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More than 1500 species of plants and animals in the United States are listed as 

threatened or endangered under the Endangered Species Act (ESA).  The U.S. 

Departments of Interior and Commerce are required, under Section 4(f)(1) of the ESA, to 

develop recovery plans for ESA-listed species under the respective agency jurisdictions.  

However, developing recovery plans that are both scientifically defensible and consistent 

with a diversity of stakeholder (e.g., states, tribes, private landowners) values is often 

difficult.  Structured decision making is a framework that resource managers can use to 

integrate diverse, and often conflicting, stakeholder value systems into species recovery 

planning.  Within this framework difficult decisions are deconstructed into the three basic 

components: 1) explicit, quantifiable objectives that represent stakeholder values; 2) 

mathematical models used to predict the effect of management decisions on the outcome 

of objectives; and 3) management alternatives or actions.  The goal of my dissertation 

was to acknowledge and understand the uncertainty of bull trout Salvelinus confluentus 

reintroduction strategies and provide an ethical and scientific foundation for an enduring 

and biologically sound conservation program.   

My objectives were to (1) describe how incorporating stakeholder values into 

scientifically defensible recovery planning using structured decision making will fulfill 

legal and moral obligations to recover species, (2) determine how captive rearing 

environments affect the development and survival behaviors of bull trout and how these 

effects may influence the efficacy and ultimate success of reintroduction and recovery 

programs, and (3) use structured decision making to evaluate the tradeoffs of alternative 

bull trout reintroduction decisions.  I developed this research project to be multifaceted 

by incorporating components of philosophy (Chapter 2), assumption-based research 



 
 

(Chapter 3), and statistical modeling (Chapter 4).  The collective results my research 

should serve as an example of how to incorporate diverse stakeholder value systems, 

assumption-based research, and evaluations of alternative management actions into 

species recovery and reintroduction decisions.  This approach promotes transparency and 

consensus in decision making.  Recognizing these benefits, the U.S. Fish and Wildlife 

Service has adopted a similar approach to manage species and their habitats into the 

future (i.e., Strategic Habitat Conservation).     

The impediments to species recovery are numerous.   Some of the biggest 

impediments to recovery planning are conflicting values and interests among 

stakeholders.  I believe that these types of conflicts and related issues are best addressed 

by integrating the diverse values and interests of stakeholders with the best scientific 

information available, and doing so in a clear and transparent manner that will broaden 

acceptance for enduring recovery planning.  Science, in and of itself, cannot dictate 

which management decisions ought to be made; it purely offers a biological and physical 

basis for estimating the outcomes of decisions.  An understanding of humanities is 

needed to provide context for the myriad of societal obligations.  Three moral 

philosophies; consequentialism, deontology, and virtue theory, suggest that structured 

decision making is a justified method that can guide natural resource decisions in the 

future, and will honor legal and moral obligations to recover ESA listed species and their 

habitats.  The ability to recover and delist species in the future depends on an increased 

understanding of natural ecosystems through scientific discovery and the ability to 

incorporate stakeholder values into the recovery planning process in a manner that is 

objective, systematic, and transparent. 

Animals reared in barren captive environments exhibit different development and 

behaviors than wild counterparts.  Hence, the captive phenotypes may influence the 

success of reintroduction and recovery programs for threatened and endangered species.  

I collected wild bull trout embryos from the Metolius River Basin, Oregon and reared 

them in differing environments to better understand how captivity affects the bull trout 

phenotype to aide in the development of informed recovery strategies for the species.  I 

compared the development of the brain and eye lens, and boldness and prey acquisition 

behaviors of bull trout reared in conventional barren and more structurally complex 



 
 

captive environments with that of wild fish.  I found that wild bull trout exhibited a 

greater level of boldness and prey acquisition ability, followed by captive reared bull 

trout from complex habitats, and finally fish reared in conventional captive environments.  

In addition, the eye lens of conventionally reared bull trout was larger than complex 

reared captive fish or that of wild fish.  Unexpectedly, I detected wild fish had a smaller 

relative cerebellum than either captive reared treatment.  My results add to the existing 

literature that suggests rearing fish in more complex captive environments can create a 

more wild-like phenotype than conventional rearing practices.  Rearing fish in captivity is 

an important tool that can be used to accomplish a suite of management objectives 

including providing fish for research and reintroduction programs, or in worst case 

scenarios maintaining refuge populations.  An understanding of the effects of captivity on 

the development and behavior of bull trout is important if life in captivity is the only 

option to ensure existence of some populations, and can inform rearing and 

reintroduction programs through prediction of the performance of released individuals.           

Stakeholders can be divided on what is the optimal reintroduction strategy to use 

(i.e., translocation, captive rearing, or artificial production) or how many individuals to 

collect for a program.  These decisions are further complicated by a limited 

understanding of how captivity affects an animal’s phenotype and how well animals will 

survive upon release.  Structured decision making allows natural resource decisions to be 

made in spite of uncertainty by linking reintroduction goals with alternative management 

actions through predictive models of ecological processes.  Predictive models represent 

competing hypothesis that describe the belief of the structure and function of the 

ecological system and can be updated as new information is generated by monitoring and 

research (i.e., adaptive management).  I developed a structured decision model to 

evaluate the tradeoffs between six bull trout reintroduction alternatives with the goal of 

maximizing the number of adults in the recipient population, up to 300 individuals, 

without reducing the donor population to an unacceptable state.  The six alternative 

decisions that were evaluated are to 1) do-nothing, 2) translocate 1000 juveniles, 3) 

translocate 60 adults, 4) translocate 1000 juveniles and 40 adults, 5) captive rear 20,000 

wild embryos, or 6) artificial production of 60 wild adults.  The model was parameterized 

with published demographic parameters where available and consists of three stage-based 



 
 

Leslie matrix models that represent the donor, captive, and recipient populations.  A state 

dependent policy was created that identifies the optimal decision over a combination of 

possible donor and recipient adult abundance states.  One-way sensitivity analysis 

suggests that the value of the decision outcome was most influenced by survival 

parameters that resulted in increased adult abundance in the recipient population, and 

increased juvenile survival in the donor and recipient populations.  The decision outcome 

was also sensitive to small and large adult fecundity rates and sex ratio.  The outcome 

was least sensitive to survival parameters associated with the captive population, a 

survival reduction of naive reintroduced individuals, and juvenile carrying capacity of the 

reintroduced population.  Two-way sensitivity analysis with all combinations of model 

parameters identified interactions that influence the decision outcome and identity.  For 

example, a comparison of the juvenile density dependent parameters for the donor 

population indicated that when above a maximum egg survival of 0.14, the juvenile 

carrying capacity had a greater influence on the expected outcome of the decision.  When 

juvenile carrying capacity in the donor population was less than ~5500 individuals, the 

optimal strategy was to do nothing, which most likely avoided an unacceptable reduction 

in the donor population.  Whereas, translocating adults was the optimal decision when 

both density dependent parameters (i.e., juvenile carrying capacity, maximum egg 

survival) were in the upper end of their range and resulted in a decision outcome of 

greater than 60 adults in the recipient population.  The optimal decision was to captive 

rear embryos when there was minimal effect of captive rearing and translocation on the 

survival of released fish.  Whereas, translocating adults was the optimal decision when 

the probability of survival was less than 0.75 for captive reared fish as compared to 

translocated fish.  As the survival penalty for captive reared fish neared 1.00, which 

indicated little to no effects of captivity on a fish’s survival after release, artificial 

production became the optimal decision regardless of the effects of a translocation on 

post-release survival.  This model and sensitivity analyses can serve as the foundation for 

formal adaptive management and improved effectiveness, efficiency, and transparency of 

bull trout reintroduction decisions.  Ongoing bull trout reintroductions and research will 

continue to lessen uncertainty and new information can be incorporated into decision 



 
 

models to guide future reintroduction decisions and maximize the benefit from limited 

resources available for bull trout recovery.  
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Earth is likely in the midst of a sixth mass extinction event and the current rate of 

extinction is higher than that seen in the fossil record (Jablonski 1991, Pimm et al. 1995, 

Barnosky et al. 2011, Dirzo et al. 2014).  Fifty seven taxa of freshwater fishes became 

extinct in North America from 1898 to 2006 and it is estimated a similar fate will befall 

53 to 86 more species by 2050 (Burkhead 2012).  As of July 2014, more than 1500 

animal species in the United States are listed as threatened or endangered under the 

Endangered Species Act (ESA) and habitat destruction is the leading cause of population 

decline (Pimm and Raven 2000).  Once a species is listed the U.S. Fish and Wildlife 

Service (USFWS) or National Marine Fisheries Service is legally obliged by Section 

4(f)(1) of the ESA to develop a recovery plan that incorporates site-specific management 

actions and objective, measurable criteria that when met will result in recovery of the 

species.  Since the signing of the ESA in 1973, 31 species have been recovered and 10 

species have been classified as extinct (USFWS 2014).  The ratio of listed to recovered 

species suggests efforts to date have produced limited success in recovering species but 

there is little doubt the ESA has helped some rare species continue to persist (Male and 

Bean 2005).            

The impediments to species recovery are numerous (Chooi et al. 2014).   One of 

the biggest impediments to recovery planning are conflicting values and interests among 

stakeholders.  To further conservation efforts, recovery plans need to be developed that 

are that consistent with a diversity of stakeholder (e.g., states, tribes, private landowners) 

values, scientifically defensible, and transparent.  Adaptive management and structured 

decision making are frameworks that resource managers can use to integrate stakeholder 

value systems and the best available science into species recovery planning.  Within this 

framework difficult decisions are deconstructed into the three basic components; 1) 

explicit, quantifiable objectives that represent stakeholder values, 2) mathematical 

models used to predict the effect of management decisions on the outcome of objectives, 

and 3) management alternatives or actions (Conroy and Peterson 2013).       

Another benefit of structured decision making is that it allows natural resource 

decisions to be made in spite of uncertainty by linking recovery goals with alternative 

management actions through predictive models of ecological processes.  Predictive 

models represent competing hypotheses that describe the current understanding of how 
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ecological processes may respond to a particular decision and the structure of those 

processes.  However, most decisions in natural resources are confounded by imperfect 

information resulting in uncertainty.  Rather than ignore uncertainty, structured decision 

making incorporates it into the decision process and since most natural resource decisions 

are recurring in time and space, new information can be generated by monitoring and 

assumption-based research, and incorporated into the decision process at subsequent time 

steps (i.e., adaptive management; Williams et al. 2009, Conroy and Peterson 2013).   

Adaptive management and structured decision making has been used widely 

throughout the natural resources field.  For example, the process has been used to 

optimize sustainable duck (Anderson 1975) and fish harvest (Walters et al. 1993), 

manage forest resources (Moore and Conroy 2006) and promote recovery of west coast 

salmonids (Gregory and Long 2009).  Reintroduction and captive breeding decisions 

regarding the black footed ferret Mustela nigripes (Maguire 1988), Hawaiian honey 

creeper Melamprosops phaeosoma (VanderWerf et al. 2006), bridled tailed wallaby 

Onychogalea fraenata (Rout et al. 2009), and peregrine falcon Falco peregrinus anatum 

(Wakamiya and Roy 2009) have been evaluated with structured decision making.  Given 

the inherent uncertainty, need for transparency, and importance of natural resource 

conservation and recovery, the Department of the Interior and the U.S. Fish and Wildlife 

Service have adopted structured decision making to guide habitat and species 

conservation into the future (i.e., Strategic Habitat Conservation; USFWS 2008, Williams 

et al. 2009).   

The bull trout Salvelinus confluentus was listed in 1999 under the Endangered 

Species Act as threatened in the coterminous United States and translocation and 

controlled propagation have been identified as strategies to promote recovery by 

providing individuals for reintroduction programs (MBTSG 1996, Shivley et al. 2007, 

USFWS 2015).  Historically, bull trout reintroduction in the McCloud River, CA was 

conducted as a practice in trial and error.  An artificial production program began in 1989 

and over 60 adults were collected from the Klamath basin.  High mortality in captivity 

resulted in less than 300 fingerling bull trout for the reintroduction and after five years of 

monitoring the reintroduction was considered a failure.  There was only one release of 

individuals due to a reduction in abundance and distribution of the donor stock 
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(Buchanan et al. 1997).  More recent reintroductions consist of an “ad-hoc” adaptive 

management approach.  Between 1997 and 2005, more than 10,000 fry were translocated 

from the McKenzie River, OR to the Willamette River, OR resulting in less than 15 redds 

observed.  Due to the limited success of the program translocation of fry was 

discontinued and since 2007 the reintroduction program has shifted to using a captive 

rearing strategy.  The wild fry are now reared in captivity for up to eight months in the 

hopes that larger fish will exhibit better survival to spawning (UWBTWG 2010, Soorae 

2011).  A reintroduction to the Clackamas River has been ongoing since 2011 with five 

years of releases consisting of more than 1700 juveniles, 250 subadults, and 75 adults 

being translocated from the Metolius River Basin.  Monitoring has identified mature 

adults attempting to spawn, however natural production has yet to be documented 

(Barrows et al. 2015).  The implementation plan for the reintroduction suggests that in 

2017 the monitoring data will be reviewed and a change in life stages or release locations 

to more favorable scenarios may occur (USFWS and ODFW 2011).  These “ad-hoc” 

approaches to adaptive management are better than trial and error but lack the predictive 

models that are a key component of formal adaptive management which is a special case 

of structure decision making.  A better understanding of the tradeoffs between alternative 

bull trout reintroduction decisions is needed and can be accomplished through structured 

decision making.   

The goal of my dissertation was to acknowledge and understand the uncertainty of 

bull trout reintroduction strategies and provide an ethical and scientific foundation for an 

enduring and biologically sound conservation program.  My objectives were to (1) 

describe how incorporating stakeholder values into scientifically defensible recovery 

planning using structured decision analysis will fulfill legal and moral obligations to 

recover species, (2) determine how captive rearing environments affect the development 

and survival behaviors of bull trout and how these effects may influence the efficacy and 

ultimate success of reintroduction and recovery programs, and (3) use structured decision 

analysis to evaluate the tradeoffs of alternative bull trout reintroduction decisions.  I 

developed this research project to be multifaceted by incorporating components of 

philosophy (Chapter 2), assumption-based research (Chapter 3), and statistical modeling 

(Chapter 4).  
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The objectives of Chapter 2 were to 1) clearly identify the obligation to recover 

species and restore habitats, 2) identify potential management actions that will support 

recovery by maintaining the evolutionary potential of a species, 3) suggest structured 

decision making with adaptive management as the appropriate process to guide species 

recovery decisions, primarily because of its ability to incorporate diverse stakeholder 

values, and 4) provide an example of how structured decision making can be beneficial  

to recover species from the perspective of three philosophical frameworks; 

consequentialism, deontology, and virtue theory.  I propose that structured decision 

making can integrate diverse stakeholder value systems with biological and scientific 

knowledge, and in doing so, can transparently incorporate normative beliefs (i.e., 

stakeholder values) to promote species recovery.   

For Chapter 3, my goal was to better understand the effects of captive rearing 

environments on bull trout and understand how captive effects may influence the efficacy 

and ultimate success of reintroduction and recovery programs.  The objectives of this 

chapter were to evaluate the development and behavior of juvenile bull trout reared in 

three environments; complex and conventional captive environments, and wild 

environments.  To this end, I evaluated behavior in terms of boldness and prey 

acquisition; two behaviors that are important for post-release survival.  Boldness is 

defined as the propensity to take risks and explore novel habitats (Brown and Braithwaite 

2004, Brown et al. 2007).  In addition, I compared the development of the whole brain, 

telencephalon, cerebellum, and optic tectum as well as the development of the eye lens to 

better understand the effects of rearing environment on development.    

I employed structured decision making to evaluate the tradeoffs of alternative bull 

trout reintroduction decisions in Chapter 4.  I identified model objectives, alternative 

reintroduction decisions, and presented the model structure.  A series of sensitivity 

analyses were conducted to determine the relative uncertainty of decision model 

parameters.  I then used the model and stochastic dynamic programming to develop a 

state dependent policy that managers can use to guide bull trout reintroductions given any 

combination of available donor and recipient population sizes (i.e., states).  Finally, I 

used forward simulation to compare the quasi-extinction probability of donor and 
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recipient populations under different management alternatives and environmental 

stochasticity.          

The collective results my research should serve as an example of how to 

incorporate diverse stakeholder value systems, assumption-based research, and 

evaluations of alternative management actions into species recovery and reintroduction 

decisions.  This approach promotes transparency and consensus in decision making.  

Recognizing these benefits, the U.S. Fish and Wildlife Service has adopted a similar 

approach to manage species and their habitats into the future (i.e., Strategic Habitat 

Conservation; USFWS 2015).      
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ABSTRACT 

More than 1500 species of plants and animals in the United States are listed as 

threatened or endangered under the Endangered Species Act and habitat destruction is the 

leading cause of population decline.  The U.S. Departments of Interior and Commerce are 

required, under Section 4(f)(1) of the ESA, to develop recovery plans for ESA-listed 

species under the respective agency jurisdictions.  However, developing recovery plans 

that are both scientifically defensible and consistent with a diversity of stakeholder (e.g., 

states, tribes, private landowners) values is often difficult.  Adaptive management and 

structured decision making are frameworks that resource managers can use to integrate 

diverse, and often conflicting, stakeholder value systems into species recovery planning.  

Within this framework difficult decisions are deconstructed into the three basic 

components: 1) explicit, quantifiable objectives that represent stakeholder values; 2) 

mathematical models used to predict the effect of management decisions on the outcome 

of objectives; and 3) management alternatives or actions.  I use bull trout Salvelinus 

confluentus, a species listed as threatened in 1999, as an example of how structured 

decision making transparently incorporates stakeholder values and biological information 

into recovery planning and the decision process.  Three moral philosophies; 

consequentialism, deontology, and virtue theory, suggest that structured decision making 

is a justified method that can guide natural resource decisions in the future, consistent 

with Congress’ mandate  and will honor society’s obligation to recover ESA listed 

species and their habitats. Science, in and of itself, cannot dictate which management 

decisions ought to be made; it purely offers a biologically sound basis for predicting the 

outcomes of decisions.  Additionally, an understanding of how to transparently integrate 

stakeholder values into scientifically defensible recovery planning is needed to provide 

the foundation for effective species conservation.        

INTRODUCTION 

Earth is likely in the midst of a sixth mass extinction event and the current rate of 

extinction is higher than that seen in the fossil record (Jablonski 1991, Pimm et al. 1995, 

Barnosky et al. 2011, Dirzo et al. 2014).  Fifty seven taxa of freshwater fishes became 

extinct in North America from 1898 to 2006 and it is estimated a similar fate will befall 

53 to 86 more species by 2050 (Burkhead 2012).  As of July 2014, more than 1500 



11 
 

species in the United States are listed as threatened or endangered under the Endangered 

Species Act (ESA) and habitat destruction is the leading cause of population decline 

(Pimm and Raven 2000).  Once a species is listed the U.S. Fish and Wildlife Service 

(USFWS) or National Marine Fisheries Service is legally obliged by Section 4(f)(1) of 

the ESA to develop a recovery plan that incorporates site-specific management actions 

and objective, measurable criteria that when met will result in recovery of the species.  

Since the signing of the ESA in 1973, 31 species have been recovered and 10 species 

have been classified as extinct (USFWS 2014).  The ratio of listed to recovered species 

suggests efforts and actions to date have produced limited success in recovering species 

but there is little doubt the ESA has helped some rare species continue to persist (Male 

and Bean 2005).   

The impediments to species recovery are numerous (Chooi et al. 2014).   Some of 

the biggest impediments to recovery planning are conflicting values and interests among 

stakeholders.  I believe the ability to recover and delist species in the future depends on 

the ability to increasingly understand natural ecosystems through scientific discovery and 

the ability to incorporate stakeholder values into the recovery planning process in a 

manner that is objective, systematic, and transparent, and doing so will broaden 

acceptance for enduring recovery planning.  Here, I describe the use of structured 

decision making as a formal method of integrating scientific information with stakeholder 

values during recovery planning and associated decision making processes for ESA listed 

species.  My goal is to link science and humanities to create transparent and enduring 

conservation and recovery programs that consider limited resources and stakeholder 

objectives, and by doing so, increase the likelihood of successful recovery programs.  I 

will provide an example of this approach with bull trout Salvelinus confluentus, a cold 

water salmonid that was listed as threatened in 1999 under the ESA.  However, this 

approach should be considered for multiple species listed under the ESA.  My objectives 

are to 1) clearly identify the obligation to recover species and restore habitats, 2) identify 

potential management actions that will support recovery by maintaining the evolutionary 

potential of a species, 3) suggest structured decision making with adaptive management 

as the appropriate process to guide species recovery decisions, primarily because of its 

ability to incorporate diverse stakeholder values, and 4) provide an example of how 
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structured decision making can be beneficial  to recover species from the perspective of 

three philosophical frameworks; consequentialism, deontology, and virtue theory.  I 

propose that structured decision making can integrate diverse stakeholder value systems 

with biological and scientific knowledge, and in doing so, can transparently incorporate 

normative beliefs (i.e., stakeholder values) to promote species recovery.  

CHALLENGES TO RECOVERY 

To recover a species there needs to be an understanding of what exactly a species 

is and what about that species needs to be conserved to promote recovery.  The 

Endangered Species Act of 1973, amended in 1978, defines a species as “any subspecies 

of fish or wildlife or plants, and any distinct population segment of any species of 

vertebrate fish or wildlife which interbreeds when mature”.  For example, for a Pacific 

salmonid species to be considered a distinct population segment (DPS) under the ESA 

and be afforded conservation and recovery efforts it must represent an “evolutionarily 

significant unit (ESU) of the biological species (Waples 1991, Waples 1995)”.  An 

evolutionary significant unit is 1) substantially reproductively isolated from other 

conspecific population units and 2) represents an important component in the 

evolutionary legacy of the species.  This interpretation of a DPS as applied to Pacific 

salmonids was adopted by the National Marine Fisheries Service and the U.S. Fish and 

Wildlife Service in 1996 (USFWS 1996) and suggests the value of a species lies in its 

evolutionary legacy.  This legacy is “the genetic variability that is a product of past 

evolutionary events and that represents the reservoir upon which future evolutionary 

potential depends (Waples 1995)”.  This is the material that limits a species’ capacity to 

change, or gives it the potential to change.  Maintaining the maximum genetic variability 

of existing species will provide the greatest opportunity for evolution and adaptation in 

changing environmental conditions.     

Through natural selection species evolved specific characteristics such as body 

form, physiological responses, genetics, and behaviors that allow them to adapt to and 

best survive in certain habitats.  However, anthropogenic activities that result in 

environmental changes can impact species survival.  For example, salmonid habitat in the 

Columbia River Basin has been altered through construction of hundreds of dams, 

logging operations, road development, water use, and grazing (NRC 1996).  These types 
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of anthropogenic activities have resulted in reduced stream flow, warmer water, siltation, 

increased disease prevalence, and blocked access to a third of the historical salmon 

spawning grounds (NPPC 1986, NRC 1996) creating a river system that is less than 

optimal for salmonid persistence.  In addition, human population growth and 

development are driving climate change, which is altering the environment (IPCC 2007) 

at a rate faster than the adaptive capacity of most species (Rieman et al. 2015).  Restoring 

habitat, to the extent possible, to the most natural state should minimize the effects of 

climate change and allow the “dynamic process of evolution to continue largely 

unaffected by human factors” (Waples 1995).   

Restoring the ecological processes and function of habitat that supports natural 

reproducing populations may take years or decades to accomplish.  Small or rapidly 

declining populations may require intervention to conserve their evolutionary legacy in 

the meantime.  Assisted or controlled propagation is recognized as a strategy to support 

species recovery (USFWS and NMFS 2000, Seddon et al. 2007).  Recovery can be 

supported through research, reintroduction, or by providing a sanctuary for species and a 

reserve for genetic diversity until habitat is restored.  However, these types of strategies 

are uncertain and focused research should be conducted on captive populations of 

imperiled species to understand their biological requirements and behavior.  This 

information can support recovery of wild populations and inform the efficacy of rearing 

animals in captivity before population declines dictate that more extreme conservation 

measures (e.g., assisted propagation, assisted colonization) may be the only management 

option.       

