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Abstract
The role of economics marine protected resources (MPR) management is currently limited. 
However, economic tools may help address some of the challenges facing MPR managers. With a 
focus on NOAA’s West Coast Region, this technical memorandum addresses two objectives. First, 
it identifies MPR management challenges and surveys economic tools and relevant literature for 
meeting those challenges. Second, it reviews the management status of individual west coast MPR 
species and identifies opportunities for applying economic analysis to inform management. 
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Introduction
The National Marine Fisheries Service (NMFS), also called NOAA Fisheries, manages both 
the listing and recovery of marine species under the Endangered Species Act (ESA) and the 
protection of marine mammals under the Marine Mammal Protection Act (MMPA). This report 
focuses on NOAA’s West Coast Region, which includes marine resources in California, Oregon, 
Washington, and Idaho. The region is host to 46 ESA-listed species, or distinct population 
segments (DPSs),1

1 Under the U.S. Endangered Species Act, the listing unit for invertebrates is the taxonomic species; however, the 
listing unit for vertebrates includes species, subspecies, or distinct population segment. For Pacific salmon, the DPS 
equivalent is the evolutionarily significant unit, as described by Waples (1991).

 and over 30 species of marine mammals protected by the MMPA. Salmon 
and steelhead (salmonids, Oncorhynchus spp.) are at the forefront of marine protected resources 
(MPR) management in the West Coast Region, where 28 evolutionarily significant units (ESUs) 
of ESA-listed salmonids from six species are listed under the ESA. Other ESA-listed species in the 
region include killer whales (Orcinus orca), eulachon (Thaleichthys pacificus), yelloweye rockfish 
(Sebastes ruberrimus), bocaccio (Sebastes paucispinis), and green sturgeon (Acipenser medirostris).

Economic analysis currently plays a limited role in the recovery of ESA-listed species and 
management decisions. The ESA listing process does not permit economic analysis, but economics 
is leveraged to inform other ESA recovery planning and management decisions. For example, 
economic analyses are utilized in the process of designating critical habitat for ESA-listed species. 
Critical habitat designations are a mechanism designed to ensure that activities implemented, 
funded, or authorized by the federal government do not destroy or adversely impact habitat 
areas that listed species rely on for foraging, reproduction, and survival. Amendments to the 
ESA allow for exclusion of proposed critical habitat if a) the economic benefits of exclusion are 
sufficiently large, and b) the exclusion will not lead to species extinction. Government researchers 
estimate the potential economic costs of proposed critical habitat designations (CHD) to inform 
habitat exclusion decisions. Economic analysis also plays a role in evaluating federal actions. 
Federal management actions affecting MPR are subject to regulatory reviews under the National 
Environmental Policy Act (NEPA), and may involve consideration of ESA-related costs and 
benefits. Specifically, MPR managers can also be compelled to employ economic analysis when 
significant federal actions impact listed species. These cases involve a net present value comparison 
of the costs and benefits of an action in accordance with Executive Orders 12866 and 13563.

With regard to threats, the ESA directs scientists to assess five threat “factors” and determine whether 
species being considered for listing are threatened or endangered by any of the five factors. The threat 
assessment considers the severity, certainty, and geographic range of the threat, as well as the potential 
for threat reduction. The five factors include: 1) the present or threatened destruction, modification, 
or curtailment of its habitat or range; 2) overutilization for commercial, recreational, scientific, or 
educational purposes; 3) disease or predation; 4) inadequacy of existing regulatory mechanisms; and 
5) other natural or human-made factors affecting continued existence of the populations.



NOAA economists held a workshop in 2014 to initiate the process of identifying national social 
science research needs and best practices related to MPR. A primary recommendation from the 
workshop was to conduct a high-level analysis assessing species threats and reviewing the policy 
instruments used to reduce species threats. The workshop further recommended that the analysis 
identify information needs for conducting threat evaluations and research opportunities for MPR 
economics research (NMFS 2014a). Our report implements the Protected Resources Economics 
Workshop recommendations for NOAA’s West Coast Region. In accordance with workshop guidance, 
the analytical approach of this report is to assess the threats, recovery actions, and information/
research needs of protected resources on the U.S. West Coast, one species at a time. The overall goal 
of this report is to identify opportunities for applying economic analysis to inform MPR management 
in the West Coast Region. To that end, the next chapter of this report synthesizes the species-specific 
analyses to identify common management challenges and roles for applying economic analysis to 
inform MPR management and research that exists across species. The remaining chapters present 
species-specific analyses. For each listed West Coast species,2

2 Salmonids, rockfish, eulachon, cetaceans, pinnipeds, sea turtles, and abalone are discussed in separate chapters.

 these descriptions enumerate the threats 
facing species, summarize the scientific understanding of these threats, and identify current and 
potentially promising actions and policies for recovering listed species.
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A Role for Economics in MPR Conservation 
and Recovery

NOAA’s West Coast Region supports MPR species representing a wide variety of habitats, life 
histories, and threats. Moreover, the scientific understanding of species’ threats, limiting factors, 
and the prospects for recovery vary significantly across listed species in the West Coast Region. 
This chapter synthesizes the species-specific analyses presented in subsequent chapters, including 
a summary of the threats facing protected species and opportunities for applying economic 
analysis to inform MPR management. Table 1 summarizes the specific threats affecting species 
reviewed in this report and aligns them with current and potential instruments of recovery 
designed to mitigate species threats.

