructed through this deliberative decision process (Gregory et al., 2012).

SDM also encourages collaboration with decision makers, scientists, and stakeholders
(Marcot et al., 2012B), making it particularly good at informing complex problems and
incorporating stakeholder values. Many recent studies use SDM in the natural resource
management context (e.g., Gutrich et al., 2005; Martin et al., 2018), including to inform fire
management (e.g., Driscoll et al., 2016; Marcot et al., 2012B; Trauernicht et al., 2022). Some
examples include evaluating conflicting fire management options for a watershed on Hawai‘i
Island (Trauernicht et al., 2022); updating the Hoosier National Forest management plan,
selecting the management actions for increased resistance to wide-scale fire, applying an
adaptive management monitoring plan to the Tongass National Forest (Marcot et al., 2012B);



and selecting planned burning options for the management of the forests in eastern Australia
(Driscoll et al., 2015).

Using expert knowledge and Fuzzy Cognitive Mapping to create ecosystem service
models

For many complex management scenarios, such as wildfire management, empirical data
are lacking. Eliciting expert knowledge is a method to collect information and gain
understanding of a system when other data sources are lacking, or to supplement empirical data
(Kuhnert et al., 2010; Marcot et al., 2012A; Martin et al., 2012). Information is elicited from
experts and/or stakeholders through workshops, individual interviews, and panels (e.g., Ingram et
al., 2018; Marcot et al., 2012A; Prell et al., 2007; Price et al., 2012). Expert knowledge is
beneficial for many reasons: it captures knowledge from a local context, incorporates the needs
from communities, builds trust between stakeholders and managers/decision makers, offers
educational opportunities for participants, encourages collaboration, and improves the decision-
making process (Marcot et al., 2012A; Prell et al., 2007; Price et al., 2012; Voinov & Gaddis,
2008). Furthermore, when data is lacking or unavailable, the system is too complex, or the
context is time sensitive, expert knowledge provides a way forward when decisions need to be
made (Kuhnert et al., 2010; Marcot et al., 2012A; Martin et al., 2012). Expert knowledge also
provides a way to synthesize information from a variety of sources and perspectives (Price et al.,
2012; Voinov & Gaddis, 2008). It may also be useful even when data is not limited, as involving
stakeholder knowledge can increase the legitimacy of scientific knowledge, and legitimacy was
found to be a key predictor of influence of scientific knowledge in decision-making and policy
(Posner et al., 2016).

FCM is a methodology that uses expert knowledge to create models of a system or
management problem. Based on cognitive mapping (Axelrod, 1976), FCM was originally
developed by Kosko (1986) and consists of concept maps or influence diagrams that represent
knowledge in a semiquantitative way through the use of nodes, relationship arrows, and weights.
Fuzziness is introduced through the use of assigning weights to the relationships between the
nodes (Kosko, 1986). The method takes implicit knowledge, or mental models, held by experts
and makes it explicit through mapping. Participants list the variables of a problem and connect
them through weighted (usually -1 through 1) relationships; modelers can run “what if”” scenarios
to see how the system changes with different inputs (Gray et al., 2013; Ozesmi & Ozesmi, 2004;
Voinov & Gaddis, 2008). Quantitative models tend to require high levels of technological
expertise, relevant factors are difficult to quantify, models are inflexible to the specific needs of
the decision makers, and their perceived ease and usefulness can make stakeholders and decision
makers wary to attempt to use them (Leclerc, 2014). Because FCM is simple and easy to use, it
can bridge the gap between qualitative and quantitative methods for resource management
assessments (Gray et al., 2015). Furthermore, FCM can incorporate a broad range of ecological,
social, and economic information sources, which are normally difficult to incorporate into
models used for management decisions (Hobbs et al., 2002; Vasslides & Jensen, 2016).



FCM is a beneficial decision support tool because it facilitates collaboration between
diverse stakeholders and can tackle complex and/or data-poor problems and incorporate
relationships that are not yet quantified with empirical data (Devisscher et al., 2016; Hobbs et al.,
2002; Ozesmi & Ozesmi, 2004; Vasslides & Jensen, 2016). It also can incorporate stakeholder
knowledge, which builds trust and understanding between stakeholders and decision makers
while also reducing uncertainty and combining diverse knowledge sources (Gray et al., 2013;
Voinov & Gaddis, 2008). In previous studies, researchers used FCM to support decision-making
for wildfire management in Bolivia (Devisscher et al., 2016), climate change adaptation
measures in India (Reckien, 2014), watershed management in the United States (Hobbs et al.,
2002), and to predict impacts of climate change on endangered wetland birds (Htun et al., 2016).

There is a need to incorporate ecosystem services and ecosystem service modeling into
decision analysis strategies (Agudelo et al., 2020; D. M. Martin et al., 2018; Martinez-Harms et
al., 2015). Combining FCM with SDM allows for resource managers to predict outcomes under
complex management scenarios and improve the overall decision-making process by
incorporating stakeholder knowledge and objectives. SDM includes a modeling step to evaluate
the consequences of possible actions, and FCM provides an easy and cost-effective way to model
these consequences that is transparent and engages stakeholders. While SDM provides the
framework to describe the management problem and elicit objectives and actions (Gregory et al.,
2012), FCM provides a modeling methodology to determine the consequences of actions.
Considering the similar strengths of SDM and FCM mentioned above, coupling both tools can
support many of the SDM process steps (Leclerc, 2014), making this novel pairing a useful
method for tackling fire management problems. For situations where data is limited and
stakeholder engagement is needed, using FCM with SDM provides a way forward for resource
managers.

Research Goals, Questions, and Objectives

Research Goals

My research aims to aid a local community group, the Wai‘anae Fire Hui, in fire
management planning by combining the decision analysis tool SDM with the modeling process
FCM in a novel way. Together they can identify objectives and alternatives and model changes
in community-valued ecosystem services due to alternative fire management actions. Natural
resource management problems are often characterized by multiple stakeholder objectives and
uncertainties. My research will demonstrate that FCM and SDM together is a cost-effective
pairing that aids managers in making decisions under complex scenarios with data limitations
while engaging stakeholders.

Research Questions
¢ How do different fire management alternatives impact ecosystem services important to a
local community?



e Can FCM and SDM be used together as an effective tool to evaluate landscape management
impacts on stakeholder objectives to aid the decision-making process?