Funds available for species recovery strategies and habitat restoration are limited 

and need to be used as efficiently and effectively as possible.  To accomplish this the 

U.S. Fish and Wildlife Service ranks listed species by degree of threat, recovery 

potential, genetic distinctiveness, and conflict with construction, development projects, or 

other forms of economic activity (USFWS and NMFS 2000).  However, they have been 

criticized for how species are prioritized for recovery and the subsequent allocation of 

funding to those efforts (Simon et al. 1995, Restani and Marzluff 2002, USGAO 2005, 

Schwartz 2008, Gerber 2016).   
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The situation is further complicated by a variety of stakeholders, who are affected 

by management actions and decisions, and have differing and sometimes conflicting 

objectives and values.  For example, the Columbia River Basin was dammed in the mid-

20th century to provide hydropower, flood control, agricultural, and economic benefits to 

an ever expanding human population.  Dam operation, combined with hatchery practices, 

over-harvest and habitat degradation resulted in the listing of 13 distinct populations of 

salmon Oncorhynchus spp. and steelhead O. mykiss, bull trout, and Kootenai River white 

sturgeon Acipenser transmontanus in the Columbia River Basin (NOAA 2008).  Eight of 

the 10 highest ranked priority species for recovery in the United States are located in the 

Columbia River Basin (USFWS 2014). The stakeholders in the basin span two countries 

and four States, and include federal, state and tribal agencies, power companies, barge 

operators, farmers, irrigators, commercial and sport fisherman, recreational boaters, 

landowners, and the public at large.  Balancing the rights and objectives of all 

stakeholders with species recovery and habitat restoration has proved to be difficult.        

Scientists have presented alternative options for ranking threatened and 

endangered species and suggested other methods for guiding recovery decisions given 

limited resources.  Weitzman (1998) proposes a method to determine conservation 

priorities that balances financial costs with four components that represent resource 

benefits: distinctiveness of a species, utility or value of a species, increase in species 

persistence, and cost to increase species persistence.  Joseph et al. (2009) took this 

method beyond a cost and benefit analysis to determine the probability of success (e.g., 

recovery) of a specific management action.  However, endangered species management 

often requires a succession of management actions or decisions to be made one after 

another.  Ideally, after a decision is made and implemented, the outcome or value to 

conservation is measured through a monitoring program and used to inform subsequent 

decisions in an iterative process that continuously improves management outcomes.  This 

process is called adaptive management which is a special case of structured decision 

making (Williams et al. 2009, Conroy and Peterson 2013) and a similar process has been 

adopted by the U.S. Fish and Wildlife Service (i.e., Strategic Habitat Conservation; 

USFWS 2008) and is recommended for implementation in the USFWS Bull Trout 

Recovery Plan (USFWS 2015).              
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The greatest benefit to species conservation from these approaches is the ability to 

incorporate values and stakeholder objectives in the decision process.  As scientists, we 

alone cannot prescribe values to determine which diminishing habitats should receive 

support to provide a high likelihood of recovery. We can only offer a biologically sound 

basis to identify the causes of decline and life history requirements of the species, and 

suggest alternative options to restore habitat and recover species.  What is needed is a 

formal structure that can incorporate scientific information with societal values for 

consideration in guiding decisions and providing accountability.  An understanding and 

incorporation of societal values in the conservation process will improve the 

communication, cooperation, and consensus of all stakeholders; resulting in transparent 

programs that inevitably are biologically sound and enduring (Pister 1997).  Conservation 

is driven by the realized value of species and habitat and is not a discrete action, it is a 

continuous dynamic action, and therefore to be successful must endure on a long time 

scale.      

SOCIETAL OBLIGATION TO RECOVER SPECIES 

Authors, scientists and philosophers such as Emerson, Thoreau, Muir, Pinchot, 

and Leopold made the connection between conservation and ethics long ago (Callicott 

1991).  Sandler (2010) suggests the value of a species lies in its instrumental, ecological 

and intrinsic value.  Instrumental value is value placed on a species as a function of its 

ability to benefit humans, ecological value is value based on a species’ ability to benefit 

the ecosystem in which it lives, and intrinsic value is the value of a species in and of 

itself.  Values can be social, political, personal, or biological and founded based on 

cultural significance, economics, evolutionary potential, or ecosystem services (Joseph et 

al. 2009).  All species have value.  This is a primary tenet of conservation.  Regardless of 

the type of value, or combination of values, one places on a species they are making a 

value judgment and some level of conservation follows.  

Societal obligations become legal obligations when society agrees it is a 

requirement to enforce and uphold the obligation (Johnson 1975).  From a National 

perspective, the ESA is the legal foundation on which society’s moral obligation to 

conserve species is built.  The word conservation is strewn throughout, and the ideas of 

concern and value are directly addressed in the findings of Congress which state that “(1) 
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various species of fish, wildlife, and plants in the United States have been rendered 

extinct as a consequence of economic growth and development untempered by adequate 

concern and conservation; (2) other species of fish, wildlife, and plants have been so 

depleted in numbers that they are in danger of or threatened with extinction; (3) these 

species of fish, wildlife, and plants are of esthetic, ecological, educational, historical, 

recreational, and scientific value to the Nation and its people.”  This concept of adequate 

concern implies there is some level (i.e., adequate) of worry, anxiety, fear, or feeling (i.e., 

concern) associated with the loss of value that would result from the extinction or threat 

of extinction of a species.  According to the ESA, species “are of esthetic, ecological, 

educational, historical, recreational, and scientific value to the Nation and its people”.  

The ESA is more than simply an act or policy, it is a commentary on societal obligation 

to conserve species. 

The ESA also addresses a societal obligation to conserve “the ecosystems upon 

which endangered species and threatened species depend”.  Prior to the ESA, Congress 

acknowledged the societal obligation to conserve habitat with the passing of the Clean 

Air Act in 1970 and the Clean Water Act in 1972.  The primary purpose of these Acts is 

to regulate harmful emissions to benefit public health and public welfare.  These Acts 

placed value on clean, quality habitat by recognizing that emissions into the atmosphere 

and waterways also affected fish, wildlife, and ecosystem health.  Promoting public 

health and welfare, and conserving species and their habitats are not mutually exclusive; 

on the contrary, they are inseparable and should be considered mutually beneficial. 

Moral obligation to conserve species also is driven by legal requirements.  The 

moral obligation to conserve species and their habitats in the Columbia River Basin is 

further substantiated by the Boldt, Belloni, and Martinez Decisions (see Blumm and 

Steadman 2009 for review of these cases).  Similarly, Native American tribes have 

various legally granted rights. The Tribes and the U.S. Government signed a series of 

treaties in the Pacific Northwest in the 1850’s that resulted in the Tribes ceding their 

lands to the Government in exchange for the right to hunt and fish in their usual and 

accustomed places.  Lawsuits were brought against the States of Oregon and Washington 

in the 1960s and 1970s by Northwest Tribal members who claimed the states were 

interfering with their treaty protected rights to harvest fish.  Judges Boldt and Belloni 
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found Washington State and Oregon State, respectively, had a legal obligation to honor 

the treaty rights and sovereignty of Tribes in that they were entitled to an equal share of 

the harvest with non-treaty fishers.  It was ruled that harvest regulations need to be the 

least restrictive regulations consistent with ensuring conservation of the species.  A series 

of court decisions took the Boldt and Belloni Decisions a step further. Most recently the 

Martinez Decision found the Tribes’ right to take fish implied the States have a legal 

obligation to protect habitats that support fish populations.  This is one example of the 

complexity between interacting legal obligations that society needs to balance; honoring 

a duty to conserve species and their habitats and, honoring the duty to the rights of all 

stakeholders (e.g., the Tribes sovereignty).   

Congressional acts have also imposed values on fish and habitat conservation.  

The Pacific Northwest Electric Power Planning and Conservation Act of 1980 placed 

equal value on fish and habitat conservation along with other priorities for which the 

Columbia River hydropower system is operated (Blumm and Johnson 1980).  In addition 

to assuring “the Pacific Northwest of an adequate, efficient, economical, and reliable 

power supply”, the act provides for “the participation and consultation of the Pacific 

Northwest States, local governments, consumers, customers, users of the Columbia River 

System (including Federal and State fish and wildlife agencies and appropriate Indian 

tribes), and the public at large within the region to protect, mitigate and enhance the fish 

and wildlife, including related spawning grounds and habitat, of the Columbia River and 

its tributaries, particularly anadromous fish which are of significant importance to the 

social and economic well-being of the Pacific Northwest and the Nation and which are 

dependent on suitable environmental conditions substantially obtainable from the 

management and operation of Federal Columbia River Power System and other power 

generating facilities on the Columbia River and its tributaries”.  This statement reflects 

the moral obligation to recover and conserve fish, wildlife, and their habitats while 

balancing potentially conflicting objectives (e.g., power generation) and this needs to be 

done while considering input and support from multiple stakeholders (e.g., public, States, 

Tribes).   

BULL TROUT RECOVERY OPTIONS 
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Society’s obligation to recover bull trout was acknowledged in 1999 when the 

species was listed as threatened in the coterminous United States.  Bull trout require cold 

water for spawning and early rearing (Buchanan and Gregory 1997), and if climate 

change predictions (IPCC 2007, Mote and Salathé 2010) are accurate and human-caused 

habitat degradation and fragmentation continue to limit connectivity, then populations are 

expected to decline even further (Rieman et al. 1997).  Bull trout have instrumental value 

as indicators of healthy aquatic habitats.  They require clean, cold water, in highly 

connected and complex aquatic systems; therefore healthy bull trout populations are an 

indication the regulatory and legal obligations defined by the Clean Water Act is being 

fulfilled.  These same habitat requirements are indicative of the ecological value of the 

species; juvenile salmon and steelhead populations, some of which are listed as 

threatened or endangered, require similar habitat conditions.  Bull trout possess intrinsic 

value defined as value for its own sake, commonly referred to as existence value, 

therefore their extinction would be a loss to the world.   

The Pacific Northwest warmed 0.8°C in the twentieth century, and this trend is 

expected to continue and magnify (IPCC 2007, Mote and Salathé 2010).  Rieman et al. 

(2007) evaluated bull trout response to a range of predicted climate warming scenarios 

for the Columbia River Basin and estimated a loss ranging from 18–92% of suitable natal 

habitat.  The range of this estimate suggests much uncertainty about the effects of climate 

change on bull trout populations.  It is thought warming trends will restrict populations to 

small isolated patches in headwater streams, further limiting population connectivity 

(Rieman et al. 2007) and increasing extinction risk (Rieman and McIntyre 1995).  Large 

populations residing in less degraded habitat will increase in importance as source 

populations for recolonization and reintroduction efforts (Dunham and Rieman 1999). 

Resource managers may have options to counter the harmful effects of climate 

change on bull trout populations.  Isaak et al. (2010) suggested by minimizing 

disturbances in riparian habitat (i.e., grazing, road building, and timber harvest) stream 

temperatures can be buffered from additional warming.  Unoccupied habitat can be made 

available for recolonization or reintroduction (Dunham and Rieman 1999) by removing 

or reengineering manmade structures that limit connectivity.  Given that bull trout exhibit  

multiple life history strategies, resident populations may supply individuals to migratory 



19 
 

populations and vice versa (Rieman and McIntyre 1993).  Connectivity between suitable 

habitats needs to be available for these life history strategies to promote persistence of the 

population.  By combining multiple small isolated populations that result from a warming 

climate there may be a chance to preserve and promote metapopulation structure 

(Dunham and Rieman 1999), which is thought to be important for the conservation of a 

population’s evolutionary potential.  Reclaiming, or reconnecting historic and existing 

bull trout habitat is complex and difficult, and may require years or decades in order to 

evaluate which restoration actions were successful.  If some core populations continue a 

rapid decline, in the interim managers may need to institute an assisted propagation 

program to preserve the evolutionary potential of these populations.   

The Final Bull Trout Recovery Plan (USFWS 2015) suggests that assisted 

propagation may play an important role in recovering certain core area populations.  

Assisted propagation is a human mediated increase in animal abundance or distribution 

for the purpose of species conservation and recovery.  For example, reintroduction 

programs may be implemented in situations where rehabilitating degraded habitat or 

reclaiming and reconnecting existing suitable habitat is not feasible or does not result in 

natural recolonization.  Introducing a species outside its historic range with the purpose 

of preserving its evolutionary potential is referred to as conservation introduction and 

while this strategy can have unforeseen ecological, social or economic impacts it may be 

a feasible strategy to increase abundance or distribution for certain species and in certain 

situations (IUCN/SSC 2013).  These recovery strategies may help preserve the 

evolutionary potential of the species by conserving “important genetic resources in 

nature, thus allowing the dynamic process of evolution to continue largely unaffected by 

human factors (Waples 1995)”.  Animals may need to be held in captivity in the most 

extreme scenarios for multiple generations until human population growth and climate 

change are realized and restoration actions coupled with societal life-style changes and 

technological advances are able to reestablish functioning natural habitats.  Regardless of 

the strategy employed, recovery will be accomplished when the long-term persistence of 

self-sustaining populations, distributed across the species' native range, and representing 

the genetic and life history diversity of the species is as been achieved  (USFWS 2015).             
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Captive propagation to support reintroduction actions in conjunction with habitat 

restoration may be necessary in some recovery units (USFWS 2015).  Managers have 

three reintroduction strategies that should be considered when developing a conservation 

plan for bull trout (Shivley et al. 2007); translocation (or transplantation), captive rearing, 

and artificial production (or captive breeding). The IUCN/SSC (2013) defines a 

translocation as a “human-mediated movement of living organisms from one area, with 

release in another.”  They use this definition within the broad concept of conservation 

and it can include moving organisms from wild or captive origins.  Translocation as a 

reintroduction strategy has a slightly different definition for my purposes.  A 

translocation strategy involves collecting wild animals and after a short holding period, or 

immediately following collection, transporting those animals into the recipient habitat.  A 

captive rearing strategy involves collecting wild animals and rearing them in captivity for 

an extended period of time until they are released into the recipient habitat to reproduce 

naturally.  This strategy is typically used to increase the survival of life stages that exhibit 

high rates of mortality in the wild (e.g., embryos, fry, or juvenile fish).  An artificial 

production strategy is the most extreme of the three reintroduction strategies.   It differs 

from captive rearing in that wild fish are brought into captivity and used to develop a 

captive broodstock.  This broodstock is artificially spawned and the resulting progeny 

may be reared in captivity to maturity and spawned to maintain the population in 

captivity, or they may be released into the wild at any given life stage as part of a 

reintroduction program (Hard et al. 1992).  Each strategy comes with its own list of 

advantages and disadvantages, and selecting the best approach to benefit bull trout 

conservation will depend on the level of uncertainty, the amount of risk and financial cost 

managers are willing to incur, and the probability of achieving the desired outcome (e.g., 

bull trout recovery or local population restoration).   

  Translocation, captive rearing, and artificial production of bull trout have all 

been attempted in the past.  Creston National Fish Hatchery has been successful at 

artificially producing bull trout from wild parents; however individuals were never 

released into the wild.  The resulting progeny were raised to adulthood and artificially 

spawned.  The rate of fertilization (70.5%) from the captive broodstock was lower than 

that of embryos from wild parents (97.4% and 96.6%; Fredenberg et al. 1995, Fredenberg 
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1998).  Artificial production was used as a reintroduction strategy for the McCloud River, 

California,  The progeny of wild parents exhibited poor survival in captivity resulting in 

small numbers of fish (n=270 fingerlings) available for reintroduction.  This, coupled 

with a decline in the donor stock from the Klamath Basin, led to the termination of the 

McCloud river reintroduction in 1995 after 5 years of monitoring (Rode 1990, Buchanan 

et al. 1997).  Translocations are ongoing in the Clackamas River, Oregon and monitoring 

efforts have documented spawning behavior by the out-planted adults (Barry and 

Clements 2012, Barry et al. 2013, Barry et al. 2014).  It is too early to determine the level 

of success of the Clackamas River reintroduction program but observations of spawning 

behavior is a positive finding.  Translocation of bull trout fry from the McKenzie River, 

Oregon to the Upper Willamette River have been taken place from 1997 to 2013 with a 

small number (~ 20) of adults spawning (Ziller and Taylor 2000, UWBTWG 2010, 

Soorae 2011).  In an effort to increase survival to adulthood of translocated fry, a captive 

rearing component to the Willamette River reintroduction began in 2007 (personal 

communication, Nik Zymonas, Oregon Department of Fish and Wildlife); monitoring is 

ongoing. 

The benefits of a translocation reintroduction strategy include minimizing the 

effects of captivity on fish behavior and increasing genetic and ecological diversity.  This 

is possible because of the minimal time the fish spend in a hatchery environment (Flagg 

and Nash 1999, Brown and Day 2002, Fraser 2008, Naish et al. 2008).  Also, 

translocation is the least expensive of the three strategies.  For these reasons it is the first 

option among many managers and has produced some positive outcomes.  Disadvantages 

to translocation include higher risk to donor populations relative to other strategies due to 

the number of individuals needed to create a self-sustaining population (Shivley et al. 

2007) and local adaptation of donor populations that may negatively influence their 

performance in the recipient system.  Direct transfers of wild animals may not always 

allow for adequate health screening which may increase the potential for disease 

transmission to resident fish populations in the receiving habitat.     

The primary benefit of captive rearing is removing the natural causes of mortality 

on younger, smaller individuals and rearing them to a larger size in a protected 

environment.  This is intended to increase the probability of survival to reproduction after 
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being released into the wild.  Captive rearing allows for disease testing of the population 

being released; ensuring pathogens are not transferred between basins.  Relative to 

translocation, captive rearing requires fewer individuals to be removed from the donor 

population (Shively et al. 2007).  There are also negative aspects to captive rearing.   

Individuals may develop behavioral, physiological, and/or other phenotypic deficiencies 

and consequently genetic fitness may be compromised (Flagg and Nash 1999, Brown and 

Day 2002, Fraser 2008, Naish et al. 2008).  Bull trout are piscivorous by nature and 

cannibalism has been documented in wild (Beauchamp and Van Tassel 2001, Lowery 

and Beauchamp 2015) and cultured (W.R. Brignon, personal observation) populations.  

Cannibalism occurring in captive populations will result in fewer individuals available 

for reintroduction.  Captive rearing programs should take a conservation hatchery 

approach (Flagg and Nash 1999) to best prepare captive individuals for release back into 

the wild.  In general, the costs and benefits (i.e., consequences) of a captive rearing 

strategy fall between those of translocation and artificial production. 

The overarching benefit of an artificial production program is in producing a large 

number of individuals for reintroduction while at the same time minimizing the negative 

impacts on donor populations (Shivley et al. 2007).  Additional benefits include the 

ability to screen fish for pathogens and rear fish to target sizes for release.  Artificial 

production also has its downsides.  There is a suite of recent literature summarizing the 

effects to salmonids of being artificially produced and reared in captivity (Flagg and 

Nash 1999, Brown and Day 2002, Fraser 2008, Naish et al. 2008).  For example, stress 

(Dickens et al. 2010), behavioral differences (Berejikian et al. 2001), morphological 

differences (Taylor 1986) and loss of genetic diversity (Fraser 2008) are inevitable in 

artificial production programs.  This reintroduction strategy requires more financial 

commitment than other strategies due to the cost of animal husbandry and rearing 

facilities.  Typically, managers opt to use artificial production as a reintroduction strategy 

only when the natural population abundance is very low, all other options have been 

exhausted, and the risk of extinction or extirpation of local populations is outweighed by 

the risks associated with artificial production (Figure 2.1; Hard et al. 1992).  Considered 

the most extreme of the strategies, artificial production can be used to hold animals in 

captivity for extended periods of time or even generations to spread risk of extirpation or 
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extinction and increase the likelihood of maintaining the genetic component of a 

population and, therefore, the evolutionary potential of the population.         

Captive rearing and artificial production may have the potential to recover bull 

trout in a shorter time frame than translocation.  This is because individuals taken into a 

captive environment can survive at a higher rate than individuals in the wild, thereby 

resulting in more individuals for reintroduction and subsequent reproduction relative to a 

translocation strategy.  However, the benefit to the species needs to be weighted with 

potential negative effects cause by domestication (Fraser 2008).  While fish may survive 

at a higher rate in captivity, they show poorer survival upon release into the wild resulting 

in fewer spawning adults.  This may be a function of overly simplified rearing 

environments, handling stress, and release strategy (Minckley 1995, Flagg and Nash 

1999, Dickens et al. 2010).  Currently, the effects of captivity on bull trout are relatively 

unknown and not well documented. 

Managers need to understand the benefits, limitations, and overall utility of all 

reintroduction and recovery strategies before population decline dictates which strategy 

must be employed (Figure 2.1).  Any assisted propagation program to support species 

recovery should incorporate conservation hatchery techniques (Flagg and Nash 1999, 

Brown and Day 2002).  Currently, hatcheries are undergoing a paradigm shift (Paquet et 

al. 2011, Pearsons 2010).  Historically, salmon hatcheries were developed to produce as 

many fish as possible for release and eventual harvest with less concern for individuals 

after release or the environment in which they were released, as long as adults returned to 

be harvested.  More recently, hatcheries are being viewed as a tool that can be used to 

honor duties to mitigation, recreational fisheries, and conservation and recovery 

programs.  A stronger commitment to conservation principles (Meffe et al. 1998) is being 

integrated into hatchery programs where captive rearing environments are being designed 

to more closely mimic the natural environment and, therefore, better prepare these 

individuals for life post-release (Maynard et al. 1995).  Regardless of which, or if, a 

reintroduction strategy is implemented; habitat protection, restoration and reclamation 

must become an ongoing management strategy. 

STRUCTURING MANAGEMENT DECISIONS & INCORPORATING VALUES 
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Structured decision making (McGuire 1986, Williams et al. 2009, Conroy and 

Peterson 2013) is an analytical framework that can integrate the best available science 

with stakeholder values to evaluate tradeoffs between alternative recovery actions.   This 

approach incorporates institutional knowledge, provides transparency, improved 

communication, and a direct connection between management decisions and objectives, 

and is intended to result in more efficient use of limited resources.  Within this 

framework, difficult decisions are deconstructed into the three basic components: 1) 

explicit, quantifiable objectives that represent stakeholder values; 2) mathematical 

models used to predict the effect of management decisions on the outcome of objectives; 

and 3) management alternatives or actions.  Objectives can be either means or 

fundamental.  Means objectives are those that support the fulfillment of fundamental 

objectives.  Fundamental objectives represent what stakeholders care about most (i.e., 

core values; Conroy and Peterson 2013).  These three basic components of a structured 

decision making are then linked in a conceptual model that is developed collaboratively 

by all stakeholders (Conroy and Peterson 2013).  These models are used to communicate 

the global belief in how complex ecological systems function and interact, explicitly and 

transparently identify what is important and valuable to the stakeholders (e.g., 

minimizing costs, improving habitat quality, maintaining water supply, increasing 

abundance), and the critical factors necessary for survival and recovery of a species (e.g., 

environmental parameters, water temperature, rearing habitat).  Decision models can be 

parameterized with existing empirical and theoretical data to inform management 

decisions through a better understanding of predicted outcomes.  Uncertainty can be 

incorporated into the model using probability distributions, and the components with the 

highest uncertainty and influence on the outcome should be areas where future 

experimentation, research, monitoring, and funds are focused, thereby maximizing the 

benefits from limited resources.  However, because of the complexity of ecological 

systems these models are over-simplified representations of nature.   

Structured decision making provides several advantages over alternative 

approaches.  First, models are explicit representations of system dynamics and 

transparently convey the understanding of the decision context to all stakeholders; 

scientists, land users, conservationists, and decisions makers alike.  Second, these models 
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can be continuously updated and refined as monitoring programs generate new 

information and a better understanding of the cause and effect of management decisions, 

resulting in a better understanding of system dynamics. Most natural resource 

management decisions are not discrete; they are recurrent decisions made throughout 

space and time.  As new information is generated and incorporated into the analysis, the 

optimal decision, represented by alternative hypotheses, may be adjusted to reach the 

most desirable outcome consistent with the goals of species recovery and given the 

values of stakeholders.  This later iterative process is called adaptive management.  

Decision processes that do not incorporate these three components; recurring decisions, 

alternative hypotheses, and monitoring, are not, and should not be referred to as adaptive 

management (Conroy and Peterson 2013).  Recognizing the short and long term benefits 

of this approach, the USFWS has recently adopted the formal process of adaptive 

management to manage species and their habitats into the future (i.e., Strategic Habitat 

Conservation; USFWS 2008).  In addition, the use of structured decision making is 

explicitly recognized in the Final Bull Trout Recovery Plan as a tool to adaptively 

manage recovery actions, as managers gain knowledge of their effectiveness and impacts 

of future climates (USFWS 2015). 

