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Abstract

The presented research applies Monte Carlo simulation to conduct a formal
bioeconomic risk and decision analysis on elodea, an invasive aquatic plant threatening
ecosystem services in Alaska. The approach melds a metapopulation model with local
market and non-market economic valuation to show that upfront management of existing
invasions is the optimal strategy minimizing long-term damages. The analysis accounts
for social-ecological feedback, region-specific risk, and allows for integration of species
distribution models to achieve higher spatial resolution. Without intervention, damages to
commercial sockeye fisheries and recreational floatplane pilots would amount to a median
loss in natural capital of $1.4 billion in 2015 USD (90% CI: $0.1, $9.4 billion), providing a
lower bound to potential damages. Even though the range of uncertainty is large, the
certainty of long-term damages requires investments targeted at eradicating current
invasions and preventing new arrivals. The study serves as a critical first step towards risk
management aimed at protecting productive ecosystems of national and global

significance.
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1 Introduction

1.1 Overview

Invasive species are an increasing threat to the health of aquatic ecosystems worldwide.
Biological invasions are reducing the ecosystem services of industries dependent on productive
ecosystems such as recreation and fisheries (Nunes and van den Bergh 2004; Rothlisberger et
al. 2012). In the U.S., damages of existing invasions are estimated to amount to $120 billion
annually (Pimentel 2005). While most research focuses on estimating damages of existing
invasions, little research has taken a forward looking approach by predicting future impacts
(Lodge et al. 2016; Jeschke et al. 2014). While estimating financial damages of existing invasions
can lead to more public awareness, these studies are less relevant for management because they
don’t inform about the future consequences of decisions. Most importantly, they are unable to
inform decision-makers about the value of prevention. Thus, lack of damage forecasting can result
in inadequate human response to protecting the most valuable ecosystems and can lead to waste
of money and resources (Doelle 2003). For example, investments to reduce damages in already
impaired ecosystems have likely lower social returns compared to investments preventing

invasions in pristine ecosystems (David Finnoff et al. 2007).

For economic impact assessments to be more relevant to management agencies,
comprehensive bioeconomic risk analysis can guide strategic management decisions (Lodge et
al. 2016). Critical components of such analyses include forecasting costs and benefits over an
ecologically relevant time period that captures the potential population dynamics of the invader
and related changes to market and non-market values (J.F. Shogren et al. 2006). Furthermore,
in cases where the invader is dispersed by humans, bioeconomic models can better predict risk
if they account for landscape-wide spread (Epanchin-Niell and Hastings 2010). Since intervention
can alter the spread of the invader, the linked social-ecological model accounts for these
important feedback mechanisms and enables the evaluation of management decisions across
the landscape (D. Finnoff et al. 2010; Holmes et al. 2010). Few studies have integrated all of the

above characteristics to guide current resource management decisions often limited by the
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availability of local data (Maguire 2004; Lodge et al. 2016). Some have tried to overcome the lack
of location-specific economic values by using less sophisticated approaches such as benefit

transfer techniques (Holmes et al. 2010).

This research uses a novel bioeconomic approach combining ecological modeling of the
human-driven spread of an invasive species with economic valuation of ecosystem services that
are at risk. In addition, different social science techniques are used to elicit, quantify, analyse, and
validate structured expert knowledge about the uncertain effects of an invasive species on
fisheries. The approach is spatially explicit, accounts for uncertainty, and forecasts region-specific
damages to multiple stakeholders over a 100-year period. The effects of management action on
the landscape-wide spread of the invader are considered. Optimization is used to find strategic
management alternatives that minimize future damages and weigh management costs against

avoided damages.