This chapter proceeds in three sections. The next section synthesizes the species-specific analyses 
to identify common challenges for managing MPR in the West Coast Region. The second section 
discusses the current role of economics in MPR management and identifies opportunities for 
applying economic analysis to address MPR management challenges. The final section integrates 
our findings with the findings of prior reviews related to MPR economics.

MPR Management Challenges
Several common management challenges emerged across the species-specific chapters in this 
report. These challenges include: 1) allocating scarce recovery resources, 2) addressing scientific 
uncertainty, and 3) developing institutional arrangements that promote conservation and 
recovery. The MPR literature and past management outcomes in the West Coast Region point 
to three broad strategies for addressing these management challenges. These strategies involve 
utilizing economic analysis to a) inform the allocation of scarce recovery and conservation 
resources, b) prioritize research, monitoring, and data collection efforts, and c) design policy 
alternatives and predict their effects.

The resources available for implementing MPR conservation and recovery are increasingly scarce. 
Cumulative ESA listings have grown steadily since 1974, and, as of late 2016, almost 2,400 species 
were listed (Langpap, Kerkvliet, and Shogren 2018). Annual listings have averaged 35 species per 
year, and ranged from no new listings in 1974 to 129 new listings in 1994. Meanwhile, only 47 
species have been delisted since the enactment of the ESA (Langpap, Kerkvliet, and Shogren 2018), 
resulting in a significant net increase in listed species over time. In sum, expenditures on species 
recovery efforts totaled at least $30 billion over the past 25 years (Langpap, Kerkvliet, and Shogren 
2018). The funding available for species conservation and recovery is one of the best predictors 
of successful species recovery in an ESA context (Gerber 2016), and for reducing biodiversity 
loss internationally (Waldron et al. 2017). However, less than a quarter of the funds required 
for implementing ESA recovery plans are actually allocated to species recovery (Gerber 2016). 
Further, 24% of ESA-listed species were in decline and had underfunded recovery plans, while 
12% of listed species were receiving recovery funding at or above levels specified in their recovery 
plans (Gerber 2016). These figures suggest that the current ESA system is under pressure from 
increasing listings, and that current funding levels are not adequate to meet recovery plan goals.

3



Table 1. Summary of threats and recovery instruments for MPR in NOAA’s West Coast Region.

Species/ 
Species group Major threat(s) Current and potential recovery actions
Pacific salmonids 
(Oncorhynchus spp.)

Culverts, dams and other blockages to upstream habitat Culvert/dam removal
Warming ocean conditions Global climate change mitigation
High freshwater temperatures Riparian vegetation restoration, increased flow
Sedimentation from roads, urbanization, etc. Road decommissioning
Non-point-source pollution from agriculture Water quality trading 
Point-source pollution from industry, storm water, 

sewage overflow
Technology or mitigation upgrades
Discharge reductions

Commercial and recreational harvest Harvest reductions, seasonal closures 
Commercial bycatch Bycatch caps, quotas, and risk pools

Dynamic ocean management
Hydropower dams (smolt mortality and migration 

impedance of adults and juveniles)
Strategically timed dam spillover
Habitat restoration to mitigate for hydropower-based mortality

Genetic change from hatchery fish Hatchery release reductions
Establishment of wild “gene banks”

Competition from hatchery fish Hatchery release reductions
Portfolio-based hatchery management

Predation (pinnipeds, pikeminnow, walleye, etc) Predator removal programs, biological controls, angling derbies
Destruction of spawning and juvenile rearing habitat Wetland mitigation banks

Side channel construction
Floodplain restoration

Eulachon 
(Thaleichthys 
pacificus)

Changing ocean conditions from climate change Global climate change mitigation
Changing freshwater conditions from climate change Global climate change mitigation
Commercial fishing bycatch LED gear modificationa

Predation Predator management
a LED lights are attached to the footrope of the trawl net. LEDs change the behavior of the fish (hopefully) so that they do not enter the net. The existing metal 
rigid-grate excluder device is at the rear of the trawl net and acts to funnel fish out of a hole at the top of the net, after they have entered the net.