There are many examples of decision models in the literature that include a 

definition of the decision context, influence diagrams, parameterization with expert 

opinion and/or empirical data, and sensitivity analysis (Chapter 4, Peterson and Evans 

2003, Dunham et al. 2011, Peterson et al.  2013).  For the purposes of this Chapter, I 

simply present an influence diagram (Figure 2.2) of a hypothetical bull trout management 

decision to convey how stakeholder values can be transparently incorporated and 

communicated in the decision making process.  In this example, the stakeholder group 

consists of state, federal, and/or tribal resource managers, land owners, and irrigators in 

defined geographic area of interest.  Collectively the stakeholders define the decision 

context: to maximize the value of decisions regarding the use of an artificial production 

program for bull trout and to modify in-stream barriers to promote the migratory life 

history of bull trout while maintaining water withdrawals from the watershed for 

agriculture.    
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The overall value of a decision outcome can be a combination of metrics and the 

influence diagram in Figure 2.2 displays three fundamental values identified by the 

stakeholders:  1) management costs represent economic value, 2) probability of 

persistence represents environmental, ecological, or biodiversity value, and 3) 

maintaining irrigation withdrawals represents cultural, economic, or human-use based 

values.  The probability of persistence component represents the evolutionary potential of 

the population.  This is the characteristic of a species the ESA requires society to 

conserve to recover a species and promote long term persistence of a population in a 

dynamic world.  This represents the “esthetic, ecological, educational, historical, 

recreational, and scientific value” of a species identified in the ESA.  Additional values 

are represented by the other components of the model that represent the belief in system 

dynamics and are used to predict the effect of management decisions (i.e., alternate 

hypothesis) on the value of the decision outcome.  For example, stakeholders value 

suitable stream temperatures and spawning and juvenile rearing habitats, and natural 

recolonization.  While these components carry a suite of societal values (e.g., ecological, 

historical, scientific), their utility (i.e., use value) to the decision process is in their ability 

to affect change in the fundamental values.    

CONSEQUENTIALISM, DEONTOLOGY, AND VIRTUE THEORY  

Ethical frameworks provide a means to weigh the rightness of an action.  I chose 

to focus on consequentialism, deontology, and virtue theory to make the argument that 

structured decision making is a just method to guide natural resource decisions in the 

future and will honor society’s obligation to recovery species and their habitats.  

Consequentialism judges the rightness of an action or policy based on the outcome of the 

act or failing to act.  Deontological theory suggests there is an obligation or duty to act 

regardless of the outcome.   Virtue theory dictates that decisions should be made on the 

basis of good moral character (Proctor 1998, Moore and Nelson 2010).   

Historically, natural resource managers would default to consequentialism when 

making decisions regarding species and habitat recovery.  This is a function of recovery 

plans requiring the setting of goals and objectives, or preferred outcomes (i.e., 

consequences), and setting actions in motion that are anticipated to accomplish those 

goals.  In essence this is the scientific method, in which a question is asked, hypotheses 
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are derived, an experiment is designed and conducted to test the hypotheses, and results 

or consequences are then reported and communicated.  Consequentialism is the 

foundation of the scientific method and as long as managers are expected to make 

decisions based on the best available science, consequentialism will continue to be the 

framework that determines natural resource decisions into the future.   

The most difficult part of applying the consequentialist theory is determining how 

to weigh the best outcome and for whom.  How does one weigh the value of bull trout 

recovery for the various stakeholders, habitats, and interrelated species?  Are short term 

benefits of an action more important than long term benefits, or vice versa?  Is bull trout 

recovery valuable in and of itself or is the value increased with the function these fish 

provide humans and the ecosystem?  Or, do the benefits gained in modifying bull trout 

habitat for human use (e.g., agriculture, hydropower, road building) out-weigh those 

values of maintaining healthy habitat for bull trout alone?  A consequentialist will need to 

understand the predicted outcomes of competing recovery options before making a  

balanced decision to benefit the stakeholders, species, and habitat conservation.  Species 

recovery is a long term dynamic process with recurring decisions and as monitoring 

generates new information, subsequent decisions can be adjusted based on the new 

information to increase the likelihood of preferred outcomes (i.e., adaptive management; 

Williams et al. 2009, Conroy and Peterson 2013).  Thus, consequentialism is the most 

obvious and transparent justification for using a structured decision making with adaptive 

management.  

Deontological theory suggests one acts justly when a decision fulfills their duty in 

relation to legal or social responsibilities, justice or equality for all groups, the rights of 

stakeholders, and their role as a decision maker or natural resource manager, regardless 

of the consequences.  A just environmental ethic requires society to honor duties to 

sentient life, organic life, endangered species, and ecosystems.  The ESA and binding 

court decisions (Blumm and Steadman 2009) define the legal duty to endangered species 

and ecosystems.  The Final Bull Trout Recovery Plan (USFWS 2015) suggests there is a 

duty to evaluate potential recovery actions, their effectiveness, and impacts of future 

climates to promote species recovery.  It is inequitable to reap the benefits of actions that 

limit bull trout persistence while other stakeholders such as tribes, fisherman, ecosystems, 
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and bull trout populations bear the burdens.  All stakeholders, human and otherwise, have 

the right and need to experience healthy aquatic ecosystems that support natural 

populations of multiple species, including bull trout.  The application of structured 

decision making in an adaptive management context provides the transparency to the 

public and stakeholders that helps fulfill a duty to justice or equality for all stakeholders.     

What biologists need to manage is not a singular species, but rather a complex 

mosaic of animals and the habitats in which they interact (Soulé et al. 2005).   In 

evaluating all possible strategies for bull trout recovery, managers will fulfill a duty to 

honor the rights of multiple species and their habitats.  Climate change scientists predict 

suitable bull trout habitat will be marginalized and in some areas may cease to exist in the 

near future (Rieman et al. 2007).  This does not alleviate the duty and obligation to 

attempt bull trout recovery.  On the contrary, it increases the responsibility to act.  Bull 

trout fulfill an important ecological niche, they require of cold, clean water and complex, 

connected habitats and primarily feed on juvenile salmon, steelhead, and trout.  

Therefore, sustainable bull trout populations are indicators of high quality habitat and 

abundant forage fish, which in some instances may be threatened and endangered 

themselves or important to recovery and conservation of other ESA-listed species.  The 

obligation to attempt bull trout recovery is inevitably linked to a greater duty of 

maintaining healthy ecosystems and a sustainable planet.  Structured decision making 

honors society’s duties to stakeholders because stakeholder values and objectives are 

used to build the model framework, evaluate tradeoffs, and identify the best management 

alternative.  In my example of using structured decision making to promote bull trout 

recovery, duties to the evolutionary potential of a species, habitats, captive animals, land 

users, and funding sources are honored (Figure 2.2).  Duties to stakeholders, species, 

habitats, and the ESA will be honored with the development of a biologically sound and 

enduring recovery program that evaluates all potential recovery actions (e.g., habitat 

restoration, reintroduction strategies; Figure 2.2) using adaptive management (e.g., 

Strategic Habitat Conservation). 

Virtue theory differs from consequentialism and deontology in that the focus is 

placed on the agent rather than the action (Frasz 1993).  Decisions should be made by an 

agent on the basis of good moral character.  People should honor in practice what they 
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believe in principle.  This allows one to weigh considerations of motivation and 

character.  In fisheries management, decisions would be right if they are fair, open-

minded, scientifically sound, impartial, cautious in the face of uncertainty, consistent 

between beliefs and practices, and transparent.  How one responds to natural resources 

through emotion and action depicts their environmental virtue (Sandler 2013). 

As a society, we began a path of habitat alteration and degradation when settling 

the Pacific Northwest, resulting in the current state of natural resources.  Resources were 

thought boundless and impervious to over-exploitation.  The environmental virtue was 

weighted by self-survival, financial benefit, and advancing “the American Dream”.  For 

example, building the first hatcheries in the Pacific Northwest was the forefathers’ 

virtuous attempt to provide fish as well as power, navigation, agricultural activities, and 

flood control for developing comminutes.  However, as time progresses so must the 

realization of society’s true virtue.  Currently, years of data exist suggesting conventional 

hatchery practices produced fish less fit for survival in wild habitats and their behaviors 

and large numbers can negatively impact wild stocks (Brown and Day 2002, Kostow 

2009).  These data have steered hatchery practices in a variety of directions meant to 

replicate the rearing conditions experienced in the wild and minimize the impacts of 

hatchery fish on wild species.  This has been termed the era of “hatchery reform” (Paquet 

et al. 2011).  Hatchery reform is a virtuous attempt at refining harvest and fish rearing 

(i.e., hatchery) practices to meet both sustainable harvest and conservation goals.     

A virtuous manager will acknowledge uncertainty in the recovery decision 

processes.  Uncertainty can be environmental, statistical, economic, or structural (i.e., 

cause and effect relationships in the model) and can result in wide population and habitat 

responses after management decisions are made and implemented.  Uncertainty can be 

made transparent to the stakeholders and incorporated directly into structured decision 

making as statistical distributions or alternative models of system processes (Conroy and 

Peterson 2013).  Using the example presented in this essay (Figure 2.2), the efficacy of 

conservation hatchery practices to produce bull trout for recovery actions and the 

feasibility of restoring suitable habitat processes is uncertain.  The wide range of climate 

change predictions (IPCC 2007) and their future impact to existing suitable bull trout 

habitat (Rieman et al. 2007, Wenger et al. 2013) is uncertain.  A virtuous bull trout 
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recovery program requires acknowledgement of these types of uncertainties and decisions 

regarding recovery actions should be made cautiously.   This approach is explicitly 

embraced in the Final Bull Trout Recovery Plan by recognizing the need to transparently 

adaptively manage recovery actions in the face of uncertainty and future climates 

(USFWS 2015).  

I acknowledge consequentialism is the foundation and focus of structured 

decision making and adaptive management in natural resources.  However, virtue theory 

and deontological ethics do not need to be removed from the decision making process.   

Rather they are essential components that should be incorporated and advocated by 

resource managers.  Transparency is paramount in the decision making process and is the 

conduit through which virtue and duty will be communicated to the public and 

stakeholders and realized by all. 

CLOSING REMARKS 

Just as evolution of species is a dynamic process, so is the societal value system.  

As climate change is realized and societal values change (Adger et al. 2009, O’Brien and 

Wolf 2010) the decisions related to improving connectivity for species may become more 

complex.  Habitat conditions (e.g., irrigation diversion, dams, thermal barriers, low flow 

barriers) that limit connectivity for bull trout populations are typically found lower in 

river basins near human population centers, and the moral obligation to provide water for 

municipal and agriculture purposes may increase in conflict with the obligation to 

conserve multiple species and habitats.  A vital component to bull trout recovery will 

likely revolve around decisions associated with restoring connectivity and balancing the 

needs of, and societal obligations to other species as climate change progresses.    

Recovering species and habitats in the Columbia River Basin is a complex process that 

must balance the needs of multiple species and stakeholders, as well as other uses of the 

resource (e.g., clean water for human consumption, hydropower generation, agriculture, 

commercial, sport, and tribal harvest).  This needs to be done while simultaneously and 

continuously balancing progress of improving habitat conditions and responsible 

recovery strategies for imperiled species.     

  The ethics of bull trout management and restoration were first described by 

Pister (1997).  In closing Pister states that “ethically sound programs inevitably are 
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biologically sound and enduring programs.”  A biologically sound management and 

restoration program for bull trout needs to consider the complex habitat requirements of a 

species that exhibits a diverse life history (Schaller et al. 2014).  Habitat restoration will 

also allow for unrestricted expression of complete life histories that are essential for 

population persistence.  Individuals may exhibit an anadromous, adfluvial, fluvial, or 

resident life history strategy (McPhail and Baxter 1996, Brenkman and Corbett 2005), 

requiring conservation of a wide array of essential habitats (i.e., spawning, juvenile 

rearing, and adult rearing) in conjunction with connecting migratory corridors between 

these habitats.  Habitat restoration will span substantial spatial dimensions from 

headwater streams to large lakes, reservoirs, or rivers, and span a diverse group of 

stakeholders’ influence, including federal, state, and tribal agencies, landowners, and the 

general public.   

The time scale of restoration and recovery actions is important to consider.  An 

enduring management and restoration program will need to balance long term 

improvements in habitat condition concurrent with maintaining a population’s 

evolutionary potential.  It took the better part of the 20th century for anthropogenic habitat 

alteration (e.g., modern agriculture, urbanization, industrial pollution) to occur and 

restoration of habitats following these types of alterations is on a similar time scale as 

some natural disasters (Dobson et al. 1997).  In addition, maintaining evolutionary 

potential in small populations may require an assisted propagation programs be instituted 

with a focus on minimizing the effects of domestication while providing individuals for 

reintroduction programs.  Decisions regarding assisted propagation will differ depending 

on scientific knowledge and uncertainty about the status of donor population, suitable 

recipient habitat, and the potential to connect to and support a metapopulation.  In 

populations at high risk of extinction all remaining individuals may need to be provided 

refuge in captive environments (e.g., California condor Gymnogyps californianus, black-

footed ferret Mustela nigripe, and Snake River sockeye salmon O. nerka).    

Science, in and of itself, cannot dictate which management decisions ought to be 

made; it purely offers a biological and physical basis for estimating the outcomes of 

decisions.    An understanding of humanities is needed to provide context for the myriad 

of societal obligations.  This is a world of limited resources; natural, financial, spatial, 
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and temporal.  Determining the most valuable, just, and efficient manner in which to 

utilize these resources, and for whose benefit, is complicated and further confounded by 

politics, personal objectives, and a limited understanding of natural processes.  Which 

value system should be used to determine where limited resources are spent, and on 

which species?  If we consume certain resources to recover one species, then those 

resources are not available for the recovery of another species.  If genetic fitness of the 

individual or the population in a reintroduction program is not the same as the genetic 

fitness of historical population in the recipient habitat, does it affect the evolutionary 

potential of the distinct population segment?  Do the potential for species recovery and a 

duty to the species we have been entrusted alleviate these types of concerns?  Science and 

technology only provide the technical, empirical, and theoretical foundation for actions.  

The matrix of societal obligations should be integrated in the process of species recovery 

and made transparent through the formal process of structured decision making to honor 

that duty.   
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Figure 2.1.  A continuum of management strategies and the severity of the action in 
relation to the status of a species or population.  Examples of the realized value of a 
species and how they may change as extinction increases in probability.  Habitat 
protection, connectivity, restoration and reclamation should be considered ongoing 
management strategies regardless of the status of a species or population.  Modified from 
Fraser (2008).
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Figure 2.2.  Example of an influence diagram representing a hypothetical decision situation for bull trout management.  The three 
basic components of structured decision making are represented: 1) fundamental objectives; 2) components that represent the 
understanding of system dynamics; and 3) management alternatives.  This diagram visually displays the stakeholders belief in how 
complex ecological systems function and interact, and explicitly and transparently identifies what is important and valuable to the 
stakeholders (e.g., minimizing costs, maintain the probability of persistence, maintaining irrigation capabilities), as well as the species 
(e.g., environmental parameters, water temperature, rearing habitat).
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ABSTRACT 

Animals reared in barren captive environments exhibit different developmental 

trajectories and behaviors than wild counterparts.  Hence, the captive phenotypes may 

influence the success of reintroduction and recovery programs for threatened and 

endangered species.  I collected wild bull trout embryos from the Metolius River Basin, 

Oregon and reared them in differing environments to better understand how captivity 

affects the bull trout Salvelinus confluentus phenotype.  I compared the development of 

the brain and eye lens, and boldness and prey acquisition behaviors of bull trout reared in 

conventional barren and more structurally complex captive environments with that of 

wild fish.  I found that wild bull trout exhibited a greater level of boldness and prey 

acquisition ability, followed by captive reared bull trout from complex habitats, and 

finally fish reared in conventional captive environments.  In addition, the eye lens of 

conventionally reared bull trout was larger than complex reared captive fish or that of 

wild fish.  I detected wild fish that had a smaller relative cerebellum than either captive 

reared treatment.  My results add to the existing literature that suggests rearing fish in 

more complex captive environments can create a more wild-like phenotype than 

conventional rearing practices.  Rearing fish in captivity is an important tool that can be 

used to accomplish a suite of management objectives including providing fish for 

research and reintroduction programs, or in worst case scenarios maintaining refuge 

populations.  An understanding of the effects of captivity on the development and 

behavior of bull trout can inform rearing and reintroduction programs though prediction 

of the performance of released individuals.      

INTRODUCTION 

The homogeneity of captive environments can result in animals that are 

phenotypically different than those reared in more heterogeneous or wild environments.  

The wild phenotype is established out of necessity to survive in stochastic and uncertain 

natural habitats whereas the captive phenotype arises from a relaxation of, or shift in, the 

selective pressures experienced in man-made environments.  Phenotypic differences can 

be seen in morphology (Taylor 1986, Currens et al. 1989), brain development (Marchetti 

and Nevitt 2003, Kihslinger et al. 2006, Lema and Nevitt 2006), physiology (Woodard 

and Strange 1987), and behavior (Fernӧ et al. 2011), and may influence post-release 



43 
 

 

 

survival in captive-reared salmonids Oncorhynchus Spp.  Low post-release survival 

results in limited adults available to support fishery programs.  This can be countered to 

some extent with increased release numbers thereby providing sufficient animals for 

harvest.  However, the consequences of reduced survival may limit the efficacy and 

success of conservation and recovery programs if captive-reared fish are released into 

wild habitats with the expectation that they spawn naturally and create self-sustaining 

populations.  In these types of programs the goal should be to raise and release fish that 

are as developmentally and behaviorally similar as wild fish (Brown and Day 2002).                

The effect of rearing environment on salmonid brain development and cognition 

has received increased attention (Ebbesson and Braithwaite 2012).  Fishes reared in 

conventional hatchery and laboratory environments that lack structural complexity have 

been shown to develop significantly smaller brains than their wild counterparts 

(Marchetti and Nevitt 2003, Kihslinger et al. 2006, Burns et al. 2009).  It is possible to 

produce a fish with a larger brain by adding complexity to the captive rearing 

environment.  However, regardless of whether a fish is raised in a conventional or 

complex captive environment their brains are still significantly smaller than size matched 

wild fish collected from the same river basin as the captive stock (Kihslinger et al. 2006).   

The brain is a complex organ that processes and integrates information from the 

central nervous system to communicate with brain regions that are known to control 

specific cognitive abilities.  The teleost brain consists of four primary regions similarly 

found in most vertebrates (Northcutt 2002).  The telencephalon controls complex special 

learning and spatial memory (Lopez et al. 2000, Rodriguez et al. 2002, Broglio et al. 

2003, Wilson and McLaughlin 2010); the cerebellum controls associative learning, 

classical conditioning, and basic spatial cognition (Rodriguez et al. 2005, Broglio et al. 

2011); the optic tectum controls the processing of sensory information (Broglio et al. 

2011), and the olfactory bulb processes odors from the environment (Gonda et al. 2012).  

Understanding the function of a particular brain region can be used to correlate 

development caused by rearing environment with the cognitive ability and behavior of 

the animal.   

The influence of telencephalon size on fish behaviour can be seen as early as 

emergence with individuals that possess a large telencephalon using more space when 
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foraging relative to individuals with a smaller telencephalon (Wilson and McLaughlin 

2010).  These differences may give rise to the development of diverse resource 

polymorphs as fish mature.  For example, benthic threespine stickleback Gasterosteus 

aculeatus have a larger telencephalon than pelagic conspecifics which could allow for 

enhanced spatial learning in a more structurally complex habitat (Park et al. 2012).  These 

developmental differences can alter cognitive ability and result in fish that are more 

likely to make quick and potentially inaccurate decisions while moving in space (Burns 

and Rodd 2008).  This suggests it is equally important to evaluate difference in brain 

development between treatments as well as determining the consequences to the 

cognitive abilities and behavioral ecology of the individual (Kihslinger et al. 2006, Healy 

and Rowe 2007, Ebbesson and Braithwaite 2012).  

A fish uses its sensory organs to communicate information about its surroundings 

to the brain through the central nervous system.  Abiotic characteristics of these 

surroundings can influence the development of sensory organs, and ultimately behavior.  

Hatchery fall Chinook salmon O. tshawytscha reared in clear water developed larger 

pupils than wild reared fish from the more turbid Snake River (Tiffan and Conner 2011).    

Similarly, grayling Thymallus thymallus and Arctic char Salvelinus alpinus that inhabit 

dark lake habitats exhibit smaller eye diameter than brown trout Salmo trutta and Atlantic 

salmon Salmo salar from clear riverine habitats (Pakkasmaa et al. 1998).  It is difficult to 

determine if these differences in eye size are a function of the rearing environment, 

inheritance, or both.  McPhail (1984) provides evidence that this is a heritable trait and 

found that limnetic three-spine stickleback had larger eye diameters than benthic 

individuals in both laboratory and wild reared individuals.  A fish focuses its vision by 

moving the eye lenses towards or away from the pupil thereby changing the field of view 

(Kröger 2011).  Given these mechanics, a larger eye may allow for greater visual acuity 

and prey detection (Hairston et al. 1982) 

When captive rearing fish for reintroduction programs it is important to consider 

the developmental trajectory and the behavioral phenotypes it may produce.  For each 

developmental trajectory there are a suite of potential behaviors suggesting that the 

behavioral phenotype is more flexible than the developmental phenotype (West-Eberhard 

1989).    The behavioral phenotype of captive reared animals intended for reintroduction 
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and recovery programs should include the ability to avoid predators, locate food, interact 

with conspecifics, locate or build shelter and nests, and navigate and move in novel and 

complex environments (Kleiman 1996, Brown and Day 2002).  An environmental effect 

on the divergence of these behaviors can begin as soon as embryogenesis and the 

influence can last a lifetime (Jonsson and Jonsson 2014).       

The behavioral effect of adding complexity to captive environments is well 

documented in salmonids and other fishes (see review by Näslund and Johnsson 2016).  

Captive fish, reared in structurally complex habitats, exhibit greater exploratory behavior, 

social dominance (Berejikian et al. 2000, Berejikian et al. 2001), propensity to seek 

shelter in a novel environment (Näslund et al. 2013), and propensity to forage on novel 

live prey (Brown et al. 2003) than fish reared in conventional captive environments.  

Exactly what type of, or amount of, habitat complexity that is necessary to raise a wild-

like fish will depend on the species, life stage, natural history, and preferences of the 

animal (Näslund and Johnsson 2016).  Animals that are less fit for survival in the wild 

may be part of the reason that hatchery reared individuals were associated with 71% of 

reintroductions that failed due to poor recruitment and 77% of the reintroductions that 

were author-defined failures (Cochran-Biederman et al. 2015).  These high instances of 

failure suggest there is room for improvement when using captive rearing strategies to 

recover and reintroduce threatened and endangered fishes and managers employing such 

strategies should proceed with caution.             

In 1999, the bull trout Salvelinus confluentus was listed under the Endangered 

Species Act as threatened in the coterminous United States and captive rearing strategies 

have been considered to promote recovery by providing individuals for reintroduction 

programs (MBTSG 1996, USFWS 2015, Shivley et al. 2007).  Three reintroduction 

strategies have been considered when developing a recovery program for bull trout; 

translocation (or transplantation), captive rearing, and artificial production (Shivley et al. 

2007).  Captive rearing and artificial production strategies would require extended rearing 

in artificial environments to produce animals for release with the intention that they 

survive and successfully spawn in the wild.  I believe that bull trout reared in enhanced 

captive environments will display more wild-like behavior and development and provide 
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a greater value to conservation and recovery than bull trout reared in less structurally 

complex environments.       

My goal was to better understand the effects of captive rearing environments on 

bull trout and how these captive effects influence the efficacy and ultimate success of 

reintroduction and recovery programs.  The objectives of this study were to evaluate the 

development and behavior of juvenile bull trout reared in three environments; complex 

and conventional captive environments, and wild environments.  To this end, I evaluated 

behavior in terms of boldness and prey acquisition; two behaviors that are important for 

post-release survival.  Boldness is defined as the propensity to take risks and explore 

novel habitats (Brown and Braithwaite 2004, Brown et al. 2007).  In addition, I compared 

the development of the whole brain, telencephalon, cerebellum, and optic tectum as well 

as the development of the eye lens to better understand the effects of rearing environment 

on development.  