Objectives

1. Use SDM as a guide to elicit ecosystem service objectives and fire management alternatives
with a local community.

2. Develop FCM models to predict the effects of fire management alternatives on ecosystem
services.

3. Demonstrate the utility of an SDM process with FCM by exploring ecosystem service
tradeoffs from different management strategies for a specific case study.

4. Work with a local community to conduct research that will be valuable for their fire
management decisions.

Methodology
Study system

Wai‘anae Kai (Figure 1) is located on the western shore of O‘ahu, within the Wai‘anae
Moku, a traditional Hawaiian land division. This region is also oftentimes referred to as
Wai‘anae Valley. Wai‘anae Moku makes up about 10% of O‘ahu’s land area (155 km?) and
consists of steep mountain cliffs and level coastal plains (Board of Water Supply, 2009). Climate
in Wai‘anae is typically hot and dry at lower elevations, with cooler and wetter conditions in the
mountain ranges above (City and County of Honolulu, 2012). Average rainfall ranges from 0.51
meters along the coast to 1.9 meters in the mountains. While surface water was once used for
both traditional Hawaiian and Western agriculture, currently stream flow is intermittent and no
longer regularly used (Board of Water Supply, 2009). Along the coast, coral cover is typically
low (Board of Water Supply, 2009). At lower elevations, Wai‘anae was once dominated by
lowland dry forests and lowland dry shrubland and grassland. At higher elevations, it was
dominated by dry cliff and mesic forests. Today, due to human activity, up to 96% of the
landscape is dominated by nonnative species. Native species are now typically only found at
high elevations, however, Wai‘anae still holds over 100 endemic plant and animal species
(Board of Water Supply, 2009; City and County of Honolulu, 2012). Wahi pana, culturally and
historically significant or sacred sites, are present throughout the watershed (Board of Water
Supply, 2009). Land use in Wai‘anae is 47% conservation, 40% agricultural, and 13% urban.
Most of the conservation reserves are managed by DLNR or USFWS. There is also a prominent
military reservation (Lualualei Naval Reservation) adjacent to the valley. Agricultural
productivity is high in Wai‘anae, and both traditional and western agriculture have long histories
in the region (Board of Water Supply, 2009; City and County of Honolulu, 2012). Today, almost
52,000 people live in the Wai‘anae watershed, with the majority being of Native Hawaiian or
other Pacific Islander decent or multiracial. The poverty rate is at 24%, about double the national
rate (U.S. Census Bureau, 2020).
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Figure 1: A map of the study area, Wai‘anae Kai (outlined in pink). Inset map shows the island of O‘ahu,
where Wai‘anae Kai is located.

This research project was co-developed with a local wildfire coalition called the
Wai‘anae Fire Hui. The Wai‘anae Fire Hui began in early 2020 with the immediate goal of
reducing fire risk and the long-term goal of improving fire management within the Wai‘anae
watershed. This small group is a collection of non-profit organizations, farmers, landowners,
foresters, biologists, educators, and other related stakeholders who live and/or work in Wai‘anae.
Some members have jurisdiction over their own properties, such as the farmers and non-profit
landowners, while others act as representatives of state government departments, such as the
Division of Forestry and Wildlife biologists and foresters. Others participate as stakeholders
without jurisdiction, such as the educators and teachers. They meet monthly to discuss relevant
fire management information, share ideas, and collaborate together on all aspects of fire
mitigation and preparedness. Many of the landowners have faced multiple wildfires in recent
years. When this research project began, they had recently acquired some grant money, and
guided by the local non-profit Hawai‘i Wildfire Management Organization, they needed to
decide how to use those funds to manage their lands. Together they envision wildfire
management as a collaborative process where all people work together with the common goal of
wildfire risk reduction.

Structured Decision Making
I framed my research under the SDM framework. This framework organizes decision-
making into the PrOACT cycle to define problems and determine optimal solutions (Figure 2).
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Figure 2: The PROACT framework from Structured Decision Making. Starting at the Problem stage,
decision makers can work their way through the PROACT steps, and repeat/revisit steps as necessary.
Modified from Gregory et al., 2012.

Through interviews with the fire coalition participants (stakeholders), I defined the
problem, determined objectives (which ecosystem services and other objectives people care
about), and developed a suite of preferred actions. The interviews with participants allowed for
the objectives to be based on stakeholder values, and the actions selected accepted by the
stakeholders. For step one (PRoblem), I interviewed participants to define the problem statement,
which includes identifying the decision context, who the decision maker is, the key stakeholders,
and constraints. For step two (Objectives), I interviewed participants to understand the suite of
ecosystem service objectives the stakeholders have, in addition to other related objectives. For
step three (Actions), I interviewed participants to establish actions that fire managers typically
use and that the stakeholders supported. My ultimate goal was to create a decision scenario that
was accurate and valid for the wildfire coalition, but also applicable to other wildfire decision
scenarios in Hawai‘i.

The next steps of decision analysis are steps four (Consequences) and five (Trade-offs).
For step four, I determined the possible consequences from fire management for key ecosystem
services through eliciting expert knowledge to create Fuzzy Cognitive Maps. With this novel
pairing of SDM and FCM, I created a new way to understand the impacts of fire management
decisions on the ecosystem services that stakeholders care about. Step five, trade-off analysis,
was done for the ecosystem service objectives with Mental Modeler (see Gray et al., 2013). 1
also used previous research to analyze the potential cost trade-offs. Ultimately, I paired SDM and
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FCM to understand how different fire management actions affect different ecosystem outcomes,
which can aid resource managers in making better, more effective decisions that considers
stakeholder values.

Semi-structured Interviews

I conducted fourteen semi-structured interviews over the course of a month with
members of the wildfire coalition. Interviewees consisted of farmers, biologists, state foresters,
non-profit organization leaders, educators, and other members from the Wai‘anae Fire Hui. A
little under half of the participants lived and/or worked in Wai‘anae directly. Interviews lasted
between 15 and 45 minutes and were conducted over Zoom, an online video conference
platform. Interviews consisted of a mixture of closed and open-ended questions and followed UH
Manoa Institutional Review Board (IRB) protocols.