4



Species/ 
Species group Major threat(s) Current and potential recovery actions
Yelloweye 
rockfish (Sebastes 
ruberrimus) 
and bocaccio 
(S. paucispinis)

Derelict fishing gear Detection and removal
Commercial and recreational fishing bycatch Education and outreach, science partnerships

Dissemination of descending devices to anglers to mitigate 
barotrauma

Enhanced enforcement
Nearshore habitat disruption Native kelp and eelgrass restoration
Chemical contamination Periodic assessments of sediment disposal

Contaminated sediment cleanup
Oil spills Removal, remediation, restoration of spill damage
Ocean acidification Research related to kelp and eelgrass mediating effects
Hypoxia/nutrient addition Research related to environmental effects on movement behavior

Green sturgeon
(Acipenser 
medirostris)

Restricted access to spawning habitat due to 
stream impoundments

Dam removal 

Bycatch in commercial and tribal fisheries —
Illegal take in recreational fisheries Enforcement of prohibition on angling
Exposure to contaminants Remediation and monitoring
Entrainment in water diversions, ocean energy projects, 

and vessel strikes
—

Black abalone 
(Haliotis 
cracherodii)

Mortality due to withering syndrome Mapping habitats and baseline densities
Population monitoring

White abalone 
(H. sorenseni)

Low densities inhibit successful reproduction Captive breeding
Transplantation and monitoring of captive-bred individuals

Illegal harvest Enforcement of harvest moratorium
Reduced genetic diversity —

Sea turtles 
(Chelonioidea)

Habitat modifications from climate change —
Ingestion of or entanglement in marine debris Reduce ocean pollution
Ingestion of or entanglement in derelict fishing gear Gear tending and labeling requirements

Gear removal efforts
Bycatch in commercial fisheries Gear modifications and time/area closures

Real-time bycatch reporting and dynamic ocean management

Table 1 (continued). Summary of threats and recovery instruments for MPR in NOAA’s West Coast Region.
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Species/ 
Species group Major threat(s) Current and potential recovery actions
Sea turtles 
(continued)

Bycatch in recreational fisheries Gear modifications and time/area closures
Bycatch in foreign commercial and artisanal fisheries Bycatch limits and incentives to modify fishing gear
Poaching and illegal harvest Conservation and monitoring of nesting beaches
Predation of eggs on nesting beaches Conservation and monitoring of nesting beaches
Light pollution and other degradation of nesting 

beach habitat
Conservation and monitoring of nesting beaches

Pinnipedsb Ingestion of or entanglement in marine debris Reducing ocean pollution
Increased research on degradable plastic packing bands

Entanglement in derelict fishing gear Gear tending and labeling requirements
Gear removal efforts

Bycatch in commercial fisheries Gear modifications and time/area closures
Real-time bycatch reporting and dynamic ocean management

Bycatch in recreational fisheries Gear modifications and time/area closures
Prey depletion by commercial fisheries Pinniped foraging requirements included in fisheries management
Reduced prey availability due to climate change Mitigation of global climate change

Cetaceansc Entanglement in marine debris Reducing pollution
Development of degradable plastic packing bands

Entanglement in derelict fishing gear Gear tending and labeling requirements, gear removal efforts
Bycatch in commercial fisheries Gear modifications and time/area closures
Vessel strikes Vessel speed regulations

Real-time collision reporting and dynamic ocean management
Underwater noise Noise-reducing technologies
Whale watching vessel impacts Vessel approach regulations

Quota for allocating whale watching rights
Chemical contamination of ocean habitats Reducing ocean pollution
Prey depletion by commercial fisheries Include cetacean foraging requirements in fisheries management

b Guadalupe fur seals (Arctocephalus townsendi) and the western stock of Steller sea lions (Eumetopias jubatus) are listed under the ESA, and northern fur seals 
(Callorhinus ursinus) and the eastern stock of Steller sea lions are listed as depleted under the MMPA.
c ESA-listed cetaceans on the U.S. West Coast include: fin whales (Balaenoptera physalus), blue whales (B. musculus), sei whales (B. borealis), sperm whales (Physeter 
macrocephalus), humpback whales (Megaptera novaeangliae), North Pacific right whales (Eubalaena japonica), and the Southern Resident killer whales (Orcinus orca).

Table 1 (continued). Summary of threats and recovery instruments for MPR in NOAA’s West Coast Region.
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If this trend continues, MPR policymakers will increasingly face trade-offs between recovery actions, 
and potentially between species (Gerber 2016, Langpap, Kerkvliet, and Shogren 2018). Cost-effective 
resource allocation is particularly important for achieving recovery goals in the current climate of 
increasing resource scarcity, underscoring a need for economic analysis to inform MPR management.