METHODS 

Collection, incubation, and rearing 

In November 2012, eyed bull trout embryos were collected from three redds in 

Canyon Creek, Oregon, a tributary to the Metolius River.  Due to the threatened status of 

the fish, hydraulic sampling as described by McNeil (1964) and Berejikian et al. (2011) 

was used to collect embryos.  Hydraulic sampling of embryos allows for collection of a 

portion of the redd and focuses on a life stage that exhibits relatively high mortality rates 

as compared to older life stages.  Timing of sampling was based on known thermal 

history (~ 5 Co) of the embryos and bull trout developmental rates identified from the 

literature.  Embryos were transferred to the Fish Performance and Genetics Laboratory 

(FPGL) at Oregon State University for incubation and rearing.  Eggs from a redd were 

divided in half and incubated in Heath trays with either no substrate (i.e., conventional 

habitat) or with pea gravel as substrate (i.e., complex habitat).  Heath trays were supplied 

with ~6°C chilled well water.  In late January 2013, after hatching and before yolk sac 

absorption, alevins were transferred by redd and rearing treatment to small light green 

rearing tanks (0.5m long x 0.33m wide x 0.33m deep) supplied with 8°C to 10°C chilled 

well water at ~0.2m deep.  The conventional rearing tanks were barren with no added 

structure and a base of river rock (2.5cm to 5cm diameter) substrate was added to the 
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complex rearing tanks.  The tanks were covered with shade cloth to minimize stress from 

outside activity and fry were hand fed a combination of frozen brine shrimp, brine shrimp 

flakes, and commercial starter feed (BioClarks Starter) in the morning, evening, and at 

night.  Once actively feeding, fish were fed morning and evening on commercial diets at 

the manufacturer (BioOregon) recommended feed size and amounts.  In early June 2013 

all family groups were combined and transferred to large light blue troughs for extended 

rearing.  Troughs measured 4.9m long x 1.0m wide x 0.8m deep and were supplied with 

8°C to 13 °C well water that was ~20cm deep.  The conventional rearing treatment was 

void of any habitat enhancement and the complex rearing trough had a base of river rock 

similar to the complex tank rearing environment and both treatment tanks were covered 

with shade cloth.  Fish were reared under these conditions until behavioral trials began. 

Each fish was tagged with a 12mm passive integrated transponder (PIT) in August 2013 

when their minimum size was 65mm. 

Wild bull trout were collected in late May, 2014 from screw traps in Canyon 

Creek, Jack Creek, or Candle creek; all tributaries to the Metolius River.  The fish were 

transferred to the FPGL, PIT tagged, and held in a trough outside of the facility.  The 

trough was 4.9m long x 1.0m wide x 0.8m deep, dark green in color, covered with shade 

cloth, and contained river rock and larger rocks for direct overhead cover.  Wild fish were 

provided live spring chinook and commercial feed.   

Spring Chinook salmon used in the prey acquisition trials were of hatchery origin 

obtained as eggs from the South Santiam River (Oregon Department of Fish and 

Wildlife) stock.  Chinook salmon hatched in late December 2013 and were incubated in 

heath trays and reared in circular tanks measuring 1.0m diameter x 0.6 meter deep.  Heath 

trays and tanks consisted of similar habitat treatments as the captive reared bull trout (i.e., 

conventional and complex).  Tanks were supplied with well water ranging from 8°C to 13 

°C and fish were fed daily with commercial diets at the manufacturer (BioOregon) 

recommended feed size and quantity.     

Boldness trials 

To test boldness I used four replicate behavioral arenas at the FPGL (Figure 3.1a 

and 1b), each consisting of a 25cm PVC baffle sheeting placed in the middle of a 

fiberglass tank (1m deep x 1m wide x 2m long).  The baffle divided the tank into two 
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chambers which were connected via a PVC passage tube that measured 6.4cm in 

diameter.  The passage tube was flush with the baffle and located 6cm off the bottom of 

the tank and in the middle of the baffle width (Figure 3.1b).  Access to the passage tube 

was blocked until the trial began and then opened via a pulley system to minimize impact 

on fish behavior.  Flow was held constant at ~5L/min of 11 to 13°C well water added 

directly below the water surface and held at a depth of ~60cm by a stand pipe at the 

outflow.  Preliminary trials suggested that fish would not navigate the passage tube if 

structure was present.  Therefore, to promote movement the upstream chamber of the 

arena was void of structure similar to the conventional rearing environment and the 

downstream chamber was consisted of a river rock base similar to the complex rearing 

environment (Figure1a).              

A video recording system and PIT tag detection system were installed at each 

arena to monitor fish movement and behavior.  The video system consisted of infrared 

cameras mounted above each arena and connected to a digital video recorder and 

monitor.  The infrared technology has limited capability penetrating water so while the 

infrared cameras were useful for monitoring daytime and nighttime behavior, the 

nighttime video is of lower clarity and quality.  The PIT detection system was installed to 

help account for limited video quality during the nighttime hours.  The PIT system 

consisted of detection antennae that were installed under each arena and directly below 

the baffle (Figure 3.1a and b).  Each antenna was constructed and tuned to only read PIT 

tags that were present inside the passage tube.  The four antennae were connected to a 

Biomark FS1001M multiplexing receiver and computer to log detection information (i.e., 

tag code, time of day).                

The boldness trials took place during 2 time periods.  In September and October, 

2013, conventional and complex treatment fish were tested and in May 2014 wild fish 

were tested two days after being collected to allow for recovery following capture and 

transport to the FPGL.  Seven replicate trials were conducted with conventional and 

complex captive reared fish and 6 replicate trials were conducted with wild reared fish for 

a total of 20 trials.  Five bull trout were netted from the rearing trough and placed in the 

conventional habitat chamber of each arena.  Each trial began with five bull trout except 

in two instances when 1) six conventionally reared bull trout were unintentionally placed 
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in the arena and 2) only four wild bull trout remained for the final trial.  Two fish from 

the complex rearing treatment jumped out of the tank during trials and were removed 

from the analysis.  Ideally trials would have been conducted by starting fish in the 

conventional or complex chambers equally but due to a limited number of fish available I 

opted to only start fish in the conventional treatment chamber with the thought that it was 

less desirable habitat and would stimulate movement and activity regardless of treatment.  

Each fish was only used once in the boldness trials to limit any potential bias associated 

with arena experience.  Due to rearing and collection constraints the average size of wild 

fish was larger and more variable than captive-reared fish (Table 3.1).     

Fish were allowed a 1 hour recovery period in the arena after which time access to 

the passage tube was allowed and the trial began.  All trials started at mid-day and 

continued for 24 hours.  At the end of a trial any fish that passed from the conventional 

rearing chamber to the complex rearing chamber was considered bold and each fish was 

enumerated, scanned for PIT tag identification, measured for length and weight and 

returned to the rearing trough.  Overhead video and PIT detection data for each trial was 

archived and reviewed to determine the time of day and minutes after the start of a trial 

that a bold fish navigated the passage tube.       

Prey acquisition trials 

To test how rearing environment affects the propensity of bull trout to feed on live 

prey I reconfigured the four behavioral arenas used in the boldness trials.  All baffles and 

river rock were removed from the tanks with the exception of small pile of rocks in one 

corner of the arena (Figure 3.1c).  The small pile of rocks provided the predator with 

cover to minimize stress and produce a more natural foraging behavior.  Flow was held 

constant at ~5L/min of 11 to 13°C well water added directly below the water surface and 

held at a depth of ~60cm by a stand pipe at the outflow.   

The predator acquisition trials took place between April 2014 and May 2014 for 

all three rearing treatments.  Prior to a trial, four bull trout (two from each treatment) 

were netted from their rearing trough, anesthetized with MS-222, PIT tag scanned, and 

length and weight taken.  Bull trout were then held in a smaller trough (2m long x 0.5m 

wide x 0.3m deep), with similar treatment, near the behavioral arenas for 48 hours 

without feed.  Twenty trials were conducted with conventional and complex captive 
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reared fish and 11 trials were conducted with wild reared fish for a total of 51 trials.  

Spring Chinook salmon were removed from their circular rearing tanks on the morning of 

a trial, anesthetized with MS-222, individually measured for length, and 10 fish pooled 

together for weight.  Ten spring Chinook were then placed in each of the four behavioral 

arenas and allowed to recover from anesthesia and acclimate for one hour.  After one 

hour the trail began when a bull trout was added to each of the arenas.  This study was 

conducted with a factorial design with two spring Chinook rearing treatments (i.e., 

complex and conventional) and three bull trout rearing treatments.  All trials began in the 

morning and were ended after 24 hours the following morning.  At the end of a trial all 

remaining spring Chinook salmon were removed and enumerated, and all bull trout 

returned to their respective rearing troughs.  Bull trout were only used once in these trials.  

The average size of wild bull trout was smaller and less variable than those of the captive 

rearing treatments (Table 3.1).     

Brain and eye development 

Brain dimensions for complex and conventional reared bull trout were assessed in 

November 2013 and wild reared bull trout were assessed in June 2014 after all behavioral 

trials were completed.  Twelve bull trout from each rearing treatment were euthanized, 

PIT tag scanned, measured for length and weight, placed in an individual plastic bag, and 

transported on ice to the Advanced Imaging Research Center at Oregon Health and 

Science University (OHSU) for magnetic resonance imaging (MRI).  Images were 

acquired on a Bruker-Biospin 11.75 T small animal MR system with a Paravision 5.1 

software platform, 9-cm inner diameter gradient set (750 mT/m), with a 72 mm (ID) RF 

resonator and an actively decoupled 20 mm Bruker surface coil for transmit/receive.  The 

fish were left in the plastic bags and positioned right-side up for scanning.  A transverse 

40 slice T2-weighted image set was obtained (256 x 256 matrix, 250 mm in-plane 

resolution, 0.35 mm slice width, TR 6200 ms).  

Each image set contained a stack of 40 images per fish.  Image stacks were 

processed with Osyrix software (Version 6.0.2) by delineating five regions of interest 

(ROIs); the whole brain, telencephalon, optic tectum, cerebellum, and both eye lenses.   I 

followed similar methods as Kihslinger and Nevitt (2006) to determine the limits of the 

whole brain and brain regions.  Delineation of the whole brain started on the image where 
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telencephalon was first observed and continued through the final image containing 

cerebellum.  The delineation of the telencephalon, optic tectum, and cerebellum were 

determined from published fish brain atlases (Ullmann et al. 2010, Simões et al. 2012) 

and an unpublished rainbow trout brain atlas (Lars Ebbesson, in review).  I determined 

the width of the optic tectum by taking six linear measurements of optic tectum width 

from an image at the approximate middle of the optic tectum and averaging the 

measurements. I chose not to delineate the olfactory bulb due to its relatively small size 

resulting in pixilation in the MRI image stacks.  The lens is a crystalline component of 

the eye (Wall 1963, Hargis 1991) and left and right eye lenses were easily delineated as 

the dark sphere in the MRI images (Figure 3.2).  I used the “ROI volume” feature in 

Osyrix to determine the volume of each ROI.   

Data Analysis 

I used logistic regression to examine the relationship between boldness and 

rearing environment, and prey acquisition and rearing environment (Hosmer and 

Lemeshow 2000).  Before fitting logistic regression models, I fit random effects One-way 

analysis of variance (ANOVA) to account for dependence among observations within 

individual behavioral arenas or trials (Conroy and Peterson 2013).  If the variance was 

greater than 0.00 then a random effect for arena and/or trial was included in a mixed 

effect model to account for dependence, otherwise all models included only fixed effects.  

Models were determined a priori to test biologically relative hypothesis involving rearing 

environment and fish size, as well as, prey rearing environment and average size for the 

prey acquisition trials.   

The initial analysis suggested boldness was independent of tank or trial; as such 

the boldness analysis consisted of five candidate models including boldness as a binary 

response variable and a combination of rearing habitat and length or weight as fixed 

explanatory variables.  The initial analysis of the prey acquisition data suggested a 

random effect of trial.  Therefore, I examined prey acquisition by modeling proportion of 

prey eaten as a function of fixed effects for predator rearing habitat, length, and weight, 

and prey rearing habitat and average length, with a random effect for trial.   

The fit of each candidate model was assessed using Akaike’s Information Criteria 

corrected for small sample sizes (AICc) and the model with the lowest AICc was 
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considered the best-fitting model.  The relative plausibility of each model was assessed 

with Akaike weights (wi), with the most plausible candidate model having the highest wi 

(Burnham and Anderson 2002).  Odds ratios were calculated for the three best fitting 

models for ease of interpretation and the 95% confidence interval of the odds ratio was 

calculated to assess precision of the explanatory variable.  Confidence intervals that 

included and odds ratio of 1.00 were considered inconclusive of a positive or negative 

relationship between the parameter and boldness or prey acquisition (Thompson and Lee 

2000, Weigel et al. 2003).  I assessed goodness-of-fit for the three best fitting models by 

examining the deviance chi-square statistic for fixed effect models and a Hosmer-

Lemeshow chi-square statistic for mixed effect models.  The goodness-of-fit for the prey 

acquisition models suggested a poor fit due to overdispersion.  To account for 

overdispersion an additional random effect for each observation was added to the prey 

acquisition models (Williams 1982).          

Growth of the brain and eye are more closely related to age than length 

(Pankhurst and Montgomery 1994).  The dataset consisted of equal samples of fish per 

rearing treatment (N = 12) however subsequent aging of wild fish otoliths identified four 

age 2 individuals.  Therefore, the brain analysis consists of 4 rearing groups: 

conventional, complex, age 1 wild, and age 2 wild.  All captive reared fish were known to 

be age 1.   

The body, brain, and eye of a fish exhibit allometric growth and will continue to 

grow throughout life (Zupanc 2006, Devlin et al. 2011).  I accounted for allometric 

growth of the eye lens, telencephalon, optic tectum, and cerebellum by calculating the 

ratio of the brain region volume to whole brain volume and used a one-way analysis of 

variance (ANOVA) to test for differences as a function of rearing treatment.  With this 

approach it will be possible to determine if energy is allocated from one brain region to 

another.  The optic tectum is a layered organ that receives information from all regions of 

the brain.  The outer layers are used in processing sensory information and inner layers 

control motor function (Northmore 2011).  I calculated the ratio of the optic tectum width 

to whole brain, optic tectum, cerebellum, and telencephalon volume to better understand 

how these brain regions develop in relation to the thickness of the optic tectum.  One-way 

analysis of variance (ANOVA) was used to test for differences in the ratio of a brain 
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region as a function of rearing treatment.  When ANOVA identified significant 

differences between rearing treatments I used contrasts to identify pair-wise differences.  

All statistical conclusions were conducted at the α = 0.05 significance level and I used 

residual and QQ plots to assess the assumptions of ANOVA.   

RESULTS 

Embryo collections 

A total of 1068 bull trout embryos were delivered to the rearing facilities at OSU.  

Embryos collected in November 2012 survived to PIT tagging in August 2013 at a rate of 

0.48 and 0.18 for conventionally and complex reared fish, respectively.  As fish absorbed 

the yolk sac and began exogenous feeding a higher level of cannibalism was observed in 

the complex reared treatment than the conventional rearing treatment.              

Boldness trials 

I conducted the initial boldness analysis with all fish.  However, after otolith 

aging associated with the brain and eye development study determined that wild fish 

greater than 120mm were age 2, I excluded these older fish from the boldness analysis 

and compared the results with only age 1 fish.  The results from both analyses were 

similar and I opted to include all fish in the analysis presented here.         

Odds ratios from the most plausible model suggested that bull trout reared in 

complex environments are 4.6 times (1.4 to 18.1 95% CI) more likely and wild fish are 

1.7 times (0.4 to 7.37 95% CI) more likely to exhibit boldness behavior than conventional 

reared fish.  Rearing habitat was included as a significant predictor of boldness in the top 

three ranked models with weight and length included in the second and third rank 

models, respectively (Table 3.2).  Confidence intervals for the odds ratios of length and 

weight include 1.00 and are considered inconclusive of a positive or negative effect.  

Wild fish appeared to exhibit boldness more than conventional reared fish in all models.  

However, the confidence interval of the odds ratio includes 1.00 and is considered 

inconclusive of a positive or negative effect.  The only two instances of fish traveling 

back and forth in the passage tube occurred with wild fish; suggesting an additional level 

of boldness that could not be accounted for with my analysis.  The deviance chi-square 

test suggested adequate model fit for the top ranked models (Table 3.3).  Four 

conventionally reared fish and 12 complex reared fish navigated the passage tube.  These 
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captive reared fish navigate the passage tube throughout the trials and throughout the day.  

Of the five wild fish that exhibited boldness, four navigated the passage tube in the early 

morning, near the end of the trial (Figure 3.3).   

Prey acquisition trials 

All wild fish in the prey acquisition trials were greater than 120mm and therefore 

age 2 or older.  As such I conducted the analysis by including all wild fish.  The best 

fitting model suggested that bull trout reared in complex environments are 4.8 times (1.4 

to 18.1 95% CI) more likely and wild fish are 70.6 times (12.5 to 400) more likely to 

acquire live prey than fish reared in conventional captive environments.  Similar to the 

boldness trials, rearing habitat was included as a significant predictor of prey acquisition 

in the top three ranked models (Table 3.4).  Length was included in the best fitting model 

and weight was included in the second best fitting model as predictors for prey 

acquisition, however the confidence intervals include 1.00 and are considered 

inconclusive of an effect.  The Hosmer Lemeshow chi-square test suggested adequate 

model fit for all top ranked models (Table 3.3).           

Brain and eye development 

Analysis of variance identified a difference in the ratio of cerebellum volume to 

brain volume (ANOVA: F3,32 = 3.03, P = 0.044).  Contrasts identified differences 

between the conventional rearing group, age-1 wild fish, and both complex reared and 

age-2 wild fish, which exhibited similar relative cerebellum volume.  Age-1 wild fish had 

a smaller relative cerebellum than the other treatment groups and the conventional rearing 

group exhibited the largest relative cerebellum.   There was no effect of rearing group on 

the ratio of telencephalon volume to brain volume (ANOVA: F3,32 =0 .58, P = 0.64) or 

the ratio of optic tectum volume to brain volume (ANOVA: F3,32 = 0.68, P = 0.57).  After 

accounting for optic tectum volume, age-2 wild fish had the largest relative eye lens 

volume, followed by conventionally reared fish.  Age-1 wild and complex reared fish had 

similar average eye lens volumes that were smaller than conventionally reared fish and 

age-2 wild fish (ANOVA: F3,32 = 16.04, P  < 0.0001; Figure 3.4).       

Age-1 wild fish exhibited larger relative optic tectum widths than the other three 

rearing treatments and this difference was detected in all comparisons after accounting 

for whole brain (ANOVA: F3,32 = 8.75, P < 0.001), optic tectum (ANOVA: F3,32 = 7.10, 
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P < 0.001), cerebellum (ANOVA: F3,32 = 8.58, P < 0.001), and telencephalon volumes 

(ANOVA: F3,32 = 5.68, P = 0.003; Figure 3.5).                

DISCUSSION 

I found that adding a simple form of structural complexity to captive rearing 

environments can result in bull trout that are more similar to wild fish by exhibiting a 

greater propensity to take risks, explore novel habitat (i.e., boldness), and acquire live 

prey than conventionally reared fish.  In addition, I found that the captive rearing habitat 

results in differences in the relative development of various brain regions and the eye 

lens, and suggest researchers should account for age when making such comparisons.  

Raising a fish in captivity that exhibits behaviors that are thought to be essential for 

survival in the wild and are developmentally similar to wild fish should improve the 

success of reintroduction programs (Brown and Day 2002).   

The expression of boldness is a heritable trait (Brown et al. 2007) that can differ 

depending on the origin of the animal (Sundstrӧm et al. 2004).  Repeated spawning of 

hatchery stocks may result in animals that are less fit than those of wild origin and this 

can occur in as few as one or two generations (Araki et al. 2008).  The captive bull trout 

in this study were collected as wild embryos from the same family groups, and from a 

population with zero history of captive influence suggesting the results were a function of 

the early rearing environment and not domestication selection.  An early rearing 

environment with little to no complexity does not provide sufficient opportunity to learn 

essential life skills.  Whereas, structurally complex habitats have a gradient of resources 

that are available in space and provide experience in defense of territories (Metcalf et al. 

2003), navigating, and locating cover (Näslund and Johnsson 2016).  I observed fish 

using the interstitial spaces of the river rock from the time of hatching until behavioral 

trials began over a year later suggesting these behaviors start developing immediately and 

are lasting (Jonsson and Jonsson 2014).   

Boldness is variable and differentially expressed depending on the situation and 

can change throughout an animal’s lifetime (Sinn et al. 2008).  For any behavior to be 

advantageous it should be expressed in situations that result in improved growth or 

survival of the individual.  Bold individuals may improve growth and survival by 

outcompeting shy individuals for forage locations, food resources, and mates.  However, 
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these rewards are associated with increased metabolic costs (Metcalf et al. 1995) and 

predation risk (Lima and Dill 1990).  In most captive rearing environments salmonids 

rear with a constant and continual food source and little to no predation resulting in fish 

that are less apt to select favorable foraging locations (Brown et al. 2003) and avoid 

predators (Olla and Davis 1989).  Bull trout are different than other salmonids in that they 

become piscivorous and cannibalistic at a young age and therefore are constantly living 

with risk of predation while in captivity.  I observed bull trout fry from both rearing 

treatments (~5cm in length) prey upon similarly sized fish from the same family group.  

It is possible that by adding structural complexity to captive environments I created 

foraging and cover habitats worth defending which resulted in increased agonistic 

interactions and cannibalism in the complex rearing treatment.  These experiences may 

have resulted in learned boldness behavior or selection towards bold individuals.    

The study design may have influenced the lack of boldness observed in the 

conventionally reared fish.  When boldness trials began all fish were placed on the 

conventional side of the arena due to limited numbers of fish available for the trials.  Fish 

are capable of learning routes and locations (Odling-Smee and Braithwaite 2003) which 

made it important that all fish used in the trails were naive to the arena.  Prior to 

beginning the trials I tested fish from each rearing treatment on both sides of the arena to 

see how animals would respond to the arena.  It quickly became apparent from overhead 

video that there was little to no fish activity in the complex side of the arena and zero fish 

expressed boldness, even when stimulated with feed.  As such, I began the boldness trials 

by starting fish from all rearing treatments on the conventional side of the arena with the 

thought that regardless of rearing environment, all fish would be relatively uncomfortable 

in the conventional side of the arena.  Of the 98 fish in the boldness trials, 21 fish 

expressed boldness and only 2 of those fish, both wild, traveled back and forth in the 

passage tube multiple times.  This evidence substantiates the earlier video footage 

suggesting that most, if not all, captive reared fish would not move from the complex 

habitat.   

Salmonids and other hatchery reared species can readily shift from commercial 

feeds to live prey while in captivity (Olla et al. 1998, Sundstrom and Johnsson 2001).  

This is similar to my findings in that fish from both captive rearing groups foraged on 
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live spring Chinook in the prey acquisition trials.  However, these same animals will need 

to locate and capture live prey when released into the wild and natural forage bases are 

rarely as abundant and consistently available as feed in captivity.  Upon release into the 

wild, hatchery fish shift to live prey later and forage less than wild fish, resulting in 

reduced growth and survival (Olla et al. 1998).  If my laboratory results translate to the 

wild, then bull trout reared in complex habitats may be better suited to forage on live prey 

after release, improving growth and survival, and ultimately the probability of a 

successful reintroduction program.     

While bull trout reared in complex environments were successful in capturing live 

prey, they did not perform as well as wild fish.  This is most likely a function of wild fish 

having past experiences capturing prey (Brown et al. 2003), exhibiting hyperphagia 

(Armstrong and Bond 2013) or the added complexity of wild habitats.  Providing captive 

reared bull trout with live prey may improve their capture and forage ability and lower 

the instances of cannibalism by appealing to their natural predatory instincts.  Whether 

fish are provided commercial diets or live prey the offering should be presented at 

uncertain time frames and locations to simulate a more wild-like forage regime.  

Variability in food resources results in hyperphagia, a foraging strategy where an animal 

consumes prey while in abundance and survives off fat reserves during times of low 

abundance (Armstrong and Bond 2013).  This maybe a beneficial forage strategy for bull 

trout, which primarily feed on juvenile salmon and steelhead, and will need to survive 

through periods when little or no forage is available.  If using a variable feeding strategy 

when captive rearing fish, it will be important to provide suitable amounts of nutrition for 

growth and metabolism while still simulating the uncertainty of feed availability in the 

wild.  It is possible that the captive reared fish did not perform as well as wild fish 

because wild fish were a year older or the complex habitats were over-simplified and 

lacked variable flows, overhead structure, vegetation, and other characteristics that are 

present in the wild.         