1.2 Elodea ecology, management, and history in Alaska

Elodea spp. (elodea) is Alaska’s first known submerged freshwater invasive plant and is
considered a threat to the state’s freshwater resources with wide ranging ecological and economic
effects (J. M. Morton et al. 2014). Elodea reduces biodiversity, compromises water quality, affects
dissolved oxygen levels, and changes the structure of aquatic vegetation affecting the trophic
interactions between fish and macroinvertebrates (Barko and James 1998; Jeppesen et al. 1998;
Burks, Jeppesen, and Lodge 2001; S Diehl and Kornijow 1998). The presence of elodea in salmon
bearing streams and lakes can reduce the quality of spawning and rearing habitat (Groves et al.,
2004; Merz et al., 2008). While the threats imposed by elodea on Alaska’s salmon resources
seem obvious, there is little known about how far and how fast elodea can spread into local
salmon bearing streams and waterbodies and what effect it will have on salmon reproduction. The
plant can also form dense mats clogging waterways and interfere with water-based recreation
and transportation (Halstead et al. 2003; Johnstone, Coffey, and Howard-Williams 1985). In
Alaska, it has impeded boat navigation and recreation (Friedman 2015) and is a concern for
floatplane operation safety (Hollander 2015b; CH2MHILL 2005). Similar invasive aquatic plants
have reduced lake front property values in other U.S. states between 16% and 19% (Horsch and
Lewis 2008; Zhang and Boyle 2010; Olden and Tamayo 2014).



There are five species of Elodea. Elodea canadensis (Canadian waterweed) is native to
North America between 35° and 55°N and E. nuttallii (Nuttall's waterweed) roughly overlaps this
range. Elodea bifoliata occurs in western North America and Elodea potamogeton and E.
callitrichoides are native to South America (Cook and Urmi-Kénig 1985). The plant prefers sand
and small gravel substrate with large amounts of available iron; cold, static, or slow-moving water
; depth of up to nine meters; and water of low turbidity (Riis and Biggs 2003; Rarslett, Berge, and
Johansen 1986). Since Elodea is known to be a nutrient scavenger, eutrophic waters are more
supportive of heavy long-term infestations (Rarslett, Berge, and Johansen 1986; Mijelde et al.
2012). Elodea reproduction is primarily vegetative with stem fragments and vegetative buds
rooting in new locations. Vegetative buds can survive desiccation, low temperatures, and being
frozen in ice (Bowmer, Jacobs, and Sainty 1995). Elodea has some of the highest fragmentation
and regeneration rates among aquatic invasive plants causing rapid dispersal and severe
challenges for mechanical removal (Redekop, Hofstra, and Hussner 2016).

gt
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Figure 1.1 Elodea spp. in Alexander Lake, Alaska, June 2016.
Source: Heather Stewart, DNR

Elodea is tolerant of a wide range of environmental conditions and has successfully
invaded aquatic ecosystems worldwide. Elodea canadensis and E. nuttallii aggressively invaded
the British Isles in the 19" and early 20" century (Simpson 1984). Elodea is established in much
of Europe with populations generally on the decline but high rates of invasion remain in northern
Europe, Asia, Africa, Australia, and New Zealand (Josefsson 2011). Common human-related
pathways of introduction include the aquarium trade, boats, and floatplanes (Sinnott 2013;



Strecker, Campbell, and Olden 2011; Johnstone, Coffey, and Howard-Williams 1985). Natural
long-distance dispersal pathways include flooding as well as waterfowl and wildlife transport
(Spicer and Catling 1988; Champion, Winton, and Clayton 2014).

Possible management actions include draining and drying, herbicides, the introduction of
herbaceous fish, and mechanical removal through suction dredging or hand pulling for example
to name a few (Josefsson 2011; Beattie et al. 2011). Fluridone and Diquat are herbicides known
to be the most effective management options, while mechanical methods such as cutting, or
suction dredging result in plant fragments causing populations to spread to new areas (Josefsson
2011). Fluridone is a systemic herbicide that is absorbed through plant shoots and disrupts
photosynthesis. It has successfully been used to manage elodea in Alaska and other locations in
the U.S.. At very low concentrations Fluridone selectively removes elodea with few non-target
effects (Hamelink et al. 1986; Kamarianos et al. 1989; Schneider 2000). Diquat is a contact
herbicide that is absorbed by the plant’s leaves where it interferes with respiration. It is slightly
toxic to fish with no shown bioconcentration (Cochran 1994; Davies and Seaman 1968; Harper,
Chisholm, and Chandrasena 2007). Diquat is commonly used in combination with Fluridone as a
cost-effective method of preventing the spread from partial-lake to full-lake infestations.