The structure of the interviews was as follows. First participants were told the purpose of
the interviews and asked about their role(s) in the group as well as their history in Wai‘anae.
Next, they were asked about the landscape and what they valued, with the goal of eliciting the
ecosystem services they valued from their answers. Next, they were asked why they were
concerned about fires in Wai‘anae and what problems their group are trying to solve, to define
the problem of wildfire management in Wai‘anae. Then they were asked what good fire
readiness looked like and their preferred outcomes of the group, to determine the objectives of
the group. Finally, they were asked to describe the different fire management alternatives
available and worth pursuing. A shorter, prioritized list of questions was used for two cases in
which the participant indicated they had limited time. Questions were designed following
protocols developed by Dillman et al. (2014). A complete list of the questions asked can be
found in the Appendix.

After all of the interviews were completed, I transcribed and coded each interview to
identify when one of four categories was mentioned: ecosystem services, problems, objectives,
and alternatives. From these transcripts, I created a list of corresponding ecosystem services from
the elicited objectives and values; a list of possible fire management alternatives, focusing on
prevention measures; a list of identified problems; and a list of identified objectives beyond those
relating to ecosystem services. The top three mentioned ecosystem services (biodiversity, water
resources, and spiritual experience) were used to inform the FCM process. From the list of
available fire management alternatives, I selected three that were focused on fire prevention and
most likely to impact ecosystem services differently. The selected alternatives were grazing,
herbicide use, and native species outplanting.

Fuzzy Cognitive Mapping

I developed ecosystem service models for the three key ecosystem services identified in
the interviews to determine the outcomes of different fire management scenarios. The models
illustrate which ecosystem services will be impacted by certain fire management actions. The
ecosystem services and management actions analyzed were selected based on the objectives and
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actions chosen through conversations with interview participants. FCM (e.g., Game et al., 2016;
Htun et al., 2016) involve creating nodes representing management actions or ecological
responses with links connecting the nodes together, representing causal relationships with
specified directions and weights (e.g., high, medium, low). I determined these relationships and
weights through three workshops with the fire hui participants.

Fuzzy Cognitive Maps were created over the course of three workshops that were each
held over Zoom and lasted one hour. A total of five members of the wildfire coalition
participated in the workshops. Each workshop focused on a different ecosystem service selected
from the previous interviews and had the following number of participants: biodiversity
workshop, three participants; spiritual experience workshop, three participants; water resources
workshop, two participants. Participants were farmers, nonprofit leaders, educators, and state
foresters. Ahead of time, participants were asked to list all of the variables that related to the
ecosystem service in an online survey. Responses were inputted into Mental Modeler, an online
FCM tool developed by Stephen Gray (see Gray et al., 2013). Additionally, the ecosystem
service, wildfires, and the three identified management actions were included in the initial list of
variables inputted to Mental Modeler.

At the start of the workshops, participants were reminded of the goals of the workshop
and research (Price et al., 2012) and definitions of the ecosystem service were provided to avoid
uncertainty and misunderstanding (Kuhnert et al., 2010; T. G. Martin et al., 2012). Next
participants were given an unrelated example of an FCM, so that they were familiar with the
concept and software used (Ozesmi & Ozesmi, 2004). Participants were then asked to consider
any additional variables and any changes needed to the variables. Next, each participant was
asked to describe how a variable impacted and/or was impacted by the other variables, and then
asked to provide a positive or negative high, medium, or low weight. High relationships were
coded as 1, medium relationships as .66, and low relationships as .33, as well as their negative
counterparts. All other participants were prompted and encouraged to give their own opinions in
addition to the initial participant. Once a consensus was achieved, a different participant was
asked to repeat the exercise with another variable until all variables were addressed. For the final
step, participants were then asked to consider the three management actions and how they fit into
the FCMs developed thus far, specifically what variables each action impacted and assign a
positive or negative weight, again giving all participants the opportunity to weigh in until
consensus was reached. Throughout the workshops, participants were asked to pause and
consider the map at its current state, and if any changes or additions were needed. This procedure
follows accepted methodology for developing FCMs (Devisscher et al., 2016; Gray et al., 2013,
2015; Htun et al., 2016; Ozesmi & Ozesmi, 2004).

The three management actions were considered individually as three “what-if scenarios”
that are built within the Mental Modeler system. For each scenario, one management action was
maximized to analyze its impacts on the rest of the system. Each variable receives a numerical
value to represent the extent of the impact, which can then be used to compare the scenarios to
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each other within that model context (Gray et al., 2013; Ozesmi & Ozesmi, 2004). The numerical
value can be positive, negative, or zero.

After the workshops, participants were asked to rate their overall experience (Marcot,
Allen, et al., 2012; Sterling et al., 2019), and self-evaluate their uncertainty in the models
(Drescher et al., 2008; Kuhnert et al., 2010; Marcot, Allen, et al., 2012; T. G. Martin et al.,
2012). Uncertainty is inherent in the problems FCM aims to address, but incorporating
knowledge from multiple participants aids in capturing this uncertainty (Kuhnert et al., 2010;
Sterling et al., 2019), and point towards future directions for empirical data collection (Gray et
al., 2015). Insights into this uncertainty is valuable for making management decisions (Marcot,
Allen, et al., 2012; Price et al., 2012). Participants rated their overall certainty in the models
created on a scale of 1-5, and then were also asked to identify the top three relationships they
were most confident in and the top three relationships they were least confident in.

Structure Analysis

Built within Mental Modeler are a variety of graph analysis outputs that compare and
help build an understanding of the maps created with Mental Modeler (Gray et al., 2013). Total
components, total connections, and density illustrate map complexity and the number of
relationships within a system. Measuring complexity allows for map comparison and gives
insights to how the map creators (participants) view the problem (Ozesmi & Ozesmi, 2004). The
out-degree is a measure of how much a variable impacts other variables. The in-degree is a
measure of how much a variable is influenced by other variables. Both of these measures are
used to identify each variable as a receiver, driver, or ordinary variable. Receiver variables only
are influenced by other variables, and do not influence any variables within the system. These
variables are a result of the system rather than affect the system. These variables could
potentially be greatly influenced by system changes (Ozesmi & Ozesmi, 2004). Driver variables
only influence other variables, and are not influenced by any variables within the system. These
variables impact other variables of the system and cannot be impacted by the system. These
variables have the potential to greatly impact the system and act as points of change (Ozesmi &
Ozesmi, 2004). Ordinary variables are both influenced by and influence other variables in the
system. Centrality is a measure that illustrates how connected the variable is to other variables in
the system, and how strong those connections are. This measure can highlight variables that are
most impactful to the system and thus would be the most impactful to change (Ozesmi &
Ozesmi, 2004; Papageorgiou & Kontogianni, 2012).