Given the growing number of publications that document decreased 

developmental trajectories in brains of fish reared in barren captive environments 

(Marchetti and Nevitt 2003, Kihslinger et al. 2006, Burns et al. 2009) I expected similar 

results from my study.  While I was unable to detect any differences in the development 
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of the telencephalon, or optic tectum, my results do suggest that the cerebellum of age-2 

wild fish and complex reared fish develop similarly and are smaller than the cerebellum 

in conventional fish and larger than the cerebellum in age-2 wild fish.  This result 

contrasts with my expectation that both wild fish groups would have larger relative 

cerebellum volume than fish reared in captivity.  Kihslinger and Nevitt (2006) compared 

cerebellum growth of swim-up steelhead O. mykiss reared in similar captive treatments to 

my study and compared them to size matched wild fish.  They found that wild and 

complex reared fry had similar relative cerebellum sizes and both were larger than 

conventionally reared fry and hypothesize that these differences may be due to the effects 

of increased rearing density in captivity, warmer and more variable water temperatures 

experiences by the in-river fish, or increased cell proliferation caused by complex 

environmental stimuli.  All captive fish in this study were reared in low densities relative 

to typical production facilities and if the water temperature hypothesis was accurate then 

I would expect to see larger cerebellum in both the captive reared treatments given that 

they were reared at temperatures between 10 to 13°C as comparted to the wild fish that 

experienced 6 to 8°C.  My results lend little support to the cell proliferation hypothesis 

because I would expect age-1 wild fish to have a larger cerebellum then the captive 

rearing groups, not smaller, as my results suggest.  In conjunction with cerebellum size 

differences, Kihslinger and Nevitt (2006) showed that fish with a smaller relative 

cerebellum were more likely to actively move.  The wild fish they studied were collected 

using screw traps which are designed to capture actively migrating fishes and the results 

may be an artifact of sampling bias and life history.  I may have only captured age-1 wild 

fish that were actively moving as a function of a smaller cerebellum, whereas the age-2 

fish I captured exhibited a larger cerebellum and spent an extra year in the headwaters 

before migrating as a function of life history strategy and not brain development.      

Similar to Kihslinger and Nevitt’s (2006) work with steelhead alevin, Nӓslund et 

al. (2012) documented larger brains and brain regions in Atlantic salmon alevin hatched 

and reared in complex environments.  However, any differences in brain size were 

undetectable only a month after ponding all fish in barren tanks.  This suggests that the 

rearing environment can rapidly influence the developmental trajectory of the brain and 

that added complexity should be maintained until release.  In my study, a little over two 
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weeks passed between capturing wild bull trout, running the behavioral trials, and 

conducting brain MRIs.  It is difficult to know if this short time in a complex captive 

environment was enough to institute a change in brain size and if so to what degree.  If 

wild fish, regardless of age, did alter their brain volume it might explain the lack of 

differences in the telencephalon, and optic tectum, as well as, the cerebellum results.  In 

addition, Nӓslund et al. (2012) released a group of fish into local rivers 5 months after 

sampling fry and after 6 months of wild rearing some of those individuals were 

recaptured in a screw trap and their dorsal brain area was compared to that of fish held in 

the hatchery for the same time period.  They found that wild fish had larger bodies and 

smaller total brain areas than hatchery reared fish suggesting that energy was allocated to 

somatic rather than neural growth.  When living with a predictable food supply (e.g., 

captivity) it may be advantageous to more evenly allocate energy to neural and somatic 

growth.  I offer a similar hypothesis to explain why the relative optic tectum width was 

larger in age-1 wild fish.  The optic tectum is a layered organ that receives information 

from the eye, the telencephalon, and the hind brain (Northmore 2011).  Allocating energy 

to this brain region early in development may be more important for a young wild fish 

and once the layers of the optic tectum are developed energy allocation can be shifted to 

developing other brain regions.  Given that food availability is more certain for captive 

reared fish I hypothesize they allocate energy for development more evenly across the 

brain regions.   

I found that after accounting for the volume of the optic tectum, age-1wild reared 

and complex reared fish were more likely to have smaller eye lens volumes than 

conventional reared fish and all groups were more likely to be smaller than age-2 wild 

fish.  These findings suggest that eye development may be a function of the complexity 

or color of rearing environments and changes with age.  Fish that rear in murky or 

benthic environments exhibit smaller eye diameter than fish rearing in clearer or pelagic 

environments (McPhail 1984, Baumgartner et al. 1988, Pakkasmaa et al. 1998, Tiffan and 

Conner 2011).  In an extreme case, the plasticity of eye size is evident in cave fishes 

Astyanax Spp. where surface oriented fish that experience some light will develop a 

functional eye whereas the eye will almost completely degenerate in fish that reside 

deeper in a cave (Jeffery 2001).  All the fish in this study were reared in clear well water 
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or in natural spring feed streams.  Therefore, the difference I observed in eye 

development may be a result of life in blue-green fiberglass tanks without structure on 

which to focus.  The river rock in the complex habitats provided a darker benthic 

environment on which to focus while maintaining the blue-green walls that provided an 

even brighter rearing environment than the wild fish experienced.  The differences I 

detected in eye development of age-1 and age-2 wild fish suggests that as fish transition 

from age-1 to age-2 they shift energy allocation from optic tectum development to optic 

tectum maintenance and eye lens development.  The teleost eye is a complex organ and it 

is difficult to determine exactly what effect different eye lens volumes, pupil sizes, or 

total eye diameters will have on the visual acuity of a fish.  The lens is used to refract 

light that enters the pupil and focuses an image by moving toward and away from the 

retina where photoreceptor cells collect pigments for vision processing in the optic 

tectum (Bowmaker 2011, Krӧger 2011, Northmore 2011).  It is clear that future work 

focused on eye development and how it may influence a fish’s visual acuity and the 

resulting behavior should collectively consider all components of the fish eye.  

Understanding the correlation between cognition, behavior and brain development 

in fish has advanced significantly in the past few years (Ebbesson and Braithwaite 2012, 

Fernald 2015).  The growing body of literature suggests that rearing environment plays 

an important role in behavior and development and providing a level of complexity to 

captive habitats may result animals that are better fit to accomplish management goals.  

The ability to rear fish in captivity is an important tool that can be used to accomplish a 

suite of management objectives including providing put-and-take fishery opportunities, 

upholding mitigation responsibilities, and conservation oriented objectives like providing 

fish for research and reintroduction programs, or in worst case scenarios maintaining 

refuge populations.  Rearing small groups of wild-like fish for research projects is 

logistically more feasible than rearing larger groups of fish for reintroduction and 

recovery programs.  This is a function of available donor stocks, and animal husbandry 

considerations including rearing space and density, amount and type of feed (i.e., 

commercial, natural, or both), and maintaining a clean captive environment.  Future 

research in determine how best to scale-up natural rearing approaches while maintaining 

wild-like behaviors and development would be beneficial to recovery programs.  



61 
 

 

 

Ultimately, producing a behaviorally and developmentally wild-like fish in captivity 

should improve the post-release survival of individuals and improve the success rate of 

reintroduction programs aimed at recovering threatened and endangered species.   
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Table 3.1.  Length and weight of bull trout and Chinook salmon sampled in boldness and prey acquisition trials, and brain and 
eye lens development comparisons.   
  Length (mm)   Weight (g) 

Rearing habitat N Max Min Mean SD   N Max Min Mean SD 

Boldness 
Bull Trout            

Conventional 36 117 72 87.8 10.4  36 14.4 3.8 7.5 2.6 
Complex 33 136 79 103.1 15.3  33 27.3 5.4 12.6 5.7 
Wild 29 162 80 110.6 26.3  29 48.0 4.5 17.0 12.7 

Prey acquisition 
Bull Trout            

Conventional 20 205 154 183.6 14.0  20 99 39 70.0 15.6 
Complex 20 215 138 184.2 21.5  20 119 30 73.3 25.1 
Wild 11 157 120 138.2 11.3  11 36 15 23.6 6.0 

Chinook salmon            
Conventional 200 60 48 52.8 2.5  20 18.1 11.0 15.9 2.1 
Complex 200 60 48 52.7 2.6  20 19.1 11.3 16.0 2.0 
Wild 110 55 40 49.0 3.5  11 13.8 5.2 8.9 3.0 

Brain and eye lens development 
Bull Trout            

Conventional 12 133 85 108.3 15.2  12 26.1 6.2 13.7 6.3 
Complex 12 136 87 109.8 13.9  12 27.8 7.0 15.0 6.0 
Wild 8 112 85 94.1 9.9   8 15.5 5.5 8.8 3.5 
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Table 3.2.  Results of top ranked models describing boldness of bull trout reared in conventional and complex captive 
environments and wild environments.  Akaike weights (w) of each model are reported.       
        Odds ratio 

Model parameter Parameter 
estimate 

Standard 
error P-value Estimate Lower 

95% CI 
Upper 
95% CI 

Best-fitting model (w = 0.327) 
Intercept -2.08 0.53 0.000 - - - 
Rearing habitat (complex) 1.52 0.64 0.018 4.57 1.39 18.13 
Rearing habitat (wild) 0.51 0.72 0.480 1.67 0.40 7.37 

Second-best-fitting model (w = 0.320) 
Intercept -1.67 0.61 0.006 - - - 
Rearing habitat (complex) 1.80 0.68 0.008 6.03 1.71 25.38 
Rearing habitat (wild) 0.90 0.76 0.235 2.46 0.55 11.57 
Weight (g) -0.06 0.04 0.182 0.95 0.86 1.02 

Third-best-fitting model (w = 0.271) 
Intercept -0.31 1.46 0.834 - - - 
Rearing habitat (complex) 1.83 0.69 0.008 6.26 1.73 27.15 
Rearing habitat (wild) 0.90 0.77 0.242 2.47 0.54 11.90 
Length (mm) -0.02 0.02 0.198 0.98 0.95 1.01 
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Table 3.3.  Model selection statistics for candidate models describing the boldness and prey acquisition behavior of captive 
reared and wild bull trout.  Goodness-of-fit statistics for the top three ranked models are reported.     

Candidate Model K -2 ln L AICc ΔAICc wi x2 df P 

Boldness trials    
Rearing habitat 3 95.04 101.3 0.00 0.327 95.0 95 0.48 
Rearing habitat, Weight 4 92.91 101.3 0.04 0.320 92.9 94 0.51 
Rearing habitat, Length 4 93.24 101.7 0.37 0.271 93.2 94 0.50 
Weight 2 101.15 105.3 3.98 0.045 - - - 
Length 2 101.54 105.7 4.38 0.037 - - - 

Prey acquisition trials    
Predator rearing habitat, Predator length  5 107.61 121.5 0.00 0.510 0.45 45 0.99 
Predator rearing habitat, Predator weight 5 108.45 122.4 0.84 0.335 0.69 45 0.98 
Predator rearing habitat 4 113.12 124.5 2.94 0.117 0.47 46 0.99 
Predator rearing habitat, Prey rearing habitat 5 112.87 126.8 5.27 0.037 - - - 
Average prey length 3 126.96 135.8 14.32 0.000 - - - 
Prey rearing habitat 3 131.62 140.5 18.98 0.000 - - - 
Predator length  3 131.84 140.7 19.20 0.000 - - - 
Predator weight 3 132.10 141.0 19.46 0.000 - - - 
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Table 3.4.  Results of the top ranked models from logistic regression models describing prey acquisition behavior of bull trout 
reared in conventional and complex captive environments and wild environments.  Akaike weights (w) of each model are 
reported.      
        Odds ratio 

Model parameter Parameter 
estimate 

Standard 
error P-value Estimate Lower 

95% CI 
Upper 

95% CI 
Best-fitting model (w = 0.510)  

Fixed effects       Intercept -9.64 2.54 0.000 - - - 
Rearing habitat (complex) 1.56 0.59 0.008 4.77 1.51 15.05 
Rearing habitat (wild) 4.26 0.88 0.000 70.61 12.47 400.00 
Length (mm) 0.03 0.01 0.020 1.03 -0.95 3.02 

Random effects       Trial 0.00 0.00 - - - - 
Overdispersion 0.01 0.41 - - - - 

Second-best-fitting model (w = 0.335) 
Fixed effects       Intercept -5.84 1.05 0.000    Rearing habitat (complex) 1.50 0.59 0.011 4.48 1.42 14.15 

Rearing habitat (wild) 4.06 0.87 0.000 57.98 10.54 318.89 
Weight (g) 0.00 0.00 0.031 1.00 -0.96 2.96 

Random effects       Trial 0.01 0.29 - - - - 
Overdispersion 0.00 0.35 - - - - 

Third-best-fitting model (w = 0.117) 
Fixed effects       Intercept -4.13 0.59 0.000    Rearing habitat (complex) 1.67 0.59 0.004 5.30 1.68 16.71 

Rearing habitat (wild) 2.91 0.69 0.000 18.29 4.75 70.38 
Random effects       Trial 0.35 0.41 - - - - 

Overdispersion 0.01 0.40 - - - - 
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Figure 3.1.  Diagram depicting an overhead view (a) and view of the baffle from inside a behavioral arena (b) for boldness trials and 
an overhead view (c) of the arena for the prey acquisition trials.  Substrate is indicated by checkered patterns.  
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Figure 3.2.  Example of a stack of 40 magnetic resonance imaging (MRI) slides taken 
from the transverse plain of a bull trout.  Slide 1 depicts the most caudal section and slide 
40 depicts the most cranial section.  Regions of interests used to calculate volumes of the 
cerebellum (slide 5 to 13), optic tectum (slide 14 to 23), telencephalon (slide 24 to 29), 
and right and left eye lens (slide 24 to 30) are outlined in white.  Slide 19 shows the six 
linear measurements collected to determine average optic tectum width.  
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Figure 3.3.  Times of day (a) and hours after the start of a trial (b) that bull trout navigate 
the passage tube and exhibited boldness.  Points are jittered along the x-axis for 
presentation purposes.  
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Figure 3.4.  Plots of the eye lens volume relative to optic tectum volume and 
telencephalon, optic tectum, and cerebellum volume relative to whole brain volume of 
bull trout reared in complex and conventional captive environments and age-1 and age-2 
wild fish.  The box represents the mean and the error bars represent the 95% confidence 
interval   Lower case letters represent statistically significant differences (α = 0.05) in 
pairwise comparisons.    
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Figure 3.5.  Plots of the optic tectum width relative to the whole brain, optic tectum, 
cerebellum, and telencephalon volume of bull trout reared in complex and conventional 
captive environments and age-1 and age-2 wild fish.  The box represents the mean and 
the error bars represent the 95% confidence interval   Lower case letters represent 
statistically significant differences (α = 0.05) in pairwise comparisons.  
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ABSTRACT 

Species reintroduction programs are fraught with uncertainty.  Stakeholders can 

disagree on what is the optimal reintroduction strategy to use (i.e., translocation, captive 

rearing, or artificial production) or how many individuals to collect for a program.  These 

decisions are further complicated by a limited understanding of how captivity affects an 

animal’s phenotype and how well animals will survive upon release.  Structured decision 

making allows natural resource decisions to be made in spite of uncertainty by linking 

reintroduction goals with alternative management actions through predictive models of 

ecological processes.  Predictive models represent competing hypothesis that describe the 

belief of the structure and function of the ecological system and can be updated as new 

information is generated by monitoring and research (i.e., adaptive management).  I 

developed a decision model to evaluate the tradeoffs between six bull trout Salvelinus 

confluentus reintroduction decisions with the goal of maximizing the number of adults in 

the recipient population, up to 300 individuals, without reducing the donor population to 

an unacceptable state.  The six decision alternatives that were evaluated are to: 1) do-

nothing, 2) translocate 1000 juveniles, 3) translocate 60 adults, 4) translocate 1000 

juveniles and 40 adults, 5) captive rear 20,000 wild embryos, or 6) artificial production of 

60 wild adults.  The model was parameterized with published demographic parameters 

where available and consisted of three stage-based Leslie matrix models that represented 

the donor, captive, and recipient populations.  A state dependent policy was created that 

identified the optimal decision over a combination of possible donor and recipient adult 

abundance states.  One-way sensitivity analysis suggested that the value of the decision 

outcome was most influenced by survival parameters that result in increased adult 

abundance in the recipient population, and increased juvenile survival in the donor and 

recipient populations.  The decision outcome was also sensitive to small and large adult 

fecundity rates and sex ratio.  The outcome was least sensitive to survival parameters 

associated with the captive population, a survival reduction of naive reintroduced 

individuals, and juvenile carrying capacity of the reintroduced population.  Two-way 

sensitivity analysis with all combinations of model parameters identified interactions that 

influence the decision outcome and identity.  For example, a comparison of the juvenile 

density dependent parameters for the donor population indicates that when above a 
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maximum egg survival of 0.14 the juvenile carrying capacity has a greater influence on 

the expected outcome of the decision.  When juvenile carrying capacity in the donor 

population was less than ~5500 individuals, the optimal strategy was to do nothing, 

which most likely avoided an unacceptable reduction in donor population abundance.  

Whereas, translocating adults was the optimal decision when both density dependent 

parameters (i.e., juvenile carrying capacity, maximum egg survival) were in the upper 

end of their range and resulted in a decision outcome of greater than 60 adults in the 

recipient population.  The optimal decision was to captive rear embryos when there was 

minimal effect of captive rearing and translocation on the survival of released fish.  

Whereas, translocating adults was the optimal decision when the probability of survival 

was less than 0.75 for captive reared fish as compared to translocated fish.  As the 

survival penalty for captive reared fish neared 1.00, which indicated little to no effects of 

captivity on a fish’s survival after release, artificial production became the optimal 

decision regardless of the effects of a translocation on post-release survival.  The model 

and sensitivity analyses can serve as the foundation for formal adaptive management and 

improved effectiveness, efficiency, and transparency of bull trout reintroduction 

decisions.  Ongoing bull trout reintroductions and research will continue to lessen 

uncertainty and new information can be incorporated into decision models to guide future 

reintroduction decisions and maximize the benefit from limited resources available for 

bull trout recovery. 

INTRODUCTION 

Bull trout Salvelinus confluentus require cold water for spawning and early 

rearing (Buchanan and Gregory 1997), and if climate change predictions are accurate and 

habitat degradation and fragmentation continue to limit connectivity, then populations are 

expected to decline even further (Rieman et al. 1997).  The Pacific Northwest warmed 

0.8°C in the twentieth century, and this trend is expected to continue and magnify (IPCC 

2007, Mote and Salathé 2010).  Rieman et al. (2007) evaluated bull trout response to a 

range of predicted climate warming scenarios for the Columbia River Basin and 

estimated a loss ranging from 18–92% of suitable natal habitat.  The range of this 

estimate suggests a large amount of uncertainty when considering the effects of climate 

change on bull trout populations.  It is thought that warming trends will restrict 
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populations to small isolated patches in headwater streams, further limiting population 

connectivity (Rieman et al. 2007) and increasing extinction risk (Rieman and McIntyre 

1995).  Large populations residing in less degraded habitat will increase in importance as 

source populations for recolonization and reintroduction efforts (Dunham and Rieman 

1999). 

There are numerous options to deal with the harmful effects of climate change on 

bull trout populations.  Isaak et al. (2010) suggested that by minimizing disturbances in 

riparian habitat (i.e., grazing, road building, and timber harvest) we can buffer stream 

temperatures from additional warming.  Unoccupied habitat can be made available for 

natural recolonization or reintroduction (Dunham and Rieman 1999) by removing or 

reengineering manmade structures that limit habitat connectivity.  Connectivity is the 

mechanism that promotes complex life histories exhibited by bull trout.  Resident 

populations may supply individuals to migratory populations and vice versa (Rieman and 

McIntyre 1993).  Connectivity between suitable habitats needs to be available for these 

life history strategies to promote long term persistence of the population.  Combining 

multiple small isolated populations that result from a warming climate will create 

functional metapopulations that provide a greater value to conservation (Dunham and 

Rieman 1999) and in areas where reclaiming and reconnecting suitable habitat does not 

result in natural recolonization managers may decide to implement a reintroduction 

program.   

The Bull Tout Recovery Plan (USFWS 2015) identifies translocation and 

controlled propagation as potential tools to produce individuals for reintroduction 

programs.  A translocation strategy consists of capturing individuals from a donor 

population and directly transporting and releasing them into a recipient habitat.  

Controlled propagation can be divided into two strategies; captive rearing, and artificial 

production.  A captive rearing strategy involves capturing, transporting and rearing wild 

individuals in a controlled environment to be released at a later date when their potential 

for survival has been improved.  Artificial production differs from captive rearing in that 

wild fish are brought into captivity and spawned.  The resulting progeny are reared in 

captivity to maturity and subsequently spawned or released into the wild as part of a 

reintroduction program (Hard et al. 1992). 
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Each strategy comes with its own advantages, disadvantages, and uncertainty.  

Translocation is the least expensive of the three strategies and comes with a variety of 

benefits.  Natural fish behaviors, genetic diversity, and ecological diversity will not be 

affected by the captive environment (e.g., Flagg and Nash 1999, Brown and Day 2002, 

Fraser 2008, Naish et al. 2008).  For these reasons translocation is the first option among 

many managers and has produced some success with releases of individuals into the 

Willamette and Clackamas rivers in Oregon (UWBTWG 2010, Barrows et al. 2016).  

Disadvantages to translocation include high risk to donor populations due to the number 

of individuals needed to create a self-sustaining population (Shivley et al. 2007), the 

potential for local adaptation of donor populations hindering performance in the recipient 

system, and limited ability for fish health screening.  Relative to translocation, captive 

rearing and artificial production can provide more individuals for reintroduction while 

lessening the demographic impact to donor populations (Shively et al. 2007).  These 

strategies also provide a greater opportunity to monitor fish health.  However, there is a 

suite of recent literature summarizing the effects of captivity on salmonids (e.g., Flagg 

and Nash 1999, Brown and Day 2002, Fraser 2008, Naish et al. 2008).  Impacts to stress 

(Dickens et al. 2010), behavior (Chapter 3, Berejikian et al. 2001), morphology (Taylor 

1986) and concerns over genetic diversity (Fraser 2008) are inevitable in captive rearing 

and artificial production programs.  In general, the costs and benefits of a captive rearing 

strategy fall in-between a translocation and an artificial production strategy.  Managers 

opt to use artificial production only when natural populations are extremely low, all other 

options have been exhausted, and the extinction risk is outweighed by the negative 

impacts of artificial production (Hard et al. 1992).  Selecting the best strategy to benefit 

bull trout conservation will depend on levels of uncertainty, the understanding of how the 

biological system works, the amount of risk managers are willing to incur, and the 

probability of achieving the desired outcome (e.g., increased abundance and/or 

distribution). 

A better understanding of the tradeoffs between alternative bull trout 

reintroduction decisions is needed and can be accomplished through structured decision 

making.  Structured decision making is a process that promotes informed decision 

making and transparency by linking explicit quantifiable objectives to management 
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alternatives (i.e., reintroduction strategies) through predictive models (Conroy and 

Peterson 2013, Clemen 1996).  The models represent competing hypotheses that describe 

the understanding of how ecological processes may respond to a particular decision and 

the structure of those processes.  However, most decisions in natural resources are 

confounded by uncertainty.  Rather than ignore uncertainty, structured decision making 

incorporates into the decision process and since most natural resource decisions are 

reoccurring in time and space, new information can be gained through monitoring and 

used to minimize uncertainty (i.e., learning, adaptive management).                 

Structured decision making has been used widely throughout the natural resources 

field.  For example, the process has been used to optimize sustainable duck (Anderson 

1975) and fish harvest (Walters et al. 1993), manage forest resources (Moore and Conroy 

2006) and recovery of west coast salmonids (Gregory and Long 2009).  Reintroduction 

and captive breeding decisions regarding the black footed ferret Mustela nigripes 

(Maguire 1988), Hawaiian honey creeper Melamprosops phaeosoma (VanderWerf et al. 

2006), bridled tailed wallaby Onychogalea fraenata (Rout et al. 2009), and peregrine 

falcon Falco peregrinus anatum (Wakamiya and Roy 2009) have been evaluated with 

structured decision making.  Given the inherent uncertainty, need for transparency, and 

importance of natural resource conservation and recovery, the Department of the Interior 

and the U.S. Fish and Wildlife Service have adopted structured decision making to guide 

habitat and species conservation into the future (i.e., Strategic Habitat Conservation, 

USFWS 2008, Williams et al. 2009).   

Given the threatened status of bull trout and uncertainty regarding reintroduction 

strategies, the process of structured decision making can inform future reintroductions 

and would be a useful tool for managers (USFWS 2015).  To this end, I employed 

structured decision making to evaluate the tradeoffs of alternative bull trout 

reintroduction decisions.  I identified model objectives, alternative reintroduction 

decisions, and presented the model structure.  A series of sensitivity analyses were 

conducted to determine the relative uncertainty of decision model parameters.  I then 

used the model and stochastic dynamic programming to develop a state dependent policy 

that managers can use to guide bull trout reintroductions given any combination of 

available donor and recipient population sizes (i.e., states).  Finally, I used forward 
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simulation to compare the quasi-extinction probability of donor and recipient populations 

under different management alternatives and environmental stochasticity.       