Figure 1.2 Elodea in Lake Hood, Anchorage, 2015. The orange colored aquatic weed
harvester can be seen in the top right. In the past, been used to harvest dense aquatic
vegetation, to improve the safety of floatplane operations. Source: Heather Stewart, DNR

In Alaska, elodea was discovered in Chena Slough, Fairbanks, Interior Alaska, in 2010,
drawing attention to an already established but until then largely ignored population detected in

Cordova, Southcentral Alaska, in 1982. New, previously unknown infestations were found in every
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year since 2010, including locations in Interior Alaska and Southcentral Alaska (Figure 1.3). In
2011, elodea was discovered in Sand Lake, Anchorage, where introduction likely occurred
through an aquarium dump. Detection surveys conducted in 2012 found elodea in six remote
waterbodies in the Cordova area, in two additional urban lakes in Anchorage, and three lakes on
the Kenai Peninsula. The likely pathways in these locations are human-caused through aquarium
dumps, boat, and floatplane traffic. Other natural distribution mechanisms include flooding as well
as waterfowl and wildlife (Sytsma and Pennington 2015).

Realizing the continued spread across the state, stakeholders and land management
agencies started to take action. In 2012 and 2013, a bill to establish a rapid response fund was
introduced in the 27" and 28™ Alaska but in both instances was not passed. In 2013, three years
after its first discovery, elodea was manually removed in Chena Slough during a control trial using
a suction dredge on 0.59 acres of the 55 acres infested at the time (Lane 2014). In the same year,
a memorandum of understanding (MOU) was created between the Alaska Department of Natural
Resources (DNR), designated to be the lead agency for managing freshwater aquatic plants,
Alaska Department of Fish and Game (ADFG), and Alaska Department of Environmental
Conservation (DEC). The MOU was aimed at more efficient permitting and the development of a
statewide plan to eradicate elodea and coordinate interagency response. As a first step, elodea
and four other invasive aquatic plants were added to a list of quarantined invasive plants (State
of Alaska 2016). In Anchorage, many stakeholder meetings were held to deal with controversy
over appropriate management action and lead agency responsibilities (Sinnott 2014).

In 2014, more evidence accumulated that floatplanes are distributing elodea from urban
source locations to remote rural waterbodies with the discovery of elodea in Alexander Lake,
Matanuska-Susitna Borough. Elodea was mainly growing in the approach path to a cabin owned
by a floatplane pilot residing on Sand Lake in Anchorage (Hollander 2014). One year later, elodea
was also found in Lake Hood, Anchorage, one of the world’s largest seaplane bases (Figure 1.2).
In the same year, elodea was also discovered in Totchaket Slough along the Tanana River, at
least 90 river miles downriver from the largely unmanaged infestation in Chena Slough which was
found in 2010 (Friedman 2015).
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Figure 1.3 Timeline of discovery and management actions for elodea-infested
waterbodies in Alaska. Source: John Morton, FWS

Among the alarming trends of long-distance dispersal of elodea across the state, 2015
also had its success stories with the completion of chemical treatment of three lakes on the Kenai
Peninsula (J. Morton 2016). With budget remaining, the Kenai Peninsula Borough government
decided to invest remaining funds for immediate chemical treatment of Lake Hood to reduce the
risk of re-infestation of the Kenai lakes. Also, the recently created MOU turned out to be a critical
piece to quick implementation of an emergency response. But the first success was also followed
by further setbacks in 2016. In just two years, the infestation in Alexander Lake grew from ten
acres observed in 2014 to 500 acres in 2016 (Figure 1.4).* The initially planned partial lake

1 The explosive growth pattern has been documented elsewhere and underlines the need for timely and
cost-effective action (Jones, Eaton, and Hardwick 1993; Leung et al. 2002).
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treatment for 2016 was estimated at $96,000 in product cost, now requires a budget of $500,000
for a full lake treatment (Stewart 2016). 2016 also saw trial chemical treatment in one of the
infested waterbodies in the Cordova area and eDNA sampling as well as large scale monitoring
efforts being conducted by the National Park Service and U.S. Fish and Wildlife Service. After
two failed attempts, a bill establishing a response fund was once again introduced to the 29"

Alaska Legislature.