Results

Semi-structured Interviews

The purpose of the interviews was to establish the problem, objectives, and alternatives
for the fire coalition’s decision-making, following the SDM framework. Additionally, the
interviews established which ecosystem services each stakeholder valued. When asked about the
problem and objectives the coalition was focused on, participants’ responses were similar.
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Participants defined the problem as follows: the region is fire prone, fires in the region are
increasing in frequency, and fires cause damage to property, natural resources, and human
health. A common theme mentioned by participants was that most of these fires are human
caused, and thus preventable. The majority of participants agreed that the main objectives of
their coalition were to protect the community and natural resources, have more prepared and
educated communities, prevent fires from starting and spreading, and to bring diverse people
together to tackle these problems. Collaboration was a common theme discussed by many of the
participants. When asked about different fire management alternatives, participants gave similar
answers. Their responses are summarized in Table 1. Additionally, it was common for
participants to mention “fire breaks” or “fuel breaks” without specifying how to create them
(mowing, hand removal, herbicides, etc.).

Table 1: A list of alternative fire management strategies mentioned during the interviews, broken up
into categories. “Times mentioned” refers to the number of participants that mentioned each alternative
at least once during their interview. Education and awareness, along with other alternatives not directly
related to fire prevention on the landscape, are omitted.

Alternative Details Times Mentioned

Grazing Sheep, goat, etc. 10

Manual Removal | Weed whacking, hand removal, mowing 6

Herbicide Targeted application 2

Green Breaks Replacing flammable vegetation with less 9
flammable vegetation; can be native or nonnative

Water Resources | Access to water, amount available, dip 8

tanks/water tanks, sprinkler system

Access Maintained roads, cleared areas, emergency 3
road/access

Native Species Restoration, native species, invasives removal, 6

Outplanting fuels conversion

Conversely, the different ecosystem services mentioned varied greatly for each participant. The
majority of participants did not explicitly state ecosystem services, but instead spoke to what
about the landscape was important to them. I converted these mentioned values to the
corresponding ecosystem services (see Table 2 for examples). A tally of the different ecosystem
services referenced in the interviews are shown in Figure 3. On average, interviewees mentioned
eight ecosystem services during their interview. All but two stakeholders mentioned cultural
ecosystem services, and all but one stakeholder mentioned biodiversity concerns during their
interviews.
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Table 2: Example responses from the interviews for each type of ecosystem service used for the
workshops. Responses were coded and transcribed into specific ecosystem services if the ecosystem

service was not directly stated.

Ecosystem Service

Example Responses

Biodiversity/native species/habitat

“A functioning ecosystem is one where the flora and fauna of
the place are able to survive, thrive, and reproduce.”

“It’s not a lot of... invasives or anything. They've actually
cleared it out and planted natives, so the natives are taking

over again and thriving.”

“Native plants and animals.”

Spiritual Experience/Sense of Place/
Stewardship

“‘Aina is a place that provides for us and in return [we] take
care of'it. I think it's beyond just land but this deep connection
to this place that has raised and grown us into the people that
we are today.”

“[The landscape] is where people derive their identity.”

“Stewardship.”
Fresh water/Water Resources/Coral “Water quality.”
Degradation

“Watershed.”

“Hydrological functions.”

“Coastal resources and coral reefs.”
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Figure 3: For each interview, the ecosystem services referenced were tallied and transcribed. The x-axis is
the ecosystem service, and the y-axis is the number of participants that referenced the ecosystem service
at least once during their interview. The ecosystem service categories are based on work by TEEB 2010.

Fuzzy Cognitive Mapping

I used the results from the interviews to inform the FCM conducted with the fire coalition
during the workshops. I used the most frequently raised ecosystem services (biodiversity,
spiritual experience, and water resources) and I selected three alternatives that were focused on
fire prevention and most likely to impact ecosystem services differently (herbicide, native
species outplanting, and grazing) for the workshops. I aimed to use FCM to understand how the
different alternatives influenced the different ecosystem services.

Biodiversity

“Those watersheds contribute to...habitat for different species of fish and animals and birds,
that contribute to a rich biodiversity [and] ecological biodiversity zones that can provide a
healthy environment for all species.

i

— Workshop participant

For the biodiversity map (Figure 4), the action that resulted in the largest benefit to
biodiversity (map variable “biodiversity’’) was native species outplanting, followed by herbicide
use. Grazing had no impact. Additional variable impacts are shown in Figure 5. The variables
with the highest centrality were “biodiversity”, “Action: native species outplanting”, “wildfires”,
“ecosystem health”, and “positive personal relationship to landscape.” Central variables are most
impactful to the system and thus most impactful to change (Ozesmi & Ozesmi, 2004;
Papageorgiou & Kontogianni, 2012). Participants were asked to select the relationships in which
they were most and least confident. The average certainty ranking the participants gave this

model was 4.33/5, n=3. Overall, confidence responses were diverse without much overlap or
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discernable patterns. Each participant gave unique responses for the most confident relationships,
except for the “action: grazing” to “wildfires,” which was selected by two participants as a most
confident relationship. Only one participant identified a relationship they were least confident in,
which was “action: herbicide” to “extinction events.”
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Figure 4: The fuzzy cognitive map developed during the biodiversity workshop. Three participants from the fire coalition participated to create this map
in Mental Modeler. In a pre-workshop survey, participants were asked to list the variables relevant to wildfires and biodiversity (gray boxes). During the
workshop, participants were asked to connect the variables through positive and negative weighted relationships. Blue arrows are positive, and red
arrows are negative. The thickness of the arrow increases as the weight (high, medium, or low) increases. Orange variables are management actions that
were selected based on the interviews. See the appendix for map matrix.
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Scenario Comparisons for Biodiversity Map
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Figure 5: Effects of each management scenario (herbicide use, native species outplanting, and grazing) on the different
variables of the biodiversity map. Variables with no impact for any of the management scenarios were omitted. X-axis
values are unitless measures of impact used to compare management impacts between each management scenario on the
variables.
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Spiritual Experience

““dina is a place that provides, and for us in return to take care of it. I think it's beyond just land
but this deep connection to this place that has raised and has grown us into the people that we
are today.” — Workshop participant