METHODS 

Valuation of decision outcome 

Fundamental objectives of a reintroduction are to 1) build a self-sustaining 

recipient population, and 2) do so without endangering the donor population (IUCN/SSC 

2013).  Accurate estimates of abundance and demographics are needed to determine the 

probability that a population will persist (Caswell 2001, Morris and Doak 2002).  

However, obtaining accurate estimates of demography is difficult and expensive, relative 

to estimation of adult abundance.  Redd surveys are widely used to estimate adult bull 

trout abundance.  However, these estimates may be biased by observer experience, 

sampling effort, and habitat variability.  These biases may result in abundance estimates 

that are typically less than the true population size (Al-Chokhachy et al. 2005, Mulfeld et 

al. 2006) which suggests that basing the decision value on abundance estimates derived 

from readily available redd count data will result in conservative abundance estimates 

and a user-friendly model.  I calculated the value of a decision outcome (i.e., the utility) 

as the number of adults in the recipient population up to a maximum of 300 adults, with 

the assumption that the marginal gain from additional adults would not outweigh the cost 

and effort of additional releases.  I assumed that any removal of individuals would reduce 

adult abundance in the donor population by some level and used a state-based approach 

to apply a penalty if the donor population was reduced to an unacceptable state.  The 

value of the decision (i.e., utility) was multiplied by zero if the ending state was less than 

the starting state as identified in Table 4.1.  For example, if the recipient population is 

estimated to be 80 adults after a reintroduction and the donor population is not reduced to 

an undesirable state the value of the division is 80 x 1 = 80.  Whereas if the donor 

populations is reduced to an undesirable state the value of the decision is 80 x 0 = 0.      

Decision alternatives 

A reintroduction decision for bull trout consists of two components.  First, a 

reintroduction strategy (i.e., translocation, captive rearing, artificial production) needs to 

be selected.  Then depending on the strategy selected, the life stage(s) and number of 

individuals needed for the reintroduction effort needs to be determine.  I selected six 
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reintroduction decision alternatives to evaluate (Table 4.2).  Three translocation 

alternatives that are structured similar to the Clackamas River reintroduction in which 30 

adults, 30 subadults, and 1000 juveniles were targeted for transfer (USFWS 2011).  I 

used these numbers for the basis of alternative 4 in which 1000 juveniles, 60 sub adults, 

and 40 adults were translocated.  Also, I evaluated a 1000 juvenile-only translocation 

(alternative 2) and a 60 adult-only translocation (alternative 3) using similar numbers of 

fish.  The fifth alternative was a captive rearing strategy to collect 20,000 eyed embryos 

by hydraulic redd sampling (McNeil 1964, Berejikian et al. 2011) and incubate and rear 

those individuals for one year before releasing them into the recipient habitat (alternative 

5).  The sixth alternative is an artificial production strategy of collecting 30 small adults 

and 30 large adults, artificially spawning those individuals in captivity and releasing the 

resulting progeny after one year of rearing.  I assumed that managers would be able to 

collect the exact number of individuals for the planned reintroduction (i.e., perfect 

controllability; Conroy and Peterson 2013) and each decision represents what is feasible 

from either a logistical perspective (e.g., collection, rearing) and/or reasonable risk to a 

donor population.   

Each decision alternative consisted of five annual collections and subsequent 

releases of individuals.  Do-nothing and translocation strategies encompassed five years, 

whereas the captive rearing strategy and artificial production strategy encompassed six or 

seven years, respectively.  These time steps were a function of the additional time it takes 

to incubate and rear animals in captivity prior to release.  A five to seven year time step 

coincides with the age at maturity in bull trout (4 to 7 years; McPhail and Murray 1979, 

Frailey and Shepard 1989, Johnston 2005) and decisions including the youngest life 

stages will allow surviving individuals an opportunity to become mature adults at the end 

of the time horizon.  The Final Bull Trout Recovery Plan is to be updated approximately 

every five years to reflect current information (USFWS 2015) and this time horizon 

allows new information gained from monitoring efforts to be incorporated into recovery 

plan revisions.     

Model structure and parameters 

The foundation of the model were three stage-based, post-breeding, Leslie matrix 

models (Caswell 2001) that represent the donor, captive, and recipient populations.  Once 
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a decision is made, individuals are collected, moved between populations, and released 

before future populations are projected.  Populations were projected for seven years using 

matrix multiplication (Caswell 2001).  A seven year projection provided all individuals 

collected for an artificial production strategy to be released before evaluating a decision 

outcome.  I incorporated demographic stochasticity in population projections where the 

number of individuals surviving was drawn from a binomial distribution where ni is the 

number of individuals in life stage i and p is the stage base survival parameter.  Similarly, 

fecundity was drawn from a Poisson distribution where λ was equal to Fi (Conroy and 

Peterson 2013). 

The donor model consisted of five life stages adopted from Schaller et al. (2014); 

embryos, juveniles, subadults, small adults, and large adults.  The transition matrix of the 

donor population (d) takes the form: 

Ad =

⎝

⎜
⎛

0 0 0 𝐹𝐹4 𝐹𝐹5
𝐺𝐺1 0 0 0 0
0 𝐺𝐺2 𝑃𝑃3 0 0
0 0 𝐺𝐺3 𝑃𝑃4 0
0 0 0 𝐺𝐺4 𝑃𝑃5⎠

⎟
⎞

, 

where Fi w the fecundity of stage i, Gi is the probability of surviving and transitioning to 

stage i + 1, and Pi is the probability of surviving and staying in stage i.  Small adult 

fecundity (F4) is calculated as: 

𝐹𝐹4 =  𝑚𝑚4  ×  𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ×  𝐵𝐵4 × (𝐺𝐺4 +  𝑃𝑃4), 

and large adult fecundity (F5) is calculated as: 

𝐹𝐹5 =  𝑚𝑚5  ×  𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ×  𝐵𝐵5 × 𝑃𝑃5, 

where mi is the number of eggs produced by a female in stage i, sexr is the sex ratio of the 

adult population, and Bi is the probability of a female in stage i spawning.  I chose to 

incorporate sex ratio in the population models rather than build a female-only matrix 

model (Caswell 2001) to evaluate the uncertainty associated with sex ratio of a 

reintroduction program.  I incorporated density dependence in survival at the juvenile 

stage (G1) of the population as: 

𝐺𝐺1  = 𝑠𝑠𝑚𝑚𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒.𝑚𝑚𝑚𝑚𝑠𝑠. 𝑆𝑆 × �1 − 𝑠𝑠𝑠𝑠𝑒𝑒 � −𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗.𝐶𝐶𝐶𝐶
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒.𝑒𝑒𝑚𝑚𝑚𝑚.𝑆𝑆 ×𝑁𝑁.𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗

��, 
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where embryo.max.S is the maximum embryo survival rate at low densities, juvi.CC is 

the juvenile carrying capacity, and N.juvi is the number of juveniles in the population 

(Lee and Rieman 1997).    

Animals released into new environments, captive or natural, take time to 

acclimate and individuals that fail to do so may exhibit reduced survival (Dickens et al. 

2010).  Therefore, the transition matrix for the captive population consisted of ten life 

stages; a naive (n) component of five life stages that transition into the experienced (e) 

component of the population.  Animals that are collected and transferred into captivity 

remained in the naive group for one time step before transitioning into the experienced 

group.  The transition matrix of the captive population (c) takes the form: 

Ac=

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎛

0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 𝑛𝑛𝐹𝐹4 𝑛𝑛𝐹𝐹5 0 0 0 𝑠𝑠𝐹𝐹4 𝑠𝑠𝐹𝐹5
𝑛𝑛𝐺𝐺1 0 0 0 0 𝑠𝑠𝐺𝐺1 0 0 0 0
𝑛𝑛𝑛𝑛1 𝑛𝑛𝐺𝐺2 𝑛𝑛𝑃𝑃3 0 0 𝑠𝑠𝑛𝑛1 𝑠𝑠𝐺𝐺2 𝑠𝑠𝑃𝑃3 0 0

0 0 𝑛𝑛𝐺𝐺3 𝑛𝑛𝑃𝑃4 0 0 0 𝑠𝑠𝐺𝐺3 𝑠𝑠𝑃𝑃4 0
0 0 0 𝑛𝑛𝐺𝐺4 𝑛𝑛𝑃𝑃5 0 0 0 𝑠𝑠𝐺𝐺4 𝑠𝑠𝑃𝑃5⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎞

 

where stage based fecundity (Fi), growth (Gi), and survival probabilities (Pi ) are as 

described for the donor population.  However, each parameter in the naive component (n) 

of the population matrix was multiplied by an additional variable to account for the 

reduced survival of a naive individual (naive).  For example, if the probability of survival 

for an experience fish is 0.80 and naive is 0.50, then the probability of survival for a 

naive fish is equal to 0.80 x 0.50, or 0.40.  In addition, I added a rapid growth parameter 

(R1) that represents the probability that an embryo may survive and advance to the 

subadult life stage when provided a controlled captive environment and consistent feed 

availability (Fredenberg et al. 1995, Fredenberg 1998).  I assumed that space and 

resources in captivity were not limiting and therefore density dependence would not 

affect the captive population.    

The transition matrix of the recipient population (r) was similar to the captive 

population in that I included a naive (n) and experienced (e) component. The transition 

matrix takes the form:   



86 
 

 

 

Ar=

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎛

0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 𝑛𝑛𝐹𝐹4 𝑛𝑛𝐹𝐹5 0 0 0 𝑠𝑠𝐹𝐹4 𝑠𝑠𝐹𝐹5
𝑛𝑛𝐺𝐺1 0 0 0 0 𝑠𝑠𝐺𝐺1 0 0 0 0

0 𝑛𝑛𝐺𝐺2 𝑛𝑛𝑃𝑃3 0 0 0 𝑠𝑠𝐺𝐺2 𝑠𝑠𝑃𝑃3 0 0
0 0 𝑛𝑛𝐺𝐺3 𝑛𝑛𝑃𝑃4 0 0 0 𝑠𝑠𝐺𝐺3 𝑠𝑠𝑃𝑃4 0
0 0 0 𝑛𝑛𝐺𝐺4 𝑛𝑛𝑃𝑃5 0 0 0 𝑠𝑠𝐺𝐺4 𝑠𝑠𝑃𝑃5⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎞

 

where stage based fecundity (Fi), growth (Gi), survival probabilities (Pi ), and reduced 

survival for naive individuals (naive) are as described for the donor and captive 

populations.  I again accounted for density dependence using the equation from Lee and 

Rieman (1997) with a carrying capacity (juvi.CC) and maximum embryo survival 

(embryo.max.S) parameter that are specific to the recipient population, and where the 

N.juvi parameter was equal to the summation of juvenile individuals in both the naive and 

experienced components of the population.  In addition to applying a survival reduction 

for a fish’s naivety, I also applied a survival reduction at the first time step depending on 

which reintroduction strategy was used.  This reduction represented the negative effects 

of handing and captivity and I assumed that survival of a translocated fish (trans.reduc) 

would be greater than that of a captive reared (cap.reduc) fish, which would be greater 

than that of an artificially produced fish (artprod.reduc).    

Until recently, a comprehensive set of demographic parameters for all bull trout 

lifestages was unavailable.  To fill this data gap Schaller et al. (2014) estimated survival 

rates for a bull trout metapopulation using ten years of mark-recapture data.  I used 

similar values to parameterize the Leslie matrixes (Table 4.3).  Estimates of the survival 

reduction for naive fish and reintroduction strategy reduction do not exist.  As such, I set 

the survival reduction for naive fish at 0.50 with the understanding that the variable 

would range from 0.10 to 0.99 during sensitivity analysis which would provide a better 

understanding of the effect of this variable on the decision outcome.  After conversations 

with biologists working with bull trout, I assumed that the handing stress during capture, 

transport, and release would result in delayed mortality and reduce the survival of 

translocated fish by 0.70.  In addition to the effect of capture, transport, and release, I 

assumed that deleterious effect of captivity would result in a reduced survival of captive 
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reared fish by 0.30.  I applied a survival reduction of 0.20 to artificially produced fish due 

to the combined effects of capture, transport, release, captivity, and artificial spawning 

practices that lack natural mate selection processes (Table 4.3).     

Decision model sensitivity analysis  

Before determining the optimal decision I evaluated the characteristics of the 

decision model with sensitivity analyses, response profiles, and indifference curves 

(Clemen 1996, Conroy and Peterson 2013).  These analyses were used to identify model 

parameters that have the greatest effect on the value of the decision and the resulting 

decision alternative, as well as ensure the model is functioning as expected.  One-way 

sensitivity analysis was conducted by holding all model parameters, including starting 

donor population abundance, at a mean value and incrementally varying each parameter 

between a minimum and maximum range (Table 4.3, Table 4.4).  The output of the one-

way sensitivity analysis was used to create a tornado diagram of all parameters (Figure 

4.1) and indifference curves for each parameter (Figure 4.2).  To evaluate interactions 

between parameters, I conducted a two-way sensitivity analysis in which two model 

parameters were varied simultaneously while the others were kept at mean values.  I then 

created contour plots of the expected outcome and response profiles of the identity of the 

optimal decision (Figure 4.2; Conroy and Peterson 2013).  I ran 1000 simulations for all 

sensitivity analyses and used the mean utility value. 

Optimal state-based decisions 

The goal of optimization is to maximize the outcome, or the utility of a decision.  

I applied stochastic dynamic programing (SDP) to determine the optimal management 

decision (Lubow 1996, Rout 2009, Chadès et al. 2014) across a combination of donor and 

reintroduced population states.  Stochastic dynamic programing is used to solve Markov 

decision problems and uses backward induction to identify the best decision under 

uncertainty by maximizing the sum of future expected rewards, in this case, recipient 

adult abundance.  This technique is appropriate for management decisions that are 

confounded with uncertainty and stochasticity, and consist of a finite set of potential 

states where sequential decisions are being made (Bellman 1957, Rout et al. 2009).  

Stochastic dynamic programming has been applied to maximize harvest of ducks 

(Anderson 1975) and sandhill cranes (Gerber 2015), exploitation of fisheries (Walters 
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1975, Walters and Hilborn 1976), and to optimize the translocation of threatened species 

(Lubow 1996, Rout et al. 2009).      

I generated 24 starting populations of bull trout with large adult abundances 

ranging from 0 to 307 individuals.  The stable age distribution from the donor transition 

matrix was used to determine the abundance of all younger lifestages.  This resulted in a 

maximum of 1499 mature adults (small and large adults) in the largest starting population 

(Table 4.4).  Using these populations as starting abundances for the donor and recipient 

population, I created every possible combination of populations that may be observed in 

real world reintroduction scenarios, resulting in 576 (24 x 24) potential starting 

population sizes.  These populations were replicated 100 times to account for 

demographic stochasticity during the optimization.  For each of these starting 

populations, the utility and ending population size of the donor and recipient populations 

were calculated for all six reintroduction decisions using the mean parameter values 

(Table 4.3).  This process was repeated 10,000 times and the utility and ending 

populations used to create a transition probability matrix for each decision that describes 

the probability of transitioning from a starting population state to an ending population 

state and the associated return (i.e., the decision outcome or utility).  The transition 

probability tables and return values were input into the Markov decision process policy 

iteration algorithm implemented in R package MDPtoolbox (Chadès et al. 2014) with a 

discount factor of 0.9999.  The algorithm outputs a table of state dependent management 

policies for all possible starting donor or recipient population states.  The adult 

populations were discretized into five abundance states; 0 to 50, 50 to 100, 100 to 250, 

250 to 500, and greater than 500 individuals (Table 4.5).   

Leslie matrix sensitivity and elasticity 

I considered the implications of demography with sensitivity and elasticity 

analyses of the population growth rate (λ) to changes in transition matrix elements 

(Caswell 2001, Wilson 2003) for the donor, recipient, and captive populations.  

Sensitivity and elasticity estimates were calculated with the vitalsens function in the 

popbio package in R which calculates sensitivities and elasticities of lambda to lower-

level vital rates (e.g., sexr, Bi, mi, d.juvi.CC; Stubben and Milligan 2007).  All parameters 

were set at mean values (Table 4.3) for these analyses and juvenile abundance (N.juvi) 
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was set at 15,000 individuals to determine the sensitivity and elasticity of lower-level 

vital rates contained in the density dependent equation (i.e., egg.max.s, juvi.cc) of G1 for 

the donor and recipient populations.  

Management alternatives 

A viable population is one that has a low probability of going extinct within a 

specific timeframe (i.e., quasi-extinction probability; Morris and Doak 2002).  To better 

understand the viability of populations after a management action, I used forward 

simulation to compare quasi-extinction probabilities of the donor and recipient 

populations under seven different management alternatives.  Six of the alternatives 

consisted of simulating each reintroduction decision in the set (Table 4.2) for one 

decision time step (i.e., 7 years) and using forward simulation to estimate the donor and 

recipient population abundances after 50 years (i.e., one-and-done alternatives).  The 

final alternative consisted of using the optimal state dependent policy (Table 4.5) to 

simulate recurring reintroduction decisions over a 50 year time period (i.e., the SDP 

alternative).  In this alternative, current adult abundance states of the donor and recipient 

populations are estimated via monitoring, and the state dependent policy (Table 4.5) 

informs which of the six management decisions should be implemented for the next time 

step (i.e., 7 years).  Once a time step is complete, the state dependent policy informs the 

subsequent management action, and so on for a total of 50 years, or seven consecutive 

management decisions.   

All alternatives were run with four starting adult abundance states for the donor 

population; 100, 150, 300, and 500 adults.  Similarly, I also ran all alternatives with a 

0.05 probability of disturbance occurring to evaluate the resiliency of the populations 

under environmental stochasticity.  If a disturbance did occur the population abundance 

of each life stage was reduced by 25%.  Populations were simulated 1000 times for each 

alternative, starting donor population state, and with and without environmental 

stochasticity, and the mean adult abundances were plotted (Figure 4.4, Figure 4.5) and 

used to determine the quasi-extinction probability of the average population.  Quasi-

extinction probabilities were determined with the count-based extinction time cumulative 

distribution function in R package popbio (Table 4.6; Stubben and Milligan 2007, Morris 

and Doak 2002).  Estimated mean population size (mu) and sample variance (sig2) was 
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calculated from year 8 to 50, Current population size (Nc) was equal to adult population 

abundance at year 8, the quasi-extinction threshold (Ne) was set at 50 adults, and the 

latest time to calculate extinction probability (tmax) was equal to 50 years.  Beginning the 

quasi-extinction estimates at year 8 allows for all alternatives to complete one decision 

time step.   

RESULTS 

Optimal state-based decisions 

The state dependent policy included four of the six decision sets that were 

evaluated.  All translocation decisions (alternatives 2, 3, and 4) and the do nothing 

decision (alternative 1) were included in the state dependent policy table (Table 4.5).  

Absent from the table were the captive rearing of embryos (alternative 5) and artificial 

production (alternative 6) decisions.  In situations where adult abundance in the donor 

population was below 100 individuals or the recipient population was above 500 

individuals the optimal strategy was to do-nothing (alternative 1).  Any scenario where 

the recipient adult abundance was less than 50 individuals, like one would expect to 

encounter at the first timestep of a reintroduction program, the optimal decision changed 

four times depending on donor population abundance.  When donor abundance was 

greater than 100 individuals the optimal decision shifted from doing nothing (alternative 

1) to translocating 1000 juveniles (alternative 2), and between 300 to 500 donor adults 

the optimal decision shifted to translocation of all off life stages (alternative 4).  When 

the donor population was large (i.e., greater than 500 adults) translocating adults only 

(alternative 3) became the optimal decision.  As a reintroduction program continues, the 

decisions prescribed in the policy table reflect the value in continued supplementation of 

the recipient population to reduce extirpation risks while balancing the risk of crashing 

the donor population.  This tradeoff process continued until the recipient population was 

above 300 individuals at which point the marginal gain of additional adults was 

negligible, as defined by the structure of the utility function, resulting in the optimal 

decision of doing nothing. 

Decision model sensitivity analysis 

The tornado diagram created from the one-way sensitivity analysis (Figure 4.1) 

suggested that the decision outcome was most influenced by survival parameters that 
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resulted in increased adult abundance in the recipient population (r.P5, r.G2, r.G3), and 

maximum egg survival in the donor and recipient populations (d.egg.max.s, r.egg.max.s).  

The decision outcome was also sensitive to small and large adult fecundity rates and sex 

ratio (mi, sexr).  The outcome was least sensitive to survival parameters associated with 

the captive population (c.P3, c.P4, c.G2, c.G3, c.G4), the survival reduction of naive 

reintroduced individuals (r.naive), and juvenile carrying capacity of the reintroduced 

population (r.juvi.CC).    

The response profiles from the one-way sensitivity analysis showed that the 

optimal decision changed as a function of the strategy specific survival reduction (Figure 

4.2a, b, c).  For example, if a translocated fish survived at 60% or less than a non-

translocated fish, then the optimal decision was artificial production (alternative 6).  

Whereas, at above a 60% survival reduction the optimal decision was to translocate 

adults only (alternative 3).  When the survival reduction for the translocation strategy 

(trans.reduc) was at 60%, the decision maker would be indifferent to artificial production 

or adult translocation, because either option was expected to produce the same outcome 

(Figure 4.2a).  Similarly, the optimal decision was to captive rear embryos (alternative 5) 

when the captive rearing survival reduction (cap.reduc) was above 40% (Figure 4.2b), 

and artificial production (alternative 6) was the optimal decision when the survival 

reduction for artificial production (artprop.reduc) was greater than 20% (Figure 4.2c).  

The survival reduction for fish that are naive to captivity (c.naive) also influenced which 

decision was optimal.  As more fish survived in captivity more fish are available for 

release into the recipient habitat, thereby resulting in more recipient adults; the primary 

component of the decision utility.  When naive captive fish survived at a rate of 50% or 

more than an experienced captive fish, artificial production and then captive rearing of 

embryos became the optimal and second best decision, respectively (Figure 4.2d). 

Response profiles suggested that the optimal reintroduction decision changed 4 

times as a function of the adult abundance in the donor population; below 25 adults the 

optimal decision was to do nothing (alternative 1), between 25 and 250 adults the optimal 

decision was to translocate only juveniles (alternative 2), between 250 and 400 adults 

translocating all life stages (alternative 4) was the optimal decision, and above 400 adults 

translocating adults only (alternative 3) is the optimal decision (Figure 4.2e).  
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Understandably so, parameters that drive donor adult abundance (d.egg.max.s, d.juci.CC, 

d.Gi, d.Pi) exhibited very similar patterns as Figure 4.2e.  There were other parameters 

that when varied over their estimated range did not change the optimal decision.  The 

optimal decision was static to changes in growth and survival of captive individuals (c.Gi, 

c.Pi), probability of large adults spawning (B5), juvenile carrying capacity in the recipient 

population (r.juvi.CC), and the survival reduction of naive reintroduced fish (r.naive; 

Figure 4.2f).                    

Two-way sensitivity analysis with all combinations of model parameters resulted 

in more than 1000 contour and response profile plots.  I present contour and response 

profile plots of three parameter combinations that were influential in the decision context 

and represent the types of results one can expect from two-way sensitivity analyses 

(Figure 4.3).  A comparison of the juvenile density dependent parameters (d.egg.max.s, 

d.juvi.CC) for the donor population indicated that when above a maximum egg survival 

of 0.14 the juvenile carrying capacity had a greater influence on the expected value of the 

decision, this was indicated by the expected value of the decision changing more across 

the range of carrying capacity values identified by the close contour lines (Figure 4.3a).  

There were four alternatives that resulted in the optimal outcome, depending on the value 

of the juvenile carrying capacity and maximum egg survival of the donor population 

(Figure 4.3b).  When juvenile carrying capacity in the donor population was less than 

~5500 individuals, the optimal strategy was to do nothing (alternative 1), which most 

likely avoided an unacceptable reduction in donor population abundance.  Whereas, 

translocating adults (alternative 3) was the optimal decision when both density dependent 

parameters were in the upper end of the ranges that were evaluated (Figure 4.3b) and 

resulted in a decision outcome of greater than 60 adults in the recipient population at the 

end of one decision time step (i.e., 7 years; Figure 4.3a).                     

The survival reduction of captive reared (cap.reduc) and translocated 

(trans.reduc) fish were parameters of interest given the limited information regarding the 

effects of captive rearing and direct translocation of bull trout.  Two-way sensitivity 

analysis suggested a strong interaction between these parameters when cap.reduc ranged 

from 0.83 to 0.99 and trans.reduc ranged from 0.13 to 0.23; this was evident in the lack 

of parallel contours between these ranges (Figure 4.3c).  The optimal decision was to 
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captive rear embryos (alternative 5) when both parameters were the lower limits of their 

range, whereas the optimal decision was to translocate adults (alternative 3) when 

cap.reduc was less than 0.75 and trans.reduc was greater than 0.14.  As cap.reduc nears 

1.00, which indicated little to no effects of captivity on a fish’s survival after release, 

artificial production (alternative 6) was the optimal decision regardless of the value of 

trans.reduc (Figure 4.3d).        