Figure 1.4 Rake samples (top) from elodea beds (bottom) in Alexander Lake, June 2014
(left) and June 2016 (right). Source: Heather Stewart, DNR

Different management agencies and implementing organizations are working on elodea
infestations across the state. Successful eradication on the Kenai was made possible through
effective leadership and public private partnership within the Kenai Peninsula Cooperative Weed
Management Area.2 Among the partners with major involvement were the U.S. Fish and Wildlife

2 Cooperative Weed Management Areas are voluntary public private partnerships between resource
management agencies, tribes, private land owners, conservation organizations, and other interested
stakeholders. Their goals are to prevent the introduction and spread of invasive plants, implement
effective and economically feasible management action, facilitate cooperation among managing and
implementing stakeholders, and educate the public about invasive plants. There are five cooperative
weed management areas in Alaska: Fairbanks, Anchorage, Kodiak Archipelago, Kenai Peninsula, and
Juneau.



Service, Homer Soil and Water Conservation District® and Kenai Peninsula Borough government.
In Anchorage, mainly DNR and the U.S. Fish and Wildlife Service have taken a leadership role
and started chemical treatment of all infested waterbodies. Alexander Lake which is located on
state land is chemically treated by DNR. The infestations in the Cordova area are managed by
the U.S. Department of Agriculture’s Forest Service, and the infestations in Fairbanks are lead by
the Fairbanks Cooperative Weed Management Area and Fairbanks Soil and Water Conservation
District.

1.3 Problem statement

The recent discovery of Alaska’s first documented submerged freshwater aquatic invasive
plant, Elodea spp. (elodea) motivated this study. The plant was found in Anchorage’s Lake Hood,
the world’s busiest floatplane base where it created a pathway to spread the plant to remote
freshwater landing sites (Hollander 2015b). Since Alaska has vast freshwater resources
supporting the world’s largest wild salmon fisheries, the spread of elodea raises concern about
impacts to local salmon fisheries and freshwater resources (Carey et al. 2016). Also, the explosive
and dense invasive plant growth creates safety hazards for pilots and can prevent pilots from
accessing private property and recreation opportunities (CH2MHILL 2005). Given the urgency of
statewide management action, quantitative information on the risk of elodea to the state’s
economy is critical for decision-making. Additionally, the study is inspired by the demand for more
sophisticated tools informing active risk management in Alaska. The study serves as a stepping
stone towards a more pro-active risk management approach for elodea and other invasive

species yet to arrive in Alaska.

1.3.1 Appropriate management tools

Currently, local resource management agencies remain reliant on an invasiveness ranking
system providing little information on strategic decision making (Carlson, Lapina, and Shephard
2008).In this system, experts (assessors) provide numeric scores and supporting documentation

for different risk categories including qualitative ratings for establishment, ecological impact,

3 Soil and Water Conservation Districts are government entities established under state law to provide
technical assistance for the protection of land and water resources in their designated local areas. In
Alaska there are twelve conservation districts.



dispersal ability, and management options (Carlson, Lapina, and Shephard 2008). After peer
review, a score between 0 and 100 is calculated. Elodea’s current score of 79 is in the top 10%
of all listed terrestrial and aquatic plant species in Alaska (Nawrocki et al. 2011). Similar ordinal
scoring systems are used elsewhere (Pheloung, Williams, and Halloy 1999; Warner et al. 2003;
Hiebert and Stubbendieck 1993).

While such scoring systems inform resource managers about the relative risk for
numerous species, it falls short of providing information on the absolute risk in specific on how
catastrophic the invasion of a certain species can be. By ignoring the potential consequences,
the ranking fails to informing decisions on whether to take or not to take action. More specifically,
a single index number prevents further integration into decision analysis or damage assessments
as would be achieved by a probabilistic measure and economic valuation of ecosystem services
that are at risk. In addition, the discrete score stops short of informing managers about the quality
of the assessment, particularly problematic with very small assessor groups. Bioeconomic risk
analysis on the other hand, provides economic reasoning and information on the return on

investment which can lead to actual conservation investments.