For the spiritual experience map (Figure 6), the action that resulted in the largest benefit
to spiritual experience (map variables “sense of place” and “spiritual practice, energy, and
experience”) was native species outplanting. Herbicide and grazing had no impact. Additional
variable impacts are shown in Figure 7. The variables with the highest centrality were
“wildfires”, “sense of place”, “ecosystem health”, and “spiritual practice, energy, and
experience”. The average certainty ranking the participants gave this model was 3.33/5, n=3.
Participants were asked to select the variables in which they were most and least confident.
Participant responses for the most confident relationships generally did not overlap, except for
“action: native species outplanting” to “ecosystem health,” which was selected by two
participants as a most confident relationship. Participant responses for the least confident
relationships generally did not overlap, except for both “action: native species outplanting” to
“spiritual practice, energy, and experience” and “length of time spent living in a place” to both
“sense of place” and “community empowerment.” For all of these relationships, two of the three
participants identified them as least confident relationships. Overall, confidence responses were
diverse without much overlap or discernable patterns.
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Figure 6: The fuzzy cognitive map developed during the biodiversity workshop. Three participants from the fire coalition participated to create this map
in Mental Modeler. In a pre-workshop survey, participants were asked to list the variables relevant to wildfires and spiritual experience (gray boxes).
During the workshop, participants were asked to connect the variables through positive and negative weighted relationships. Blue arrows are positive, and
red arrows are negative. The thickness of the arrow increases as the weight (high, medium, or low) increases. Orange variables are management actions
that were selected based on the interviews. See the appendix for map matrix.
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Scenario Comparisons for Spiritual Experience Map
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Figure 7: Effects of each management scenario (herbicide use, native species outplanting, and grazing) on the different
variables of the spiritual experience map. Variables with no impact for any of the management scenarios were omitted. X-
axis values are unitless measures of impact used to compare management impacts between each management scenario on
the variables.
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Water Resources

“Ka ‘ala is like going back in time. It's very traditional agriculture... I know there were five
streams before that used to flow in Wai‘anae Valley, and now there's only one and it's the one
that feeds Ka ‘ala. So just thinking about the water, it was so much more, and now it's this, which
this is working, but how do we preserve that natural stream flow that feeds into the lo ‘i?” —
Workshop participant

For the water resources map (Figure 8), the action that resulted in the largest benefit to
water resources (map variables “water quality” and “wetland/coral reef health”) was native
species outplanting, followed by grazing. Herbicide had a negative impact. Additional variable
impacts are shown in Figure 9. The variables with the highest centrality were “wildfires”, “water

3
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quality”, “runoff/pollution”, “wetland/coral reef health”, and “monoculture”. The average
certainty ranking the participants gave this model was 3.5/5, n=2. Participants were asked to
select the variables in which they were most and least confident. Only one participant indicated
that they were most confident in the relationships involving “wetland/coral reef health” and
“water quality” and were least confident in the relationships involving “tourism” and “traditional
agriculture and permaculture”.
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Figure 8: The fuzzy cognitive map developed during the biodiversity workshop. Two participants from the fire coalition participated to create this
map in Mental Modeler. In a pre-workshop survey, participants were asked to list the variables relevant to wildfires and water resources (gray boxes).
During the workshop, participants were asked to connect the variables through positive and negative weighted relationships. Blue arrows are positive,
and red arrows are negative. The thickness of the arrow increases as the weight (high, medium, or low) increases. Orange variables are management
actions that were selected based on the interviews. See the appendix for map matrix.
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Scenario Comparisons for Water Resources Map
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Figure 9: Effects of each management scenario (herbicide use, native species outplanting, and grazing) on
the different variables of the water resources map. Variables with no impact for any of the management
scenarios were omitted. X-axis values are unitless measures of impact used to compare management
impacts between each management scenario on the variables.

Structure Analysis

The biodiversity map was the most complex of the three maps, with almost double the
number of connections than the others (see Table 3). For all three maps, the three actions were
driver variables, which aligns with how the questions for the workshops were set up. Beyond the
three actions, there were no other driver variables except for the water resources map, whose
driver variables are listed in Table 3. Driver variables are components that only influence other
variables, and are not influenced by any variables. Driver variables indicate which variables are
influencing within the map (Ozesmi & Ozesmi, 2004; Papageorgiou & Kontogianni, 2012). The
biodiversity and water resources maps had receiver variables, listed in Table 3, but the spiritual
experience map had none. Receiver variables are components that are only influenced by other
variables, and do not influence any variables. Receiver variables indicate which variables are
being influenced within the map (Ozesmi & Ozesmi, 2004; Papageorgiou & Kontogianni, 2012).
Most variables for all three maps were acting as both drivers and receivers (also called ordinary
variables).
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Table 3: Structure analyses from Mental Modeler for each of the maps created during the
workshops. Total variables and total relationships indicate the complexity of the map. The
density is the number of connections (relationships) divided by the maximum number of
connections possible between the variables. Density indicates how connected or sparse the
map is. (Hage and Harary, 1983; Ozesmi & Ozesmi, 2004; Papageorgiou & Kontogianni,
2012).
FCM Total Total Density Driver Variables Receiver
Variables | Relationships Variables
Biodiversity 16 61 0.254 | Action: grazing, Action: Available
native species outplanting, habitat, native
Action: herbicide species, disease
Spiritual 11 28 0.255 | Action: grazing, Action: None
Experience native species outplanting,
Action: herbicide
Water 16 35 0.146 | Action: grazing, Action: Fishing, fishing
Resources native species outplanting, ponds
Action: herbicide, erosion,
traditional agriculture and
permaculture, monoculture
Discussion

“[The fire hui] has that sense of community that can really fuel this and I think that's what really
will sustain not only the figuring out how to best manage this..., but [also] into the future. Gotta
have that community-based support.” — Workshop participant