Scientific and environmental uncertainty pose major challenges for MPR scientists and 
policymakers. Scientific uncertainty can take many forms. One form is uncertainty related to the 
threats facing, and biological needs of, protected species. There is also considerable uncertainty in 
how proposed recovery policies will influence ecosystems, and how these ecosystem changes will 
influence MPR populations and habitats. A third and related type of uncertainty pertains to the 
influence of proposed recovery policies on stakeholder behavior, which also influences ecosystem 
outcomes. Another consideration is environmental uncertainty, or the inherent variation in 
present environmental conditions and future environmental conditions. Scientific uncertainty 
can pose a variety of challenges to MPR policymakers. Chiefly, it complicates the development 
and evaluation of conservation and recovery policy alternatives, whose outcomes are inherently 
uncertain. Scientific uncertainty can also moderate which economic analyses and policy 
approaches are appropriate for a given MPR context. Reducing scientific uncertainty is possible 
through allocating resources for research, data collection, and monitoring resources. Managing 
MPR conservation uncertainty requires characterizing and managing extinction risk. This task 
may involve comparing the stochastic distribution of recovery outcomes associated with candidate 
recovery policies and assessing whether they buffer or exacerbate extinction risks associated 
with environmental variation or anthropogenic impacts. The ESA listing process involves an 
assessment of extinction risk, and recovery plans recommend policies to reduce and mitigate 
that risk. For critically endangered populations, infrequent events such as natural disasters or oil 
spills may pose significant extinction risks. Managing extinction risk extends beyond population 
abundance goals to considerations of genetic variability and spatial distribution of populations.

Subsequent discussions of uncertainty in this report focus on prioritizing and adapting research efforts 
to reduce and manage scientific uncertainty in specific MPR contexts. Notably, however, the economic 
literature also addresses uncertainty and learning in natural resource management in a broader 
context. For example, LaRiviere et al. (2017) characterize different types of uncertainty that arise in 
natural resource management, evaluate general hypotheses in the literature related to uncertainty, and 
assess how transferable insights regarding uncertainty are among natural resource contexts.

In addition to resource scarcity and scientific uncertainty, institutional arrangements pose 
challenges to MPR management in NOAA’s West Coast Region. Institutions include official laws 
and processes, cultural practices, and societal norms. Williamson (2000) defined four levels 
of social analysis corresponding to economic theories and tools for advancing institutional 
understanding. The first level involves the analysis of norms, traditions, and other informal 
institutions that guide societal processes and evolve slowly over centuries. The second level is the 
institutional environment, which includes fundamental governing structures such as constitutions 
and formal laws, and, from an economic perspective, the assignment of property rights. The ESA 
and other MPR-related legislation, which generally evolves over decades, reside at this second 
institutional level. The third level of social analysis involves institutions of governance intended 
to promote order, reduce conflicts, and facilitate mutual gains. These governance structures can 
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evolve within a decade’s time. Analysis of this level with economics largely relates to theories 
and tools for analyzing transaction costs. The fourth level, which can change continuously, 
involves processes of resource allocation and employment that can be analyzed with neoclassical 
economics and agency theory. Institutions across these interacting institutional levels shape the 
incentives facing MPR stakeholders, thereby influencing their behavior. Moreover, a diverse set of 
institutions at various levels likely moderate the effectiveness of MPR conservation policies.

Informing MPR Management 
with Economic Analysis

Current Role and Future Opportunities
Economics’ contribution to MPR science and management in the West Coast Region is currently 
limited. An internal review of protected fish science in the West Coast Region conducted in 2015 
noted a “...complete lack of discussion of coordination between the natural sciences and economics 
and other social sciences,” and recommended that “more effort should be placed on integrating the 
relevant social and natural sciences that bear on recovery” (NMFS 2015a, p. 2). Despite this lack of 
coordination, NOAA and its contractors regularly conduct several forms of economic analysis to 
support MPR management. These include analyses to inform critical habitat designations as part 
of the ESA process, and analyses to evaluate “economically significant regulatory actions” under 
EO 12866. A national review by NOAA economists identified 72 economic analyses conducted to 
support MPR regulatory actions over the past 15 years. Of these, one-third were analyses supporting 
CHDs, and half evaluated existing or proposed regulations on commercial fisheries (NMFS 2014a). 
The utility of economic analyses conducted to support CHD is unclear. Plantinga et al. (2014) 
concluded that current methodologies used to estimate the costs of CHD are sound, but inherent 
uncertainty makes development of useful estimates difficult. Further, the authors found no evidence 
that prior CHD economic analyses provided useful information for making exclusion decisions.

The degree to which ESA recovery resources are misallocated, and the impact of potential 
misallocations on conservation outcomes, is not well understood, and likely differs across species 
and contexts. Langpap and Kerkvliet (2010) evaluated ESA resource allocations for vertebrates 
and found that, while actual allocations were significantly misaligned with stated priorities, 
the inconsistencies did not have significant detrimental effects for conservation objectives. The 
authors also found that increased funding for recovery programs improved ESA outcomes. 
Finally, the authors found that trade-offs exist between the stated ESA objectives of recovering 
populations and preventing extinctions. Specifically, the authors find that preventing a single 
extinction comes at an opportunity cost of improving the status of two other populations.