1.3.2 Probabilistic expert knowledge

Evidence-based decision making in natural resource management is frequently hampered
by a lack of relevant quantitative information, particularly when timely action is necessary to avoid
damage to native ecosystems and local economies. For the invasive species issue quick
decisions can minimize long-term costs but concrete evidence about the invader’s impacts on the
ecology and economy is often limited or non-existent. In such instances, resource managers tend
to address risk qualitatively or even haphazardly mixing facts with values instead of being able to
follow a data-driven approach that separates evidence from the perceived values at stake
(Maguire 2004). In the presence of significant uncertainty, formally quantifying expert opinion can
give structure to a more substantiated decision process and is particularly useful when a broader
knowledge base is needed, for example in predicting extreme events in invasion ecology (Franklin
et al. 2008; Willis et al. 2004).

Recent improvements to probabilistic elicitation in the natural sciences focus on
complementing probabilistic expert knowledge with artificial intelligence to detect and correct bias
(Sikder, Mal-Sarkar, and Mal 2006; Regan et al. 2005). While these improvements have
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enhanced elicitation, they have not addressed a more structured need to quantify expert opinion
and minimize bias “by design.” In the social sciences, the validity of direct probabilistic reasoning
has long been debated (Morgan and Henrion 1990; Tversky and Kahneman 1974). Opponents
believe that knowledge about a subject area doesn’t readily translate to an ability to accurately
convey knowledge in probabilistic terms, particularly for highly uncertain events. Experts often
express their knowledge in words rather than numbers and their attempts to assign numerical
values result in heuristics and biases (Saaty 1990; Tversky and Kahneman 1974).# Such
limitations can lead to more costly and lengthy elicitation procedures and extensive training. As a
result, the expert pool remains limited by experts familiar with probability encoding or experts who
have the time and willingness to receive training. Small expert samples are more likely to create

doubt in reliable results for interpretation and decision making (Yamada et al. 2003).

The application of a discrete choice methods (DCM) for expert elicitation avoids many of
these issues and provides additional ways to analyse and apply expert opinion beyond what
traditional methods can achieve. Respondents simply choose among discrete alternatives
(environmental scenarios) within a binary question format that asks for an existential statement
about a believed outcome (e.g., state of nature) based on a set of attributes (e.g., habitat
characteristics). Attributes vary across two or more alternatives and together form a choice set.
In this way, experts focus on the ecological relationships between attributes. Doing so avoids
experts having to translate their knowledge into probabilistic terms, yet probabilities estimated
indirectly from the choice data are ultimately available for decision analysis.

1.4 Research objectives

The overarching research objective of this study is to inform resource managers about the
potential range of future economic damages to fisheries and recreationists at risk from elodea

invasions and to provide strategic guidance on when and where to intervene. The second

41n real life, humans subconsciously weigh attributes in their decisions. As the number of rank order tasks
increases, respondents apply simplification and elimination strategies that lead to bias and validity
concerns (Louviere 1988). Similar issues arise with ratings data that require strong assumptions on the
order of preferences to measure them (Louviere 1988). Despite improvements to the ranking exercise
through for example the Analytic Hierarchy Process (AHP) or Maximum Difference Scaling (MaxDiff)
serious theoretical issues remain such as rank reversal and limitations on the number of rank items
(Ishizaka and Labib 2009)
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objective is to develop a comprehensive bioeconomic risk analysis tool that can be used for risk
management of new arrivals and evaluate investments into prevention. The following specific

research objectives are guiding the following chapters:

1. Account for uncertainty in elodea’s potential effects on salmon persistence and productivity in
Alaska by applying different methods to elicit, quantify, and analyse probabilistic expert
opinion.

2. Estimate potential region-specific market and non-market economic damages to multiple
stakeholders across Alaska.

3. Understand and model the floatplane pathway of distributing elodea from urban source
locations to remote waterbodies across Alaska.

4. Provide recommendations for optimal management based on cost benefit calculations related

to the set of management actions.