The final combination of variables presented for the two-way sensitivity analysis 

is survival of large adults in the recipient population (r.P5) and adult abundance in the 

donor population.  One-way sensitivity analyses suggested that the decision outcome 

(i.e., utility; Figure 4.1) and the decision identity (Figure 4.2e) were sensitive to these 

variables and collectively, these parameters are major components of the model, in that 

the utility was a function of recipient and donor adult abundances.  When r.P5 was below 

0.14 the parameter had little influence on the value (Figure 4.3e) or identity (Figure 4.3f) 

of the decision.  When adults in the donor population were less than 450 individuals the 

value of the decision, regardless of the optimal strategy, resulted in 40 or less adults in 

the recipient population.  Doing nothing (alternative 1) was the optimal strategy when 

donor adult abundance was less than 25 individuals and translocating 1000 juveniles 

(alternative 2) was the optimal strategy until donor adult abundance was greater than 300 

individuals (Figure 4.3f).  When donor adult abundance was approximately 390 

individuals the model indicated that translocation of all life stages (alternative 4) was the 

optimal decision, suggesting that at this abundance level, the donor population could 

sustain the removal of adults without falling below a point at which the donor penalty 

would be applied.  When donor adult abundance was above 400 and r.P5 was less than 

0.14, artificial production (alternative 6) produced the greatest value resulting in between 

40 and 60 adults in the recipient population.  However, if r.P5 was greater than 0.14 the 

value of the decision increased at a much faster rate, indicative of the narrow spaces 

between contour lines on this portion of the plot.  This suggests that accurate estimates of 

adult survival in the recipient population (r.P5) are important and any conservation 

actions that improve r.P5 could result a more than doubling of the decision value.  

Matrix model sensitivity and elasticity analysis 
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Setting the vital rates for the donor and recipient populations at similar levels 

resulted in the sensitivities and elasticities for these Leslie matrices being similar (Table 

4.7).  The sensitivity and elasticity analysis of matrix model elements suggest that small 

changes in G2, G3, G4, P5, sexr, and egg.max.s will have the greatest effect on λ of the 

donor and recipient populations, and small changes in G3, G4, R1 and sexr will have the 

greatest effect on λ in the captive population.  Surviving and persisting in the subadult 

lifestages (P3) had a minimal effect on λ for all populations.  The juvenile carrying 

capacity (juvi.cc) and number of juveniles (N.juvi) in the density dependence equation 

had a minimal effect on λ of the donor and recipient populations, with an increase in 

N.juvi resulting in a reduction in λ.  Nether the survival reduction of naive individuals 

(naive) or the survival reduction associated with a reintroduction strategy (strat.reduc) 

had any effect on λ.   

Management alternatives 

The simulation of management alternatives suggests that regardless of the starting 

adult abundance in the donor population the state dependent policy (SDP) alternative is 

better at balancing the risk to the donor population and the benefit to the recipient 

population.  This is evident in that under the SDP alternative the adult donor population 

never drops below the quasi-extinction threshold (Ne) of 50 individuals (Figure 4.4) and 

the probability of quasi-extinction is less than 0.05, regardless of the starting donor adult 

abundance (Table 4.6).  Similar results are seen with the one-and-done alternative of 

decisions 1 and 2, but these decisions fail to generate a recipient population of adults as 

large as or greater than the SDP alternative.  Each of these three alternatives fail to 

generate a recipient population with a quasi-extinction probability of less than 1.00, with 

the exception of the SDP alternative and a large starting donor population of 500 

individuals which has a quasi-extinction probability of 0.08 (Table 4.6).  The one-and-

done alternatives with decisions 3 through 6, consistently produce recipient populations 

as large as or larger than the SDP alternative.  However, these one-and-done alternatives 

also result in quasi-extinction on the donor population when the adult donor population is 

small (Figure 4.4; Table 4.6).  When simulating a 5% chance of environmental 

stochasticity that reduced the population abundance by 25%, all management alternatives 

resulted in quasi-extinction of the donor and recipient population.  However, despite the 
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pending quasi-extinction after 50 years, the SDP alternative continues to balance the risk 

to the donor population while attempting to create a recipient population (Figure 4.5).        

DISCUSSION 

Structured decision making is a process that links alternative management actions 

to quantifiable objectives through predictive models (Conroy and Peterson 2014).  I have 

presented an example of how the structured decision making process can be used to 

evaluate the tradeoffs of alternative reintroduction decisions with the objective of 

maximizing the number of adults in the recipient population without reducing the donor 

population to an unacceptable level.  The structure and inputs of this model are intended 

to be flexible and can be adjusted to suit the reintroduction strategy, numbers of animals 

for removal, and population specific vital rates for any bull trout donor population or 

suitable recipient habitat throughout the historical range of the species.  As the outcome 

of ongoing and future reintroductions are realized through effectiveness monitoring 

programs the structural and demographic uncertainty of the model can be reduced, 

resulting in a better understanding of system dynamics (i.e., learning).  The process of 

incorporating new information into subsequent decisions is adaptive management which 

is a special case of structured decision making (Williams et al. 2009, Conroy and 

Peterson 2013).       

I evaluated six alternative management actions or decisions that could be taken to 

reintroduce bull trout.  These decisions reflect past and ongoing reintroduction decisions 

(Buchanan et al. 1997, Soorae 2011, USFWS and ODFW 2011).  Because a 

reintroduction decision is a combination of a reintroduction strategy and, life stage(s) and 

number of animals, there are endless combinations of alternative decisions that can be 

evaluated.  The model was developed to be flexible and the inputs for life stage and 

numbers of animals to be removed can easily be adjusted to evaluate the tradeoffs of 

alternative translocation, captive rearing, or artificial production decisions for site and 

population specific reintroduction scenarios.  The risk with incorporating flexibility in the 

model is that determining the optimal decision could become an exercise in “fishing”.  

Ideally the decision set should be developed with stakeholder input and represent what is 

feasible and reasonable from a biological, logistic, and financial point-of-view. 
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In situations that involve multiple stakeholders, the fundamental objectives may 

be competing and measured on different scales or units (e.g., maximizing the number of 

animals, minimizing cost).  Optimization techniques requires that multiple objectives be 

combined into one value with an objective or utility function, however, the relative 

weights or values of each attribute may differ between stakeholders.  For example, most 

likely donor populations and areas identified for a reintroduction will be managed by 

different stakeholder groups.  As such, some groups may be more risk adverse where 

other groups are more liberal in regards to risk.  In these situations the penalty applied for 

reducing the donor population below an acceptable level (Table 4.1) should be created to 

represent a composite of the risk aversion of the stakeholder group.  Incorporating 

stakeholder input in identifying the fundamental objectives improves “buy-in” in the 

decision process and helps with transparency in how and why decisions are made.        

Monitoring should consist of a combination of state variables (e.g., population 

abundance, patch occupancy) and vital rates (e.g., fecundity, survival, emigration).  State 

variables describe the health and status of the system and are required when using a state 

dependent policy to guide management decisions.  Vital rates describe the parameter 

rates that result in changes to the state variables (Nichols and Armstrong 2012) and 

monitoring of vital rates is required for the learning component of adaptive resource 

management.  Even though demography is difficult and expensive to collect, it should not 

be ignored (Caswell 2001).  The only comprehensive set of vital rates, that I am aware of, 

for all bull trout life stages was provided by Schaller et al. (2014).  These estimates 

provided helpful starting values for the model and model parameters should be updated 

as monitoring informs future reintroductions.  The bull trout decision model consisted of 

34 demographic parameters making up three discrete populations (i.e., donor, captive, 

and recipient) and it is unlikely that resources would be available to monitor all 

demographic rates for each population.  Given the results of the decision model 

sensitivity analysis, any additional resources available for monitoring the reintroduction 

effort should be focused on survival and growth parameters of the adult component in the 

recipient population.  This will provide the greatest benefit in reducing uncertainty and 

better estimating the effect of these parameters on the decision outcome (Williams et al. 

2009, Conroy and Peterson 2013).  Monitoring the state of the donor and recipient 
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populations ensures that they are not reduced to an undesirable state, is required if 

recurrent decisions are to be made, and if managers intend to identify the optimal 

decision given the state dependent policy (Table 4.5).  Also, monitoring of vital rates and 

state variables is implicit in fish culture programs with fish size, mortality, behavior, and 

population size being documented as a part of basic animal husbandry.       

There are few examples of bull trout being reared or artificially spawned in 

captivity and the survival of animals in these programs is highly variable.  Survival and 

productivity in captivity will be function of rearing temperature, life stage, nutrition, 

disease, and probability of successful fertilization (Fredenberg et al. 1995, Fredenberg 

1998, N. Zymonas personal communication).  This uncertainty is compounded by the 

unknown survival of artificially produced, captive reared, and translocated bull trout 

upon release into the recipient habitat.  I examined these uncertainties by applying a 

reduction in survival as a function of the reintroduction strategy (i.e., trans.reduc, 

cap.reduc, artprod.reduc) and naivety (Table 4.3).  The response profiles and two-way 

sensitivity analysis suggests that the optimal decision is sensitive to these parameters and 

future bull trout reintroduction programs would benefit from a better understanding of the 

effects of reintroduction strategy and the concept of naivety on the survival of animals at 

release (McCarthy et al. 2012) and ultimately the utility and identity of optimal 

reintroduction decisions.         

A state dependent policy (Table 4.5) is a useful tool for reintroduction programs.  

A reintroduction program is only considered a reintroduction in the first time step of the 

decision when abundance in the recipient population is zero.  Managers and decision 

makers can use the state dependent policy to identify the optimal decision at subsequent 

time steps given the current state of the donor and recipient populations.  Ideally, a 

reintroduction program would accomplish its goals after one time step however this is an 

unlikely outcome.  Forward simulating a reintroduced population using “one-and-done” 

management alternatives suggested that, in the best case, the recipient population would 

consist of less than 80 adults after 50 years without including environmental stochasticity 

(Figure 4.4).  The effective population size of bull trout to minimize inbreeding 

depression is 50 adults and more than 500 adults are needed to maintain adaptive genetic 

variation (Rieman and Allendorf 2001).  Also, the goal of the ongoing Clackamas River 
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reintroduction is to reestablish a self-sustaining population of 300 to 500 adults within 20 

years (USFWS and ODFW 2011).  Collectively, this suggests that any reintroduction 

program for bull trout will require more than one decision time step to avoid the genetic 

effects of small population sizes and to build a self-sustaining population that is resistant 

to demographic and environmental stochasticity. 

Two forms of uncertainty that are prevalent in natural resource decisions are 

partial observability and partial controllability.  Partial observability is uncertainty 

associated with the ability to perfectly “see” nature and can be incorporated into the 

decision process as statistical distributions (Conroy and Peterson 2013).  For example, 

partial observability may influence bull trout reintroduction decisions when redd surveys 

are used to estimate adult abundance.  Partial controllability is uncertainty in that the 

intended management action is not completely under control.  For example, it would be 

more likely to collect the number of individuals intended for a reintroduction when the 

donor population is large.  I chose not to include partial observability in the model 

because redd surveys typically underestimate the number of adults in a population (Al-

Chokhachy et al. 2005, Muhlfeld et al. 2006) resulting in more conservative estimates of 

adult abundance.  Also, it is difficult to include partial observability and partial 

controllability when using stochastic dynamic programming to determine the optimal 

decision and there are no software programs that can be used to solve a partially 

observable Markov decision process (Conroy and Peterson 2013).  As reintroductions are 

implemented and initial estimates of partial controllability and partial observability are 

generated via monitoring, consideration of these forms of uncertainty should be 

incorporated into the model to inform future decisions (i.e., adaptive management).          

Three features must be present for adaptive resource management to occur: 1) 

recurrent decisions that allow for learning to influence subsequent time steps, 2) 

alternative models representing hypothesis of ecological dynamics that identify the 

optimal decision based on prediction of the outcome at a future state, and 3) a monitoring 

program that generates data describing the outcome, which is used to update subsequent 

decisions (i.e., learning; Williams et al. 2009, Conroy and Peterson 2013).  One of the 

first attempts at bull trout reintroduction occurred in the McCloud River, CA and was 

conducted as a practice in trial and error.  An artificial production program began in 1989 
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and over 60 adults were collected from the Klamath basin.  High mortality in captivity 

resulted in less than 300 fingerling bull trout for the reintroduction and after five years of 

monitoring the reintroduction was considered a failure.  There was only one release of 

individuals due to a reduction in abundance and distribution of the donor stock 

(Buchanan et al. 1997).  More recent reintroductions consist of an “ad-hoc” adaptive 

management approach.  Between 1997 and 2005, more than 10,000 fry were translocated 

from the McKenzie River, OR to the Willamette River, OR resulting in less than 15 redds 

observed.  Due to the limited success of the program translocation of fry was 

discontinued and since 2007 the reintroduction program has shifted to using a captive 

rearing strategy.  The wild fry are now reared in captivity for up to eight months in the 

hopes that larger fish will exhibit better survival to spawning (UWBTWG 2010, Soorae 

2011).  A reintroduction to the Clackamas River has been ongoing since 2011 with five 

years of releases consisting of more than 1700 juveniles, 250 subadults, and 75 adults 

being translocated from the Metolius River Basin.  Monitoring has identified mature 

adults attempting to spawn, however natural production has yet to be documented 

(Barrows et al. 2015).  The implementation plan for the reintroduction suggests that in 

2017 the monitoring data will be reviewed and a change in life stages or release locations 

to more favorable scenarios may occur (USFWS and ODFW 2011).  These “ad-hoc” 

approaches to adaptive management are better than trial and error but lack the predictive 

models that are a key component of formal adaptive management which is a special case 

of structured decision making (Fischman and Ruhl 2015).   

In 1995, the Director of the U.S. Fish and Wildlife Service approved a plan to use 

structured decision making with adaptive resource management to guide hunting 

regulations of the 6 to 11 million mallard Anas platyrhynchos ducks breeding in North 

America (Nichols et al. 2015).  Similarities between the decision context for mallard 

harvest and bull trout reintroduction include species that inhabit multiple federal, states, 

and agency jurisdictions, are of interest to user groups and conservationists, and actively 

migrate between areas of overlapping jurisdiction.  Anytime management decisions 

include multiple stakeholders there can, and most often will be, disagreement about what 

is the optimal decision.  Disagreements are typically a function of institutional inertia, the 

belief in process complexity, competing value systems, and hidden objectives (Conroy 
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and Peterson 2013, Nichols et al. 2015).  Over the last 20 years of using adaptive 

resource management to set hunting regulations mallard populations have fluctuated near 

the desired abundance levels, optimal harvest opportunities have been provided, the 

model has been updated and refined with new information, and maybe most importantly, 

there has been a reduction in the contention between stakeholders because they can see 

their belief in system dynamics incorporated in the decision process each year (Nichols et 

al. 2015); all characteristics of adaptive management that could benefit future bull trout 

reintroduction efforts. 

The U.S. Fish and Wildlife Service adopted the process of adaptive resource 

management to guide effective conservation actions into the future (i.e., Strategic Habitat 

Conservation, USFWS 2008) recognizing the success of the mallard harvest program and 

that natural resource decisions will become more complex as human populations grow 

and continue to impact animals and their habitats.  Effective and efficient conservation 

will require a clear connection between management actions and goals, and a 

combination of institutional memory and ongoing research.  The bull trout recovery plan 

(USFWS 2015) represents the current understanding of abundance and distribution of the 

species and outlines the management goals and recovery actions to delist the species.  

Linking recovery plan objectives to management actions with predictive models will 

build the foundation for formal adaptive management and improved effectiveness, 

efficiency, and transparency of management decisions.  Ongoing bull trout 

reintroductions and research will reduce uncertainty and new information can be 

incorporated into this decision model to guide future reintroduction decisions and 

maximize the benefit from limited resources available for bull trout recovery.   
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Table 4.1.  Matrix of state dependent penalties applied to the decision utility for reducing 
the adult abundance of the donor population below a desired state.  If the donor 
population was reduced to an undesirable state the value of the decision was 0.  If the 
donor population was not reduced to an undesirable state the value of the decision was 
the number of adults in the recipient population, up to a maximum of 300.   

Ending abundance 
Starting abundance 

0 - 50 50 - 100 100 - 250 250 - 500 > 500 
0 - 50 0 0 0 0 0 

50 - 100 1 1 0 0 0 
100 - 250 1 1 1 0 0 
250 - 500 1 1 1 1 1 

> 500 1 1 1 1 1 
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Table 4.2.  Six alternative bull trout reintroduction decisions evaluated in the decision model.  A decision consisted of two 
components; a reintroduction strategy and the number of individuals by lifestage to remove from a donor population.   

Alternative Strategy Embryo Juvenile Subadults Small adults Large adults 
1 Do nothing 0 0 0 0 0 
2 Translocation 0 1000 0 0 0 
3 Translocation 0 0 0 30 30 
4 Translocation 0 1000 60 20 20 
5 Captive rearing 20,000 0 0 0 0 
6 Artificial production 0 0 0 30 30 
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Table 4.3.  Lower-level vital rates of populations used in Leslie projection matrices and 
in sensitivity analyses for the bull trout reintroduction decision model.  The mean value 
was varied by a coefficient of variation (CV) to determine the minimum (min) and 
maximum (max) range of that value for sensitivity analyses. 

Population Parameter Value CV Min Max 
All m4  1250 0.5 427 2423 

 
m5  2500 0.5 854 4846 

 
B4  0.45 0.3 0.23 0.68 

 
B5  0.9 0.1 0.72 0.99 

  sexr  0.5 0.3 0.25 0.75 
Donor (d) juvi.CC 15,000 0.5 5124 29,076 

 
egg.max.S 0.3 0.5 0.08 0.57 

 
G2 0.12 0.5 0.04 0.23 

 
G3 0.15 0.5 0.05 0.29 

 
G4 0.15 0.5 0.05 0.33 

 
P3 0.05 0.5 0.02 0.10 

 
P4 0.1 0.5 0.03 0.19 

  P5 0.35 0.5 0.09 0.66 
Captive (c) G1 0.4 0.5 0.10 0.75 

 
G2 0.4 0.5 0.10 0.75 

 
G3 0.2 0.5 0.06 0.39 

 
G4 0.15 0.5 0.05 0.29 

 
P3 0.2 0.5 0.06 0.39 

 
P4 0.5 0.5 0.10 0.90 

 
P5 0.75 0.5 0.00 1.00 

 
R1 0.1 0.5 0.03 0.19 

  naive 0.5 0.7 0.01 0.99 
Recipient (r) juvi.CC 15,000 0.5 5124 29,076 

 
egg.max.s 0.3 0.5 0.08 0.57 

 
G2 0.12 0.5 0.05 0.29 

 
G3 0.15 0.5 0.06 0.39 

 
G4 0.15 0.5 0.06 0.39 

 
P3 0.05 0.5 0.03 0.19 

 
P4 0.1 0.5 0.05 0.29 

 
P5 0.35 0.5 0.10 0.83 

 
naive 0.5 0.7 0.01 0.99 

 
trans.reduc 0.7 0.5 0.45 0.90 

 
cap.reduc 0.3 0.5 0.21 0.40 

  artprod.reduc 0.2 0.5 0.14 0.27 
mi = number of eggs per female at stage i  
Bi = proportion of females spawning 
sexr = sex ratio  
juvi.CC = juvenile carrying capacity 
egg.max.s = maximum egg survival  
Gi = probability of surviving and growing from 
stage i to i + 1 
Pi = probability of surviving and persisting in 
stage i to i + 1 

R1 = probability of growth from embryo to subadult in captive 
population 
naive = reduction in survival during the first year in captivity or 
after release 
trans.reduc = reduction in survival of translocated fish 
cap.reduc = reduction in survival of captive reared fish 
artprod.reduc = reduction in survival of artificially produced fish 
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Table 4.4.  Abundances by life stage used to create every possible combination of donor 
and recipient populations that may be observed at the beginning of a decision time step in 
real-world reintroduction scenarios.  This resulted in 576 potential combinations of donor 
and recipient populations.  These numbers were calculated with large adult abundance 
ranging from 0 to 307 individuals. The stable age distribution from the donor transition 
matrix was used to determine the abundance of all younger lifestages, with 1499 adults in 
the largest population.    

Embryo Juvenile Subadult Small adult Large adult 
0 0 0 0 0 

3409 449 118 19 5 
6136 809 212 35 9 
6817 899 236 39 10 
9544 1258 330 54 14 

12,271 1618 424 70 18 
13,635 1797 471 78 20 
19,771 2606 683 113 29 
25,224 3325 872 144 37 
27,951 3684 966 159 41 
33,405 4403 1154 190 49 
38,859 5122 1343 221 57 
41,586 5482 1437 237 61 
54,539 7189 1884 311 80 
66,811 8807 2308 380 98 
69,538 9166 2403 396 102 
87,263 11,502 3015 497 128 
104,988 13,839 3627 598 154 
111,806 14,737 3863 637 164 
118,623 15,636 4099 676 174 
125,440 16,535 4334 714 184 
139,757 18,422 4829 796 205 
174,526 23,005 6030 994 256 
209,295 27,588 7231 1192 307 
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Table 4.5.  State depended policy identifying the optimal bull trout reintroduction decision as a function of adult abundance 
(i.e., the summation of large adult and small adult abundances) in donor and recipient populations.  Alternative one is to do 
nothing, alternative two is to translocate 1000 juveniles, alternative three is to translocate 60 adults, alternative four is to 
translocate 1000 juveniles and 40 adults, and alternatives five and six are not represented.  This state dependent policy 
represents the optimal decision calculated from the mean value of lower-level vital rates. 
  Recipient abundance 

Donor abundance < 50 50 - 100 100 - 200 200 - 300 300 - 500 500 - 800 800 - 1000 > 1000 
< 50 1 1 1 1 1 1 1 1 

50 - 100 1 1 1 1 1 1 1 1 
100 - 200 2 1 1 1 1 1 1 1 
200 - 300 2 1 1 1 1 1 1 1 
300 - 500 4 2 2 2 1 1 1 1 
500 - 800 3 3 3 3 4 1 1 1 
800 - 1000 3 3 3 3 3 1 1 1 

> 1000 3 3 3 3 3 1 1 1 



112 
 

 

 

Table 4.6.  Quasi-extinction probability of donor and recipient populations under seven simulated management alternatives.  
Six alternatives consisted of simulating each reintroduction decision in the decision set for one time step then forward 
simulating to estimate the donor and recipient population abundances after 50 years (i.e., one-and-done alternatives).  The final 
alternative consisted of using the state dependent policy (SDP) to determine recurring reintroduction decisions for a 50 year 
time period.  Quasi-extinction probabilities are reported for four starting adult abundance states of the donor population; 100, 
150, 300, and 500 adults.   
     Starting donor adult abundance 

Population Decision 100 150 300 500 
Donor 1 0 0 0 0 

 
2 0 0 0 0 

 
3 1 1 0 0 

 
4 1 1 0 0 

 
5 1 1 0 0 

 
6 1 1 0 0 

 
SDP 0.02 0.05 0 0 

Recipient 1 1 1 1 1 

 
2 1 1 1 1 

 
3 1 1 0.01 0.04 

 
4 1 1 0.09 0.17 

 
5 1 1 1 1 

 
6 1 1 0.12 0.11 

  SDP 1 1 1 0.08 
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Table 4.7.  Estimates of sensitivity and elasticity of lower-level vital rates used to 
populate the Leslie matrices representing the donor, captive, and recipient populations in 
the bull trout reintroduction decision model.  Parameters that were not included in a 
matrix model for a particular population are represented with a dash.      
  Sensitivity   Elasticity 

Parametera Donor Captive Recipient   Donor Captive Recipient 
G1 -- -- 0.506 

 
-- -- 0.120 

G2 1.649 1.649 0.506 
 

0.199 0.199 0.120 
G3 1.319 1.319 2.085 

 
0.199 0.199 0.246 

G4 1.090 1.090 2.096 
 

0.164 0.164 0.186 
P3 0.209 0.209 0.254 

 
0.010 0.010 0.007 

P4 0.565 0.565 1.288 
 

0.057 0.057 0.076 
P5 0.492 0.492 0.577 

 
0.173 0.173 0.119 

R1 -- -- 2.145 
 

-- -- 0.127 
m4 0 0 0 

 
0.086 0.086 0.151 

m5 0 0 0 
 

0.112 0.112 0.095 
B4 0.191 0.191 0.570 

 
0.086 0.086 0.151 

B5 0.124 0.124 0.178 
 

0.112 0.112 0.095 
sexr 0.396 0.396 0.834 

 
0.199 0.199 0.246 

egg.max.s 0.578 0.578 -- 
 

0.174 0.174 -- 
juvi.CC 0 0 -- 

 
0.024 0.024 -- 

N.juvi 0 0 -- 
 

-0.024 -0.024 -- 
naive -- 0 0 

 
-- 0 0 

strat.reduc -- 0 --   -- 0 -- 
a Gi = probability of surviving and growing from stage i to i + 1 
Pi = probability of surviving and persisting in stage i to i + 1 
R1 = probability of rapid growth from embryo to subadult stage in a captive population 
mi = number of eggs per female at stage i 
Bi = proportion of females spawning 
sexr = sex ratio  
egg.max.s = maximum egg survival 
 juvi.CC = juvenile carrying capacity 
N.juvi = number of juveniles in the population 
naive= reduction in survival during the first year in captivity or after release 
strat.reduc = reduction in survival that represent the reintroduction strategy  
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Figure 4.1.  Tornado diagram from one-way sensitivity analysis with decision model 
parameters listed from most influential (top) to least influential (bottom) for a bull trout 
reintroduction decision.  Donor (d), captive (c), and recipient (r) population specific 
parameters are represented by a prefix and parameter definitions are listed in the text and 
Table 4.2.  The x-axis represents the number of adults in the recipient population after 
one timestep.  
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Figure 4.2.  Response profiles of adult abundance in the recipient population to varying 
levels of (a) the effect of translocation on post-release survival (trans.reduc), (b) the 
effect of captive rearing on post-release survival (cap.reduc), (c) the effect of artificial 
production on post-release survival (artprod.reduc), (d) the effect of naivety to survival 
in the captive population (c.naive), (e) the adult abundance of the donor population at the 
beginning of the decision timestep, and (f) the effect of naivety to survival in the recipient 
population (r.naive).    
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Figure 4.3.  Contour plots of recipient adult abundance (a,c,e) and response profiles of the 
identity of the optimal decision (b,d,f) at varying levels of the parameters in the density 
dependent equation for the donor population (a,b; d.egg.max.s, d.juvi.CC), the effect of 
captivity and translocation on post-release survival (c,d; cap.reduc, trans,reduc), and 
large adult survival in the recipient population (r.P5) and donor adult abundance at the 
first decision timestep (e,f).    
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Figure 4.4.  Population projections of the mean donor and recipient populations under 
seven simulated management alternatives.  Six alternatives consisted of simulating each 
reintroduction decision in the set for one decision time step then forward simulating to 
estimate the donor and recipient population abundances after 50 years (i.e., one-and-done 
alternatives).  The final alternative consisted of using the state dependent policy (SDP) to 
determine recurring reintroduction decisions for a 50 year time period.  Projections are 
presented for four starting adult abundance states of the donor population, from top to 
bottom, 100, 150, 300, and 500 adults.  
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Figure 4.5.  Population projections of the mean donor and recipient populations under 
seven simulated management alternatives and with environmental stochasticity.  Six 
alternatives consisted of simulating each reintroduction decision in the set for one 
decision time step then forward simulating to estimate the donor and recipient population 
abundances after 50 years (i.e., one-and-done alternatives).  The final alternative 
consisted of using the state dependent policy (SDP) to determine recurring reintroduction 
decisions for a 50 year time period.  Projections are presented for four starting adult 
abundance states of the donor population, from top to bottom, 100, 150, 300, and 500 
adults.  The effect of environmental stochasticity was included with a 0.05 probability of 
a disturbance occurring in any year.  If a disturbance did occur the population abundance 
of each life stage was reduced by 25%.   
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Decisions in natural resource management are often difficult and contentious.  