Guidance is lacking on when and how government researchers should undertake economic 
analysis to inform MPR management outside of mandated regulatory analysis and CHD economic 
analyses (NMFS 2014a). A handbook on best practices could provide researchers with guidance 
on conducting economic analysis for MPR management, including navigating the complexities of 
extinction risk, environmental uncertainty, stakeholder incentives, and conservation institutions.
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Economic Tools for MPR Management
Economics provides researchers with analytical models and empirical methodologies for 
addressing MPR management challenges and informing MPR policies. When MPR policies 
influence stakeholder welfare, incentives, and behavior, economics can provide frameworks for 
understanding these effects. Economic frameworks for understanding such phenomena include 
theories and models of human incentives, behavior, and strategic interactions. Economics also 
provides empirical tools for evaluating recovery alternatives, estimating stakeholder preferences, 
modeling behavioral responses, and understanding the causal effects of recovery policies.

Most economic analyses of MPR build upon some biophysical understanding of threats facing the 
resource and the direct impact of conservation actions on recovery objectives. Economic tools 
can then link biophysical outcomes to changes in ecosystem service flows and human welfare.

It is beyond the scope of this report to enumerate all forms of economic analysis that can be applied to 
MPR conservation and recovery. Instead, we identify economic tools that can help address management 
problems that can arise when developing MPR management policies. Table 2 aligns common 
management problems with relevant economic tools and literature that can help address them.

In the following sections, we further explore the economic tools in Table 2.  First, we discuss 
methods for measuring stakeholder preferences and welfare changes associated with MPR 
policies and outcomes. Next, we review tools for evaluating candidate MPR policies. We 
conclude the section by surveying methods and literature related to developing MPR policies and 
understanding their economic, social, and biophysical effects. 

Estimating stakeholder preferences and values
Economic tools are capable of estimating the values stakeholders hold for conservation policies 
and recovery outcomes. The economic costs and benefits of some recovery policies, such 
as hydroelectric dam spillover, are directly observable in markets. However, the economic 
values of policies that influence ecosystem service flows are sometimes not revealed by market 
transactions. Economic values associated with species recovery and conservation outcomes are 
typically nonuse values not revealed in markets.

Economists utilize stated preference (SP) and revealed preference (RP) methods to estimate the 
economic value of goods whose values are not revealed in markets (i.e., nonmarket values). Stated 
preference studies employ survey techniques to elicit preferences over alternative conservation 
policies and willingness to pay for related nonmarket values (e.g., ecosystem services). These 
methods are capable of estimating a wide range of nonmarket values, and are particularly useful 
for measuring nonuse values such as the values stakeholders hold for the ongoing existence of a 
species. The two most common SP methods are contingent valuation and choice experiments. 
Contingent valuation methods face respondents with discrete choices across alternate 
environmental and policy conditions, often in a referendum format. Choice experiments face 
respondents with choices across alternative environmental outcomes that systematically vary 
according to specified ecosystem service attributes and their cost to respondents.
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Table 2. MPR management problems and associated economic tools and literature. Key: CEA = cost-effectiveness analysis, CBA = cost–benefit analysis.

Management problem Relevant economic tool(s) Use of tool Relevant literature
Inform allocation of scarce 

resources for PR recovery 
and management

Ecosystem services  evaluation Measuring public preferences for  
species recovery 

Wallmo and Lew 2012

CEA, CBA Evaluating  and prioritizing recovery 
action alternatives

Newbold and Siikamäki 2009, 
Sanchirico et al. 2013, Gjertsen 
et al. 2014

Prioritize research, monitoring, 
and data collection efforts

CEA, CBA Evaluating alternatives to reduce 
scientific uncertainty

Bisack and Magnusson 2014

Identify policy instruments 
that account for stakeholder 
incentives

Market-based policy instruments Incentivizing behavior that advances 
conservation goals

Bisack and Sutinen 2006, Holland 
2010, Innes et al. 2015

Evaluate policy instruments Causal policy analysis Understand the effect past policies had 
on outcomes of interest

Athey and Imbens 2017

Behavioral modeling Understand how stakeholders respond to 
incentives associated with MPR policies

Haynie and Layton 2010

Bioeconomic modeling Optimal control of management 
problems, dynamic policy simulation

Chan and Pan 2016

Institutional and behavioral 
economics

Understand how formal and informal 
institutions shape stakeholder incentives 
and conservation outcomes; understand 
contexts where stakeholder behavior 
departs from rationality assumptions 

Ostrom 2002, Abbot and Wilen 
2009, Ostrom and Basurto 
2011, Barnes-Mauthe et al. 
2015, Sawchuk et al. 2015, Li, 
van den Brink, and Woltjer 
2016, Stephenson et al. 2017, 
Aburto‐Oropeza et al. 2018