This report is outlined as follows. Chapter 2 borrows techniques from marketing research
to quantify expert’s knowledge about elodea’s potential effects on Alaska’s salmon resources.
Chapter 3, uses structured expert judgment and market valuation techniques to assess the
potential damages of elodea to commercial sockeye salmon fisheries. For Chapter 4, a survey
with floatplane pilots residing and operating in Alaska was conducted. The survey asked about
home base and destination locations as well as frequency of flights and information about costs
of floatplane operation. An econometric model of pilot behavior was developed to estimate non-
market values that are at stake should elodea invade floatplane destinations. Chapter 5 integrates
the previous chapters for a comprehensive bioeconomic risk analysis. In specific, this chapter
evaluates the net benefits associated with a set of possible management options and provides

recommendations for optimal management of elodea cross Alaska.
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2 Quantifying expert knowledge about the persistence of
salmonids in elodea-invaded habitat: Applying a
discrete choice experiment for expert elicitation

This study elicits expert belief on the persistence of salmon populations in elodea-invaded
salmon habitat to improve understanding of the potential risk posed by elodea for five local
species of salmonids: sockeye (Oncorhynchus nerka), coho (O. kisutch), chinook (O.
tshawytscha), dolly varden (Salvelinus mulmu), and humpback whitefish (Coregonus pidschian).
A discrete choice model (DCM) is used to analyse expert knowledge. The approach is aimed at
avoiding many of the described problems in ecological expert elicitation by broadening the expert
pool and formalizing elicitation design, process, and analysis. The objectives of this chapter are
to estimate probabilities indirectly for elodea invasions of salmon habitat. The DCM determines
whether expert evidence suggests that different fish species respond differently to elodea
invasions and what the underlying habitat factors may be. Results indicate that most experts
believe elodea will have negative effects on salmonids with varying levels of certainty. The
analysis quantifies the relative importance of habitat attributes to salmon fithess and the estimated

probability of salmon persistence following elodea invasion.

2.1 Methods

2.1.1 Discrete choice model of expert opinion

DCMs have often been applied to understand public preferences, values, decision making,
and trade-offs (Hoyos 2010; Louviere et al. 2007; Knowler et al. 2009). Less frequently, DCMs
have been used to analyze how resource managers make decisions about wildfires, which similar
to invasive species, can have catastrophic consequences if managed poorly (Wibbenmeyer et al.
2013). Even though DCM is now widely used in many different fields, it has not been effectively
used for expert elicitation in ecological research. DCM assumes humans are rational decision
makers. Yet, natural resource managers tend to be risk averse over low probability losses and
high probability gains, and risk seeking over high probability losses and low probability gains
(Wibbenmeyer et al. 2013). This irrational behavior can lead to resource misallocation and

economic loss (Shaw and Woodward 2008).
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The goal of DCM is to measure influence of attributes on choices among alternatives
accounting for as much heterogeneity as possible between individuals and groups of experts

(McFadden 1973; Ben-Akiva and Lerman 1985). To achieve that goal, the random utility model

(RUM) defines overall utility of an alternative | to individual n as Unj, comprised of observable

utility an and the unobservable utility, & thus Unj :an +&; (McFadden 1973). The measured

component of utility in linear form for individual n is

Vi =B+ B T (X)) + By T (Xy)) ++ B T (X)), where Sy represents the average of all the

.....

X, is the first attribute in k number of attributes.

The choice rule states that each individual evaluates all alternatives presented to him/her,

U, for j=1...,J alternatives in the choice set, then compares U,,U,,...,u, and finally chooses

the alternative with maximum utility max(U;). The probability of an individual respondent

choosing alternative I is equal to the probability that the utility associated with alternative | is

equal or greater than the utility of any other alternative, Uj , in the choice set, thus

P, = pU, ZUJ-) ,where i# | and je j=1,..,J . Since utility is comprised of an observable and

unobservable part, the choice rule becomes a random utility maximization rule. The probability of
i being chosen is equal to the probability that the difference in unobservable sources of utility is

less than or equal to the difference in observable utility for alternative | after the respondent
evaluates all the other alternatives, thus p; = p(&; —&) <(V; -V;) where i#j and je j=1..,J

.5 Within the choice model, the unobserved components of utility related to an individual selecting

5 Note, the utility level measured is “relative” to the utility levels associated with all other alternatives
shown in the choice set. Thus, there exists a base reference utility within the choice set but not across
choice sets, preventing comparison of absolute utility for an alternative calculated in one choice set with
another choice set (Hensher, Rose, and Greene 2005). The base reference utility is also called “scale
of utility.”