Difficulty arises from uncertainty surrounding biological and ecological processes, 

system dynamics, and incomplete control of management actions.  Contention arises 

from differing and often competing stakeholder values that are further confounded by 

uncertainty (Conroy and Peterson 2013, Nichols et al. 2015).  Science, in and of itself, 

cannot dictate which management decisions ought to be made; it purely offers a 

biological and physical basis for estimating the outcomes of decisions.  What is needed is 

a formal structure (i.e., structured decision making) that can provide an understanding of 

scientific uncertainty and incorporate stakeholder values in the decision process.  This 

will improve communication, cooperation, and consensus of all stakeholders and result in 

transparent programs that inevitably are biologically sound and enduring (Pister 1997).  

The goal of my dissertation was to acknowledge and understand the uncertainty of bull 

trout Salvelinus confluentus reintroduction strategies and provide an ethical and scientific 

foundation for an enduring and biologically sound conservation program.  To accomplish 

this goal my research project was multifaceted, incorporating components of philosophy 

(Chapter 2), assumption-based research (Chapter 3), and statistical modeling (Chapter 4).  

My objectives were to (1) describe how incorporating stakeholder values into 

scientifically defensible recovery planning using structured decision analysis will fulfill 

legal and moral obligations to recover species, (2) determine how captive rearing 

environments affect the development and survival behaviors of bull trout and how these 

effects may influence the efficacy and ultimate success of reintroduction and recovery 

programs, and (3) use structured decision making to evaluate the tradeoffs of alternative 

bull trout reintroduction decisions.  The collective results my research should act as an 

example of how to incorporate diverse stakeholder value systems, assumption-based 

research, and evaluations of alternative management actions into species recovery and 

reintroduction decisions.  This approach promotes transparency and consensus in 

decision making.  Recognizing these benefits, the U.S. Fish and Wildlife Service has 

adopted a similar approach to manage species and their habitats into the future (i.e., 

Strategic Habitat Conservation; USFWS 2008).   

In Chapter 2, I explored how structured decision making is a formal method of 

integrating scientific information and stakeholder values that should be employed during 
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recovery planning and associated decision making processes for ESA listed species.  As 

scientists, we alone cannot prescribe values to determine which diminishing habitats or 

species should receive support to provide a high likelihood of recovery. Scientists can 

only offer a biologically sound basis to identify the causes of decline and life history 

requirements of the species, and suggest alternative options to restore habitat and recover 

species.  Incorporating stakeholder values in the conservation process will improve the 

communication, cooperation, and consensus of all stakeholders; resulting in transparent 

recovery programs that inevitably are biologically sound and enduring (Pister 1997).   

Structured decision making incorporates values into the decision process in the 

form of fundamental values.  Stakeholders may place fundamental value on management 

costs, probability of species persistence, and/or ability to irrigate from a stream, for 

example.  Management costs represent economic value, probability of persistence 

represents environmental, ecological, or biodiversity value, and maintaining irrigation 

withdrawals represents cultural, economic, or human-use based values.  Probability of 

persistence represents the evolutionary potential of the population and is the 

characteristic of a species the ESA requires society to conserve to recover a species and 

promote long term persistence of a population in a dynamic world.  This represents the 

“esthetic, ecological, educational, historical, recreational, and scientific value” of a 

species identified in the ESA.  Additional values are represented by other components of 

a model that represent the belief in system dynamics and are used to predict the effect of 

management decisions (i.e., alternate hypothesis) on the value of the decision outcome.  

Stakeholders may value suitable stream temperatures and spawning and juvenile rearing 

habitats, and natural recolonization.  While these components carry a suite of societal 

values (e.g., ecological, historical, scientific), their value to the decision process is in 

their ability to affect change in the fundamental values.    

Values can be social, political, personal, or biological and founded based on 

cultural significance, economics, evolutionary potential, or ecosystem services (Joseph et 

al. 2009).  Just as evolution of species is a dynamic process, so is the societal value 

system.  As climate change is realized and societal values change (Adger et al. 2009, 

O’Brien and Wolf 2010) the decisions related to improving connectivity for species may 

become more complex.  Habitat conditions (e.g., irrigation diversion, dams, thermal 
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barriers, low flow barriers) that limit connectivity for bull trout populations are typically 

found lower in river basins near human population centers, and the moral obligation to 

provide water for municipal and agriculture purposes may increase in conflict with the 

obligation to conserve multiple species and habitats.  A vital component to bull trout 

recovery will likely revolve around decisions associated with restoring connectivity and 

balancing the needs of, and societal obligations to, other species as climate change 

progresses. Recovering species and habitats in the Columbia River Basin is a complex 

process that must balance the needs of multiple species and stakeholders, as well as other 

uses of the resource (e.g., clean water for human consumption, hydropower generation, 

agriculture, commercial, sport, and tribal harvest).  This needs to be done while 

simultaneously and continuously balancing progress of improving habitat conditions and 

responsible recovery strategies for imperiled species. 

Another benefit to structured decision making is the ability to incorporate new 

information into subsequent decision time steps.  New information can be gained from 

monitoring the outcome of ongoing management decisions or through assumption-based 

research designed to reduce a specific area of uncertainty.  The effects of captivity on bull 

trout development and behavior are one such area of uncertainty which may influence the 

outcome of reintroduction decisions that employ such strategies.  Understanding the 

correlation between cognition, behavior and brain development in fish has advanced 

significantly in the past few years (Ebbesson and Braithwaite 2012, Fernald 2015).  The 

growing body of literature suggests that rearing environment plays an important role in 

behavior and development and providing a level of complexity to captive habitats may 

result animals that are better fit to accomplish reintroduction goals.  The aim in Chapter 3 

was to better understand the effects of captive rearing environments on bull trout 

development and behavior.  I found that wild bull trout exhibited a greater level of 

boldness and prey acquisition ability, followed by captive reared bull trout from complex 

habitats, and finally fish reared in conventional captive environments.  Boldness is 

variable and differentially expressed depending on the situation and can change 

throughout an animal’s lifetime (Sinn et al. 2008).  For a behavior to be advantageous it 

should be expressed in situations that result in improved growth or survival of the 

individual and population.  Bold individuals may have an advantage in outcompeting shy 
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individuals for forage locations, food resources, and mates.  However, these rewards are 

associated with increased metabolic costs (Metcalf et al. 1995) and predation risk (Lima 

and Dill 1990).   

The expression of boldness is a heritable trait (Brown et al. 2007) that can differ 

depending on the origin of the animal (Sundstrӧm et al. 2004).  The repeated spawning of 

hatchery stocks may result in animals that are less fit than those of wild origin and this 

can occur in as few as one or two generations (Araki et al. 2008).  The captive bull trout 

in this study were collected as wild embryos from the same family groups, and from a 

population with zero history of captive influence suggesting the results were a function of 

the early rearing environment and not domestic selection.  An early rearing environment 

with little to no complexity does not provide sufficient opportunity to learn essential life 

skills.  Whereas, structurally complex habitats have a gradient of resources that are 

available in space and provide experience in defense of territories (Metcalf et al. 2003), 

navigating, and locating cover (Näslund and Johnsson 2016).  I observed fish using the 

interstitial spaces of the river rock from the time of hatching until behavioral trials began 

over a year later suggesting these behaviors start developing immediately and are lasting 

(Jonsson and Jonsson 2014).   

In most captive rearing environments salmonids rear with a constant and 

continual food source and little to no predation resulting in fish that are less apt to select 

favorable foraging locations (Brown et al. 2003) and avoid predators (Olla and Davis 

1989).  Bull trout are different than other salmonids in that they become piscivorous and 

cannibalistic at a young age and therefore are constantly living with risk of predation 

while in captivity.  I observed bull trout fry from both rearing treatments (~5cm in length) 

prey upon similarly sized fish from the same family group.  It is possible that by adding 

structural complexity to captive environments I created foraging and cover habitats worth 

defending which resulted in increased agonistic interactions and cannibalism in the 

complex rearing treatment.  These experiences may have resulted in learned boldness 

behavior or selection towards bold individuals.    

Salmonids and other hatchery reared species can readily shift from commercial 

feeds to live prey while in captivity (Olla et al. 1998, Sundstrom and Johnsson 2001).  

This is similar to my findings in that fish from both captive rearing groups foraged on 
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live spring Chinook in the prey acquisition trials.  However, these same animals will need 

to locate and capture live prey when released into the wild and natural forage bases are 

rarely as abundant and consistently available as feed in captivity.  Upon release into the 

wild, hatchery fish shift to live prey later and forage less than wild fish, resulting in 

reduced growth and survival (Olla et al. 1998).  If my laboratory results translate to the 

wild, then bull trout reared in complex habitats may be better suited to forage on live prey 

after release, improving growth and survival, and ultimately the probability of a 

successful reintroduction program.     

While bull trout reared in complex environments were successful in capturing live 

prey, they did not perform as well as wild fish.  This is most likely a function of wild fish 

having past experiences capturing prey (Brown et al. 2003), exhibiting hyperphagia 

(Armstrong and Bond 2013) or the added complexity of wild habitats.  Providing captive 

reared bull trout with live prey may improve their capture and forage ability and lower 

the instances of cannibalism by appealing to their natural predatory instincts.  Whether 

fish are provided commercial diets or live prey the offering should be presented at 

uncertain time frames and locations to simulate a more wild-like forage regime.  

Variability in food resources results in hyperphagia, a foraging strategy where an animal 

consumes prey while in abundance and survives off fat reserves during times of low 

abundance (Armstrong and Bond 2013).  This maybe a beneficial forage strategy for bull 

trout, which primarily feed on juvenile salmon and steelhead, and will need to survive 

through periods when little or no forage is available.  If using this technique when captive 

reared fish, it will be important to provide suitable amount of nutrition for growth and 

metabolism while still simulating the uncertainty of feeding in the wild.  It is possible that 

the captive reared fish did not perform as well as wild fish because the complex habitats 

were over-simplified and lacked variable flows, overhead structure, vegetation, and other 

characteristics that are present in the wild.    

In terms of development, the eye lens of conventionally reared bull trout was 

larger than complex reared captive fish or that of wild fish. These findings suggest that 

eye development may be a function of the complexity or color of rearing environments 

and change with age.  Fish that rear in murky or benthic environments exhibit smaller eye 

diameter than fish rearing in clearer or pelagic environments (McPhail 1984, 
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Baumgartner et al. 1988, Pakkasmaa et al. 1998, Tiffan and Conner 2011).  In an extreme 

case, the plasticity of eye size is evident in cave fishes Astyanax Spp. where surface 

oriented fish that experience some light will develop a functional eye whereas the eye 

will almost completely degenerate in fish that reside deeper in a cave (Jeffery 2001).  All 

my fish were reared in clear well water or in natural spring feed streams.  Therefore, the 

difference I observed in eye development may be a result of life in blue-green fiberglass 

tanks without structure on which to focus.  The river rock in the complex habitats 

provided a darker benthic environment on which to focus while maintaining the blue-

green walls that provided an even brighter rearing environment than the wild fish 

experienced.  The teleost eye is a complex organ and it is difficult to determine exactly 

what effect different eye lens volumes, pupil sizes, or total eye diameters will have on the 

visual acuity of a fish.  The lens is used to refract light that enters the pupil and can 

focuses an image by moving towards and away from the retina where photoreceptor cells 

collect pigments for vision processing in the optic tectum (Bowmaker 2011, Krӧger 2011, 

Northmore 2011).  It is clear that future work focused on eye development and how it 

may influence a fish’s visual acuity and the resulting behavior should collectively 

consider all components of the fish eye.  

Unexpectedly, wild fish had a smaller relative cerebellum than either captive 

reared treatment.  Given the growing number of publications that document decreased 

developmental trajectories in brains of fish reared in barren captive environments 

(Marchetti and Nevitt 2003, Kihslinger et al. 2006, Burns et al. 2009) I expected the 

results of my study to be similar to those in the literature.  While I was unable to detect 

any differences in the development of the telencephalon or optic tectum of similar-aged 

fish, my results do suggest that the cerebellum of age-2 wild fish and complex reared fish 

develop similarly and are smaller than the cerebellum in conventional fish and larger than 

the cerebellum in age-1 wild fish.  This result contrasts my expectation that all ages of 

wild fish would have larger relative cerebellum volume than fish reared in captivity.  

Kihslinger and Nevitt (2006) compared cerebellum growth of swim-up steelhead O. 

mykiss reared in captive treatments similar to my study and they compared them to size 

matched wild fish.  They found that wild and complex reared fry had similar relative 

cerebellum sizes and both were larger than conventionally reared fry and hypothesize that 
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these differences may be due to the effects of increased rearing density in captivity, 

warmer and more variable water temperatures experiences by the in-river fish, or 

increased cell proliferation caused by complex environmental stimuli.  All captive fish in 

my study were reared in low densities relative to typical production facilities and if the 

water temperature hypothesis was accurate then I would expect to see larger cerebellums 

in both of the captive reared treatments given that they were reared at temperatures 

between 10 to 13°C as comparted to the wild fish that experienced 6 to 8°C.  My results 

lend little support to the cell proliferation hypothesis because I would expect age-1 wild 

fish to have larger cerebellums then the captive rearing groups, not smaller, as my results 

suggest.   

Similar to Kihslinger and Nevitt’s (2006) work with steelhead alevin, Nӓslund et 

al. (2012) documented larger brains and brain regions in Atlantic salmon alevin hatched 

and reared in complex environments.  However, any differences in brain size were 

undetectable only a month after ponding all fish in barren tanks.  This suggests that the 

rearing environment can rapidly influence the developmental trajectory of the brain and 

that added complexity should be maintained until release.  In my study, a little over two 

weeks passed between capturing wild bull trout, running the behavioral trials, and 

conducting brain MRIs.  It is difficult to know if this short time in a complex captive 

environment was  to institute a change in brain size and if so to what degree.  If wild fish, 

regardless of age, did alter their brain volume it might explain the lack of differences in 

the telencephalon and optic tectum, as well as in the cerebellum.  In addition, Nӓslund et 

al. (2012) released a group of fish into local rivers 5 months after sampling their brain at 

the fry lifestage; after 6 months of wild rearing some of those individuals were recaptured 

in a screw trap and their dorsal brain area (i.e., the area of the brain when looking down) 

was compared to that of fish held in the hatchery for the same time period.  They found 

that the fish released into the wild had larger bodies and smaller total brain areas than fish 

reared in the hatchery for study duration, suggesting that in wild habitats energy may be 

allocated to somatic rather than neural growth.  When living with a predictable food 

supply (e.g., captivity) it may be advantageous to more evenly allocate energy to neural 

and somatic growth.  I offer a similar hypothesis to explain why the relative optic tectum 

width was larger in age-1 wild fish.  The optic tectum is a layered organ that receives 
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information from the eye, the telencephalon, and the hind brain (Northmore 2011).  

Allocating energy to this brain region early in development may be more important for a 

young wild fish and once the layers of the optic tectum are developed energy allocation 

can be shifted to developing other brain regions.  Given that food availability is more 

certain for captive reared fish they allocate energy for development more evenly across 

the brain regions.   

Understanding the correlation between cognition, behavior and brain development 

in fish has advanced significantly in the past few years (Ebbesson and Braithwaite 2012, 

Fernald 2015).  The growing body of literature suggests that rearing environment plays 

an important role in behavior and development and providing a level of complexity to 

captive habitats may result animals that are better fit to accomplish management goals.  

The ability to rear fish in captivity is an important tool that can be used to accomplish a 

suite of management objectives including providing put-and-take fishery opportunities, 

upholding mitigation responsibilities, and conservation oriented objectives like providing 

fish for research and reintroduction programs, or in worst case scenarios maintaining 

refuge populations.  Rearing small groups of wild-like fish for research projects is 

logistically more feasible than rearing larger groups of fish for reintroduction and 

recovery programs.  This is a function of available donor stocks, and animal husbandry 

considerations including rearing space and density, amount and type of feed (i.e., 

commercial, experimental, natural, or any combination there-of), and maintaining a clean 

captive environment.  Future research in determining how best to scale-up natural rearing 

approaches while maintaining wild-like behaviors and development would be beneficial 

to recovery programs.  Ultimately, producing a behaviorally and developmentally wild-

like fish in captivity should improve the post-release survival of individuals and improve 

the success rate of reintroduction programs aimed at recovering threatened and 

endangered species.   

The Bull Tout Recovery Plan (USFWS 2015) identifies translocation and 

controlled propagation as potential tools to produce individuals for reintroduction 

programs.  Historically, bull trout reintroduction was conducted as a practice in trial and 

error or “ad-hoc” adaptive management (Buchanan et al. 1997, UWBTWG 2010, Soorae 

2011).  An “ad-hoc” approach to adaptive management is better than trial and error but 
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both approaches lack the predictive models that are a key component of formal adaptive 

management which is a special case of structure decision making (Fischman and Ruhl 

2015).  In Chapter 4, I used the process of structured decision making to build a decision 

model that can be the foundation to guide bull trout reintroduction in the future.  I 

evaluated six alternative management actions with the goal of maximizing the number of 

adults in the recipient population, up to 300 individuals, without reducing the donor 

population to an unacceptable state.  These decisions reflected past and ongoing 

reintroduction decisions (Buchanan et al. 1997, Soorae 2011, USFWS and ODFW 2011).  

Because a reintroduction decision is a combination of a reintroduction strategy and, life 

stage and number of animals, there are endless combinations of alternative decisions that 

can be evaluated.  The model was developed to be flexible and the inputs for life stage 

and numbers of animals to be removed can easily be adjusted to evaluate the tradeoffs of 

alternative translocation, captive rearing, or artificial production decisions.  However, the 

risk of incorporating flexibility in the model is that determining the optimal decision 

could become an exercise in “fishing”.  The decision set for any model should be 

developed with stakeholder input and represent what is feasible and reasonable from a 

biological, logistic, and financial point-of-view. 

In situations that involve multiple stakeholders the fundamental objectives may be 

competing and measured on different scales or units (e.g., maximizing the number of 

animals, minimizing cost).  Optimization requires that multi-attribute objectives be 

combined into one value with an objective or utility function, however, the weights or 

values of each attribute may differ between stakeholders.  For example, most likely donor 

populations and areas identified for a reintroduction will be managed by different 

stakeholder groups.  As such, some groups may be more risk adverse where other groups 

are more liberal in regards to risk.  In these situations the penalty applied for reducing the 

donor population below an acceptable level should be structured to represent a composite 

of the risk aversion of the stakeholder group.  Incorporating stakeholder input in 

identifying the fundamental objectives improves “buy-in” in the decision process and 

helps with transparency and reduced contention. 

Monitoring of a reintroduction should consist of a combination of state variables 

(e.g., population abundance, patch occupancy) and vital rates (e.g., fecundity, survival, 
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emigration).  State variables describe the health and status of the system and vital rates 

describe the parameter rates that result in changes to the state variables (Nichols and 

Armstrong 2012).  My bull trout decision model consists of 34 demographic parameters 

making up three discrete populations (i.e., donor, captive, and recipient) and it is unlikely 

that resources will be available to monitor all demographic rates for each population.  

Given the results of the sensitivity analysis, any additional resources available for 

monitoring the reintroduction effort should be focused on survival and growth parameters 

of the adult component in the recipient population.  This will provide the greatest benefit 

in reducing uncertainty and better estimating the effect of these parameters on the 

decision outcome (Williams et al. 2009, Conroy and Peterson 2013).  Monitoring the 

state of the donor and recipient populations ensures that they are not reduced to an 

undesirable state, is required if recurrent decisions are to be made, and if managers intend 

to identify the optimal decision given the state dependent policy (Table 4.5).  Also, 

monitoring of vital rates and state variables is implicit in fish culture programs with fish 

size, mortality, behavior, and population size being documented as a part of basic animal 

husbandry.     

A state dependent policy (Table 4.5) is a useful tool for reintroduction programs 

because a reintroduction program is only considered a reintroduction in the first time step 

of the decision when abundance in the recipient population is zero.  After the first 

decision time step the donor and recipient populations may be in different abundance 

states.  Managers and decision makers can use a state dependent policy to identify the 

optimal decision at subsequent time steps given the current state of the donor and 

recipient populations.  Ideally, a reintroduction program would accomplish its goals after 

one time step.  However, this is an unlikely outcome given the results of my comparisons 

of management alternatives.  While less than ideal, the opportunity for recurrent 

decisions allows the decision model to be updated with new information, gained from 

monitoring and assumption-based research, resulting in the formal process of adaptive 

management.   

Effective and efficient conservation will require stakeholder support and “buy-in”, 

a clear connection between management actions and goals, and a combination of 

institutional memory and assumption-based research.  The bull trout recovery plan 



130 
 

 

 

(USFWS 2015) represents the current understanding of abundance and distribution of the 

species and outlines the management goals and recovery actions to delist the species.  

Linking recovery plan objectives to management actions with predictive models will 

build the foundation for formal adaptive management and improved effectiveness, 

efficiency, and transparency of management decisions.  Ideally, all species recovery plans 

would be developed using the formal process of structured decision making rather than 

the current “ad-hoc” adaptive management approach. 
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