Nonmarket valuation Evaluate stakeholder and public 
preferences for conservation policies 
and associated outcomes

Bell, Huppert, and Johnson 2003, 
Anderson, Lee, and Levin 
2013, Forbes et al. 2015, Lew 
2015, Dundas, von Haefen, and 
Mansfield 2018
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RP methods value ecosystem services through behavioral observations under utility 
maximization assumptions. Travel cost models use data on trip-taking behavior and distance 
traveled to the sites, often recreation sites, to estimate demand for site visits. Hedonic pricing 
models decompose the sales prices of real estate transactions and other differentiated goods by 
their attributes (e.g., lot size or square footage), which include environmental amenities.

Ecological production functions are another method for valuing environmental goods. This 
method models ecosystems as factors of production for valuable goods and services. For example, 
the production function approach could value water quality in tidal flats by estimating its role as 
an input to shellfish aquaculture production.

Appropriate valuation of nonmarket goods and services requires significant expertise and 
financial resources. When estimation of these values is not feasible, rigorous application of benefit 
transfer (BT)3

3 Benefit transfer involves applying values derived from some study site to a different policy site (Weber 2015).

 methods can also inform recovery policy evaluation. The economic literature 
includes numerous applications of nonmarket valuation that measure stakeholder preferences 
and values for the preservation, protection, and enhancement of MPR. These include SP studies 
that value species recovery and associated policies using contingent valuation (e.g., Bell, Huppert, 
and Johnson 2003) and choice experiments (e.g., Wallmo and Lew 2012). Lew (2015) provides 
a detailed review of past SP studies that measure willingness-to-pay for MPR recovery and 
conservation. RP studies are also relevant for MPR valuation. For example, Netusil and Summers 
(2009) used hedonic pricing to decompose payments for instream flows according to the relevant 
attributes, including whether the stream included ESA-listed species, and Dundas, von Haefen, 
and Mansfield (2018) used the travel cost method to value the costs of recreational off-road vehicle 
closures for endangered species protection. Using a production function approach, Barbier (2007) 
valued coastal mangrove forests as inputs to producing commercial fishing and marketable goods.

Estimates of ecosystem service values and stakeholder preferences can inform the development 
and evaluation of MPR management policies. Cost–benefit analysis, which is discussed below, 
can require estimation of nonmarket benefits and costs with the tools discussed above. Likewise, 
stakeholder preference parameters and welfare measures can serve as inputs to evaluation criteria 
for recovery action evaluation (e.g., Sanchirico et al. 2013).

Evaluating alternative recovery actions and research efforts
Economic tools can also evaluate alternative research policies and policy portfolios. Cost-
effectiveness analysis (CEA) and cost–benefit analysis (CBA) are two common frameworks for 
evaluating MPR policies. CEA is a decision framework that identifies least-cost alternatives for 
achieving a specified threshold (e.g., achieving recovery goals). Alternatively, CEA can identify 
alternatives that yield the most progress towards conservation objectives subject to a specified 
resource budget. Protected resources policy objectives are typically related to species recovery. Thus, 
applying CEA in these contexts requires a meaningful understanding of how candidate recovery 
actions influence progress toward recovery and the costs of candidate actions. A key advantage of 
CEA is that it does not require estimation of the benefits of species recovery or other nonmarket 
benefits of conservation alternatives. In one recent application of CEA to MPR management, 
Gjertsen et al. (2014) used a population model and cost data in Monte Carlo simulations to conduct 
a stochastic CEA of alternative conservation strategies for leatherback turtles (Dermochelys coriacea).
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By comparison, CBA compares alternatives based on a comparison of total costs to total benefits. 
CBA evaluates alternatives based on their net benefits and involves estimation of the costs and 
benefits associated with alternatives. CBA is used either to evaluate the soundness of a single 
alternative or to compare multiple alternatives. One MPR-related CBA was completed by the 
Department of the Interior and partners to evaluate the costs and benefits of removing four 
hydroelectric dams on the Klamath River in California, in part to improve habitat for imperiled 
wild salmonid populations (DOI 2012).

Economic impacts, distributional effects, and environmental justice are other factors to consider 
in addition to economic costs and benefits. Economic impact analyses examine the effects of 
alternatives on business revenue, wages, and employment in a specified community or area. 
Distributional effects refer to how the costs and benefits of policies are distributed across the 
affected population. These effects are important to consider in the context of species recovery, 
where the benefits are likely to be geographically widespread but the costs may be concentrated in 
a certain community or region (Boxall et al. 2012, Mansfield et al. 2012, Sanchirico et al. 2013).