Together, SDM and FCM tackle the challenges that can impede conservation
implementation. Interviewees cited various ecosystem services, likely reflecting their diverse

backgrounds as educators, farmers, and scientists. However, spiritual experience was regularly
mentioned by all but two of the stakeholders. Previous studies conducted in Hawai‘i and with
other island and indigenous communities also found spiritual experience important to
stakeholders (Balzan et al., 2018; Bremer et al., 2015; Gould et al., 2014; Ingram et al., 2018;
Pascua et al., 2017). Biodiversity was the most frequently referenced and also mentioned by all
but one of the stakeholders, indicating that biodiversity improvement should be a key
consideration for land management actions in Hawai‘i. Collaboration was also a common theme
mentioned by the stakeholders, with many noting that collaboration is a vital part of their
coalition that should be encouraged even more. Collaboration is also a key part of SDM,
suggesting that not only is SDM an appropriate decision support tool, but that it would have
community buy-in. Other works have identified gaps between research and practice in the
conservation field, as well as a need for collaboration between scientists, managers, and
stakeholders (Gray et al., 2013; Moreno et al., 2014). The path from research to implementation
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can oftentimes be insurmountable. Additionally, in unique contexts like Hawai‘i, ecosystem
modeling needs to be place and context specific (Bremer et al., 2015; Potschin & Haines-Young,
2013; Prell et al., 2007). The reasons for this lack of implementation can be complex, but usually
include a lack of trust and understanding by the stakeholders and resource managers, specificity
and usefulness to their specific problems, and time and monetary resource limitations.

Coupling FCM with SDM overcomes these hurdles by using cost effective and simple
methods with the ability to address a wide range of resource problems under a limitless number
of circumstances. Stakeholder involvement is critical for long-term management success,
especially when involvement is implemented from the beginning of the decision-making process
(Balzan et al., 2018; Gutrich et al., 2005; Ingram et al., 2018; Prell et al., 2007; Sterling et al.,
2019; Voinov & Gaddis, 2008; Wright et al., 2020). Participatory management practices like
FCM and SDM promote stakeholder collaboration and engagement (Devisscher et al., 2016;
Gray et al., 2013, 2015; Hobbs et al., 2002), which improve the overall decision-making process
and increases likelihood for implementation (Gutrich et al., 2005). The results from the SDM
interviews and FCM models identify key objectives and how they are impacted by management
actions, and encourage stakeholder engagement and collaboration, addressing the limitations that
often impede conservation action.

The creation of FCMs allows managers and stakeholders to visually observe the
interconnectedness and complexity of environmental issues and how variables of a problem fit
together. Within the context of my research, the maps showed how wildfire management actions
are connected to other environmental concerns and relationships. Others have noted similar
interconnection and complexity for cultural ecosystem services and other ecosystem services
(Bremer et al., 2015; Pascua et al., 2017; Vasslides & Jensen, 2016). This interconnectedness is
demonstrated by the overall complexity of all three maps, especially the biodiversity and
spiritual experience maps. The biodiversity map had double the number of connections as the
other maps, and the spiritual experience map had four pairs of two-way connections, signifying
feedback loops where components impacted and were impacted by each other. The number of
connections and feedback loops illustrate the complexity of the management problems wildfire
managers have to tackle in Hawai‘i. The complexity of the maps highlight the need for fire
managers to consider the problem of wildfire management holistically, if they are not already, as
objectives influence and are influenced by each other. Furthermore, just as the objectives are
interconnected, so are the actions, meaning that management options exist that can benefit
multiple objectives simultaneously.

Using FCM within the consequences step of SDM identifies additional stakeholder
priorities beyond objectives and offers novel ways of understanding management problems
through the central, receiver, and driver variables. With information about stakeholder priorities
and mental models of the system, land managers can improve not only their primary goals, such
as in this case fire prevention, but also improve the other factors stakeholders care about. Many
of the central variables for the maps were expected given the nature of the research questions
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presented to the participants, such as “wildfires” and the three management actions. However,
the other central variables raised by participants give insights to additional important
management considerations when dealing with wildfires in Hawai‘i. For the biodiversity map,
“ecosystem health” and “positive personal relationship to landscape” were two central variables
that suggest other actions that could be taken to improve biodiversity under a wildfire
management context. “Ecosystem health” was also a central variable for the spiritual experience
map. By working towards improving ecosystem health, land managers could not only improve
fire prevention, but also improve outcomes that stakeholders care about. For the water resources
map, “runoff/pollution” and “monoculture” were two central variables that highlight other
actions that could be taken to improve water resources.

Driver and receiver variables illustrate further considerations worth examining, as driver
variables are key points of influence (they ‘drive’ the system) and receiver variables are key
points of sensitivity (they ‘receive’ the impacts of the system). For example, the water resources
map had three driver variables: erosion, traditional agriculture and permaculture, and
monoculture. These variables highlight that agricultural activity could be managed in an effort to
positively impact water resources alongside wildfire management. The water resources map also
had two receiver variables: fishing and fish ponds. These variables indicate that both recreational
and commercial fishing could be impacted by fire management actions. The central, driver, and
receiver variables identified by the FCM process are relevant for managers, yet would have been
missed had the FCM process not taken place.

Only some of the interviewees attended workshops, which could have limited the
viewpoints included in the study. Moreover, workshop participants had a history working with
one another and thus were familiar with one another, which may have resulted in groupthink.
However, confidence feedback from participants could be an indicator that though the groups
were small, a diverse set of opinions were captured. The variables each participant selected as
most and least confident were unique to the participant; there was little overlap in which
relationships were ranked most and least confident. Additionally, because workshop participants
already knew each other and also regularly work together, there may have been hesitation to
voice different opinions, as is common with group discussions (Sterling et al., 2019). As an
example, one participant mentioned being against herbicide use in the interview, but was more
open to its use during the workshop. This example shows the need for capturing opinions both in
one-on-one and group settings whenever possible, and also possibly using an impartial third
party, bridging organization, etc. to help facilitate discussions to obtain the most accurate results.

Additionally, though the workshops were very successful, I question if anything was lost
due to them being virtual rather than in-person. Price et al. (2012) recommends in-person
workshops whenever possible because of the opportunity for site visits and familiarization, in-
person interactions build familiarity and trust, and the increased likelihood for future
participation and engagement. Generally, virtual workshops are best under time and cost
constraints and/or if participants are geographically separated (Price 2012). Because the fire
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coalition participants had been meeting virtually for months already, and live and work in the
‘study site,” I believe the workshops were likely as productive virtually as they would have been
in-person. However, for future studies I would still recommend in-person workshops over
virtual, especially if the participants do not have a similar history and background to the
participants of this study.