6 One could incorporate information on the second, third, etc. most preferred alternative, recognizing that
there is useful information in having respondents rate the alternatives. This analysis will focus only on
one preferred choice.
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an alternative is treated as a random piece of information, uncorrelated with all other alternatives
but having the same variance across alternatives (Louviere, Hensher, and Swait 2000). The
probability that expert n chooses alternative, i, from a set of J alternatives presented in a choice

set equals the multinomial logit (MNL) specification:

BoXoi
e noin
pni = (11)

j=1
where i# j and je j=1,..,J (McFadden 1973).7

2.1.2 Hierarchical Bayesian Estimation

A hierarchical Bayesian (HB) approach is used to estimate individual-level coefficients by

drawing from a multivariate normal distribution described by a vector of means, < , and a matrix

of covariances, D . The means of the individual part-worths, ¢r , are assumed to be normally

D

distributed with a mean equal to the average part-worths and covariance matrix equal to N , With

N being the sample size (Orme 2009b). Estimates of D are drawn from an inverse Wishart
distribution.®2 Monte Carlo integration applying the Metropolis Hastings algorithm and Gibbs

sampling draw conditionally from the joint posterior distribution and simultaneously estimate the
parameters «, 3, and D . with these estimates in hand, individual utility distributions are derived

(Gelman et al. 2013; Orme 2009b).° The part-worths are a compromise between the aggregate

7 In the MNL, the random component of utility, is assumed to be IID, independent (uncorrelated
alternatives) and identically distributed (across all j the distribution explaining has constant variance). It
assumes that the ratio of probabilities of any two alternatives cannot change if any other alternative is
added or taken away from the set of alternatives in a choice set, meaning all pairs of alternatives are
equally similar or different. However, if there is sufficient data quality that minimizes the amount of
unobserved heterogeneity, the IIA assumption has small consequences (Hensher, Rose, and Greene
2005).

8 Note, the Wishart distribution is the conjugate prior of the covariance matrix of the multivariate normal
distribution and is commonly used to deal with large dimensionality.

9 The draws from the joint posterior distribution after convergence, quantify uncertainty in the each

respondent’s utility estimate. The same can be shown using the historic draws for & for the entire
sample.
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distribution of beliefs across the sample and the individual's belief, and result in a conditional
estimate of the respondent’s parameters. The posterior distribution of individual parameter

estimates allows for an assessment of uncertainty in expert belief.

Through Equation 2.1, the individual expert’s choice probabilities for given alternatives
describing invaded salmon habitat are calculated. The sum of individual choice probabilities for a
given alternative are equal to the proportion of times that alternative was chosen over all other
alternatives. This proportion can be calculated for individual experts, groups of experts, or the
entire sample and can be interpreted as the subjective probability related to the state of nature

described by the alternative.1°

Simulation allows for a detailed look at the sensitivities of choice probabilities in relation
to the attribute levels that form alternative habitat hypothesis. This analysis reveals the relative
importance of attribute levels, interactions between attributes, and the degree of disagreement
between individuals and groups of experts.!! Two choice simulation approaches are most
commonly used, ‘randomized first choice’ and ‘share of preference.” The latter assumes
respondents carefully evaluate each alternative which is most appropriate for this analysis and

the former assumes less observant choice behavior (Train 2003).12

2.1.3 Study design

The iterative design process started with an extensive literature review and key informant

interviews to refine the problem, identify attributes and levels, establish alternatives, and finally

10 The economics literature refers to this proportion commonly as market share (Hensher, Rose, and
Greene 2005; Train 2003).

11 The scale factor can be used in simulation to adjust the choice shares to the true shares if they are
known (Hensher, Rose, and Greene 2005). The exponent of the scale factor by default is set equal to 1
and usually is adjusted downward (B. Orme 2009a).

12 |t assumes that the utility maximizing alternative, I, is equal to U, = X, (f+¢&,) + &,, where &, adds

attribute variability accounting for similarity relationships and &, adds alternative variability which dims

the latter effect. The probability of choosing alternative | in choice set S is equal to the probability that
the randomized utility draw is largest compared to the utility draws for all the other alternatives, or

mathematically p(i | S) = p(Ui ZUJ-) forall jin S . The simulation draws random Ui ‘s and su