The timing of recovery costs and benefits is an important consideration in evaluating policy 
alternatives. In general, stakeholders prefer current benefits to future benefits and prefer incurring 
costs in the future to incurring costs now. These time preferences are typically incorporated into 
CEA and CBA through the discounting of future values; though determining an appropriate 
discount rate is challenging. The optimal timing of policy instrument implementation is also of 
interest to economists and policy makers. Speir et al. (2015) considered the optimal timing of dam 
removal to protect endangered salmonids in California. The authors found that uncertainty in 
ecosystem costs creates public incentives to delay implementation while irreversibility effects such 
as extinction create incentives to hasten implementation.

The efficiency and effectiveness of recovery policies may depend on the timing of policy 
implementation across interacting ecosystem components, including interactions across trophic 
levels. Samhouri et al. (2017) concluded that the synchronous recovery of predators and prey 
is usually more expedient than sequential recovery strategies. The authors further found that 
predator-first recovery strategies, which may in some cases carry additional political salience due 
to their being endeared to the public (see Lew 2015), are particularly slow. Samhouri et al. (2017) 
also surveyed real-world management policies and found that in practice, both sequential and 
synchronous recovery strategies are common, further underscoring the potential for coordinated 
ecosystem-based recovery strategies to increase the efficiency and effectiveness of recovery 
policies compared to the status quo. Addressing an economics conference, Adamowicz (2016) 
highlighted the importance of recovery instrument timing, including stakeholder incentives to 
delay implementation and the defining recovery horizons that weigh management trade-offs.

Besides serving as a framework to prioritize policy alternatives, CEA and CBA can help address 
scientific uncertainty challenges. For example, CEA can help inform data collection and monitoring 
effort allocation decisions when these activities are undertaken for the purpose of increasing the 
predictive power or parameter precision of a statistical model. Estimating and analyzing the value 
of the scientific information is another tool for addressing uncertainty with economic analysis. 
The value of scientific information can include the value of reduced extinction risk associated with 
improved decision-making or the value to stakeholders of relaxing use regulations. Likewise, CBA 
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can inform evaluation of candidate research efforts based on the economic value of the scientific 
information that is expected to be obtained from those allocations. For example, increasing the 
precision of marine mammal population estimates (i.e., reducing uncertainty) could allow for a 
reduction of the regulatory burden on fishermen. Bisack and Magnusson (2014) examined the 
economic value of increased precision in marine mammal stock estimates. Their results suggest that 
for one Atlantic fishery, abundance surveys are a more cost-effective means of reducing uncertainty 
than increasing observer coverage. The authors also found that the benefits to private industry 
of increased stock estimate precision more than offset the costs of the data collection. This study 
represents an application of economic tools to measure the net value of scientific information. In 
another application related to uncertainty, Tomberlin (2010) addressed the question of whether to 
undertake costly biological monitoring or allow human use when it is not known whether a species 
is present in a given habitat area. The study provides an example of using dynamic economic 
analysis to operationalize adaptive management when learning is possible.

Developing policy instruments
Designing and evaluating policy instruments to promote conservation and recovery is a difficult but 
essential problem for MPR policymakers. Figure 1 depicts select linkages connecting conservation 
policies to stakeholder behavior, scientific priorities, and recovery outcomes. While additional 
linkages likely exist, we focus on those that are highlighted in this report and relevant to developing 
MPR policy instruments. Developing MPR conservation policies requires assessing the threats 
facing MPR and proposing policy alternatives for addressing the threats. Policymakers then evaluate 
alternative policies to determine how financial resources should be allocated to advance conservation 
objectives. Estimation of stakeholder preferences informs understanding of how conservation policies 
and conservation outcomes influence stakeholder welfare. In Figure 1, the arrow from conservation 
policies to stakeholders depicts these relationships. On the other hand, the arrow from stakeholders 
to conservation policies depicts direct stakeholder involvement in the policymaking process.

A first step in developing alternative recovery instruments is enumerating and assessing the 
threats facing the MPR of concern, including interactions among related threats. A second step 
is to identify strategies for reducing threats to achieve conservation objectives. A third step is 
to assess the uncertainty in threats and expected threat mitigation. Implementing these steps 
depends heavily on an understanding of relevant baseline conditions and limiting factors. It also 
emphasizes the importance of understanding the state of underlying biological science, and its 
uncertainty,4 when designing and evaluating recovery policy instruments.

4 See Essington, Sanchirico, and Baskett (2018) for an example of how ecological uncertainty can moderate 
appropriate management strategies.