This thesis focused on modeling ecosystem services and supporting community natural
resource management. For all three maps, native species outplanting was most beneficial for the
three main ecosystem services valued by the participants. Herbicide use and grazing were more
varied, and it depended on which workshop map/ecosystem service. The “what-if” scenarios
from Mental Modeler (Gray et al., 2013) provide these insights (see Figures 4,5, & 6), which
flow directly into the SDM consequences and trade-offs steps. These scenarios can then be
compared to determine how they impact each objective, and by comparing these effects, each
management scenario can be evaluated for their trade-offs and synergies.

Managers can then incorporate other considerations, such as cost, public opinion, etc. to
fully explore the trade-offs. Cost was mentioned during two of the interviews. While I cannot
present specific costs for each management activity, previous research indicates that grazing is
the most affordable option, followed by herbicide use (Castillo et al., 2006; Taylor, 2006).
Native species outplanting to the extent of forest restoration is the most costly, oftentimes
significantly more so than herbicide use and grazing (Powell et al., 2017; Wada et al., 2017).
Thus, though native species outplanting provided the greatest benefits to each of the ecosystem
services, it is also the most costly. Grazing provided smaller positive benefits to water resources,
and did not impact the other ecosystem services analyzed, but it is the most affordable option.
Herbicide use is another more affordable option, however it also negatively impacted water
resources and did not impact spiritual experience. These two factors, cost and overall benefits,
introduce tradeoffs, as the management action most beneficial to the ecosystem services, native
species outplanting, is also the most costly. Incorporating additional considerations, like public
opinion, time, etc. will introduce additional tradeoffs.

Managers can be strategic and combine actions intentionally across the landscape to help
balance the tradeoffs of each individual action (e.g., Bremer et al., 2018), utilize different kinds
of funding sources, and account for the preferences of individual landowners. FCM aids
managers in selecting these land use options that managers can then apply spatially to build their
overall landscape management plans. Many studies found that trade-offs and synergies are site
and context specific (Ager et al., 2017; Carter Berry et al., 2020), emphasizing this process
benefits from FCM, which allows for context-specific model and scenario building.

FCM and SDM are participatory ways to examine complex systems, useful when data
and time are limited and stakeholders need to be part of the decision-making process. This study
demonstrates that FCM and SDM are a useful decision support tool pairing that can apply
broadly to other management scenarios, in Hawai‘i and beyond. Though the results are site and
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context specific, my research provides a first example of how FCM can be paired with SDM to
assist with the decision-making process and the benefits of doing so. Additionally, using both
FCM and SDM allowed me to capture a diversity of stakeholder values and ideas and then
present them as specific objectives and actions that can be used for fire management.
Representing stakeholder values and ideas is a critical, but difficult, step in the decision-making
process. Ultimately, FCM and SDM can be used together to identify stakeholder objectives,
predict management consequences, and evaluate trade-offs in order to aid in the decision-making
process. The flexibly of both tools allow for their use under a variety of contexts and constraints,
especially when time, data, and funding are limited. FCM’s flexibility, cost, and accessibility
allow for any land practitioner or decision maker to make ecosystem service and other
consequence models, so long as they have access to experts or other stakeholders to inform the
modeling. SDM supplies the process to transparently evaluate the consequences of possible
actions, and FCM provides an easy way to model consequences while engaging stakeholders and
incorporating their knowledge.

Conclusion

Tackling the complex problem of wildfire management in Hawai‘i requires more than
just an increase in data collection, modeling, and funding. It needs more collaboration,
partnerships, and regionally specific projects with a focus on prevention that is accessible to land
practitioners (Trauernicht et al., 2015). Resource managers need quick, easy, and cost-effective
ways to make important management decisions that incorporate community feedback. The power
of coupling FCM and SDM, as demonstrated here, is that both processes are easy to learn and
use, can be tailored to the specific contexts of a management problem, and by design, incorporate
the stakeholders (and their knowledge) impacted by land management decisions. These qualities
make the effort from decision to action easier as they build trust and confidence in model results,
provide a transparent pathway forward, and reduce conflict between decision makers and
stakeholders. Participants in this study showed excitement, honor, and gratitude that they were
able to take part in the decision-making process that directly impacts their livelihoods. FCM and
SDM offers powerful insights with a minimal learning curve, and incorporates the stakeholders
critical for public buy-in, implementation, and success, so that conservation decisions can move
to conservation action.

“Everything we do is for a better Hawai ‘i; continuing to strive to be the best stewards we can be
for this place. So ‘mahalo’ to everybody for teaching and showing my students these paths that
we can take to continue to serve.” — Workshop participant
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Appendix

Interview Questions:
e How long have you been a part of the Wai‘anae community?
e How did you come to reside in Wai‘anae?
¢ How did you become involved in the Wai‘anae Community Fire group?
o Why did you join the group?
e What are your role(s) in the Wai‘anae community?
e What organizations do you represent when you participate in the Wai‘anae Fire Group, if
any? Further clarification: Whose perspectives are you representing?
o What is the mission of the organization and who or what does it represent?
o What is your role within this organization and how long have you been a part of
it?
o How long has the organization been active in the Wai‘anae community?

“For these next questions, you are representing your role within the Wai‘anae Fire Group. When
I say things like “you”, I am referring to your role.”

Values (ES):
e What do you think of when you hear the word “landscape”?

o What do you think of when you hear the word “‘aina” ?
e What does the landscape/‘aina mean to you?

o  Why is that important to you?
o What do you value about it?
o Can you tell me more about ?
o Alternative: What does the Wai‘anae landscape mean to you?
o Prompt: Can you tell me about a particular place in the landscape that is
particularly meaningful to you and why?
Define the Problem:

e Why are you concerned about fire in Wai‘anae?
o What threats do fire present to you/your organization’s goals?
o Alternative: What do you observe before, during, or after fire that concerns you?
= How do things change or stay the same over time?
e What problem(s) are the Wai‘anae Fire Group trying to solve?
o What do you see as the role of the Wai‘anae Fire Group?
o Are you concerned about landscape changes? If so, why?
e What values do you think are important for the group?
o Ex: respect, teamwork...

Objectives:
If asked: explain that fire readiness means the tasks/activities we do to prepare for and prevent
wildfire

e What does fire readiness mean to you?

e What would good fire readiness look like to you?

e What would be good outcome(s) from the Wai‘anae Fire Group?

e What would perfect fire readiness in Wai‘anae look like?
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o What would you like to see happen?

o What are your goal(s) for the group?
Fire readiness activities can lead to many different outcomes for the landscape. What
outcomes are important to you?

Alternatives:

Are you familiar with current fire readiness practices, in Wai‘anae or somewhere else in
Hawai‘i?
o If no, offer some examples and encourage a response
Can you describe some good practices for fire prevention? Suppression/Emergency
Response? Restoration?
o Can you give some examples of good practices for fire prevention?
» Education vs fuels management
Are you aware if these practices are being done already in Wai‘anae?
Are there actions that you are aware of that may not be taking place here, but may
be good options?
o Please feel free to think outside the box...
Thinking about the fire readiness practices we just talked about, which of them do you
think makes the most sense for the Wai‘anae Fire Group to consider using and why?

Wrap Up:

Is there anything else you would like to add?
o Anything we did not cover that you think is important?
Do you have any questions about what we discussed today?
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Fuzzy Cognitive Map Matrices:

Part 1 of the FCM matrix of the biodiversity map. This displays all information captured in the biodiversity FCM in tabular format. The
weights for each relationship are as follows. Low: -0.33 and 0.33; Medium: -0.66 and 0.66; High: -1 and 1.
Biodiversity Action: Action: Action: | Wildfires | Available | Species | Ecosystem
Herbicide Native Grazing Habitat Health Health
Species
Outplanting
Biodiversity
Action: Herbicide 0.66 -1 0.33 0.66
Action: Native Species 1 -1 1 1 1
Outplanting
Action: Grazing -1 0.66
Wildfires -1 -1 -1 -1
Available Habitat
Species Health 1
Ecosystem Health 0.66 -0.66 1 1
Native Species
Disease
Invasive Species -1
Human Disturbance -1
Extinction Events -1
Personal Value of 1 -1 0.66 1 0.66
Biodiversity
Positive Personal 1 -1 1 1
Relationship to Landscape
Social/ Spiritual Connection 0.66 1
to Biodiversity
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Part 2 of the FCM matrix of the biodiversity map. This displays all information captured in the biodiversity FCM in tabular format
each relationship are as follows. Low: -0.33 and 0.33; Medium: -0.66 and 0.66; High: -1 and 1.

. The weights for

Native | Disease | Invasive Human Extinction | Personal Value Positive Personal Social/ Spiritual
Species Species Disturbance Events of Biodiversity Relationship to Connection to
Landscape Biodiversity

Biodiversity 1

Action: Herbicide 0.66 -1 -0.66

Action: Native Species 1 -0.33 -0.33 -0.33 1 1 1

Outplanting

Action: Grazing 0.33 0.33

Wildfires -1 1 1 0.66

Available Habitat

Species Health

Ecosystem Health 1 -0.66 -1

Native Species

Disease

Invasive Species

Human Disturbance

Extinction Events

Personal Value of 0.66 -1 -1

Biodiversity

Positive Personal 1 -1 -1 -1

Relationship to
Landscape

Social/ Spiritual
Connection to
Biodiversity
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Part 1 of the FCM matrix of the water resources map. This displays all information captured in the water resources FCM in tabular format. The weights
for each relationship are as follows. Low: -0.33 and 0.33; Medium: -0.66 and 0.66; High: -1 and 1.

Wildfires

Action:
Herbicide

Action: Native
Species Outplanting

Action:
Grazing

Sense of Place

Connection to Community

Wildfires

Action: Herbicide

Action: Native Species Outplanting

Action: Grazing

Sense of Place

0.66

Connection to Community

Ecosystem Health

Length of Time Spent Living in a
Place

0.33

0.66

Personal Well-being; Mental and
Physical Health

Community Empowerment

-0.33

Spiritual Practice, Energy, and
Experience

0.66
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Part 2 of the FCM matrix of the water resources map. This displays all information captured in the water resources FCM in tabular format.
The weights for each relationship are as follows. Low: -0.33 and 0.33; Medium: -0.66 and 0.66; High: -1 and 1.

Ecosystem Health

Length of Time
Spent Living in a
Place

Personal Well-being;
Mental and Physical
Health

Community
Empowerment

Spiritual Practice,
Energy, and
Experience

Wildfires

-1

-1

-0.66

Action: Herbicide

0.33

Action: Native Species
Outplanting

0.66

Action: Grazing

-0.33

Sense of Place

Connection to
Community

0.33

0.33

Ecosystem Health

0.66

0.33

Length of Time Spent
Living in a Place

0.33

0.33

Personal Well-being;
Mental and Physical
Health

0.33

Community
Empowerment

Spiritual Practice, Energy,
and Experience

0.33

0.66
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Part 1 of the FCM matrix of the spiritual experience map. This displays all information captured in the spiritual experience FCM in tabular format.

The weights for each relationship are as follows. Low: -0.33 and 0.33; Medium: -0.66 and 0.66; High: -1 and 1.

Wildfires Water Action: Action: Native Species Action: Erosion | Runoff/ Pollution
Quality Herbicide Outplanting Grazing
Wildfires -1
Water Quality
Action: Herbicide -1 0.66
Action: Native Species -1
Outplanting
Action: Grazing -1
Erosion -1
Runoff/ Pollution -1
Loss of Vegetation -1
Invasive Species -0.33
Fishing
Native Species 1
Wetland/ Coral Reef 1
Health
Traditional Agriculture and -0.33 0.33
Permaculture
Tourism -1 1
Fish Ponds
Monoculture -0.33 -1 1
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Part 2 of the FCM matrix of the spiritual experience map. This displays all information captured in the spiritual experience FCM in tabular format.
The weights for each relationship are as follows. Low: -0.33 and 0.33; Medium: -0.66 and 0.66; High: -1 and 1.

Loss of
Vegetation

Invasive
Species

Fishing

Native
Species

Wetland/ Coral
Reef Health

Traditional
Agriculture and
Permaculture

Tourism

Fish
Ponds

Monoculture

Wildfires

Water Quality

Action: Herbicide

Action: Native Species
Outplanting

Action: Grazing

Erosion

Runoft/ Pollution

Loss of Vegetation

Invasive Species

Fishing

Native Species

Wetland/ Coral Reef
Health

Traditional Agriculture
and Permaculture

0.33

0.33

0.33

0.33

0.33

Tourism

Fish Ponds

Monoculture

-0.66