MPR policy instruments include actions that reduce threats through direct modification of 
habitat features (e.g., habitat restoration, derelict fishing gear removal, predator removal) and 
actions intended to modify stakeholder behavior to reduce threats (e.g., fishing regulations, water 
quality standards). These instrument types are depicted in Figure 1 (arrows seven and eight, 
respectively). Designing policy instruments to incentivize environmentally beneficial stakeholder 
behavior requires an understanding of the dynamics of interacting human and biophysical 
systems, and how potential policy levers influence stakeholder incentives. Economists employ 
behavioral and bioeconomic modeling to understand these processes.
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Figure 1. Translating MPR policy instruments into conservation and recovery outcomes. Each component of the process (colored boxes) influences 
and is influenced by several others in a complex network. Numbers draw attention to features and types of policy instruments (see legend). 
Arrows represent ways that components of the process influence each other that are relevant to developing MPR policies. The overlapping 
boxes reflect that scientific resource allocations and stakeholders can form institutions that influence recovery outcomes.
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Policy instruments intended to influence stakeholder behavior can be divided into top-down and 
market-based instruments. Top-down, or “command and control” approaches, directly regulate 
the behavior of stakeholders. An example of command and control instruments could be the 
prohibition of certain economic activities through critical habitat designations. Conversely, 
market-based policies do not regulate uses directly, but instead incentivize behavior that promotes 
conservation objectives. Market-based approaches include cap-and-trade systems that address 
common-pool resource problems through establishment of property rights, as well as carrot-and-
stick approaches that reward socially desirable behavior and penalize undesirable behavior. The 
cap-and-trade approach is applicable to pollution control, commercial fisheries target catch (e.g., 
individual tradable quotas), commercial fisheries bycatch (Lent and Squires 2017), and tourism 
(Higham et al. 2016). Carrot-and-stick approaches are also applicable to bycatch management and 
MPR regulations, as evidenced by the recently enacted Chinook salmon (Oncorhynchus tshawytscha) 
bycatch reduction incentive plan in the Bering Sea–Aleutian Islands (Alaska) pollock (Gadus 
chalcogrammus) fishery (USOFR 2016). This policy incentivizes bycatch avoidance by restricting 
pollock fishing opportunities for vessels with poor bycatch performance while rewarding vessels with 
good bycatch performance with less restrictive access to fishing grounds. Market-based instruments 
also include taxes that incentivize environmentally desirable behavior (e.g., a bycatch tax). Finally, 
risk pools are another market-based policy that provides a means for sharing the risk of unintended 
MPR take across stakeholders (Holland and Jannot 2012). Lent (2015) and others have advocated for 
market-based instruments to help address the major threats facing marine mammals. For a review of 
using market-based instruments to mitigate undesirable impacts, see Innes et al. (2015).

Economists and other social scientists also acknowledge the ability and importance of stakeholders 
in developing and enforcing conservation policies and institutions (Ostrom 2002, Lennox et al. 
2013, Sawchuk et al. 2015, Field et al. 2017, Grand et al. 2017). Likewise, implementation of the ESA 
on private lands has shifted focus from post-listing regulation to engaging stakeholders and offering 
prelisting incentives to avoid the costs associated with listing regulations (Langpap and Wu 2017).

Evaluating conservation policies that modify habitats directly is straightforward if the costs, biological 
response, and uncertainty associated with alternatives are known. By comparison, evaluating 
conservation policies designed to modify stakeholder behavior requires understanding how policy 
alternatives influence stakeholder incentives, behavior, and welfare. Economic tools for modeling 
and analyzing stakeholder incentives and behavior, and analyzing and predicting policy outcomes, 
can help policymakers understand the potential effects of proposed recovery policies. The influence 
of alternative policies on stakeholder incentives, behavior, and welfare determines how those policies 
influence conservation outcomes and public wellbeing. In an application from the literature, Bisack 
and Sutinen (2006) modeled fisher behavior in the New England gillnet fishery under alternative 
harbor porpoise (Phocoena phocoena) bycatch reduction policies. The authors found that ITQ 
management of bycatch leads to higher fishing rents compared to management with closures. 
Economists can also use stated preference to evaluate defined policy alternatives and conservation 
outcomes. In another application, Forbes et al. (2015) used a choice experiment to estimate consumer 
preferences over methods to recover endangered Canadian rockfish (Sebastes spp.).

Strategic interactions can arise in situations where one stakeholder’s preferred behavior depends on the 
behavior of other stakeholders. Economists use game theory, or the mathematical analysis of strategic 
behavior between decision-makers, and related economic tools to help explain stakeholder incentives 
and predict stakeholder behavior in these situations (e.g., Abbott and Wilen 2009, White et al. 2012).
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Another important type of stakeholder behavior is the decision of whether to comply with 
regulations. Economic tools can examine compliance decisions and associated stakeholder 
incentives (e.g., Bisack and Das 2015, Langpap and Wu 2017).

In addition to evaluating candidate recovery policies, economists also study how past policies 
have affected conservation outcomes with tools designed to investigate causality between policy 
treatments and intended effects. Random controlled trials (RCT) are the ideal tool for determining 
causality, but are often infeasible or unethical in the MPR context. Other tools include instrumental 
variables, difference-in-differences, regression discontinuity designs, and traditional potential 
outcome approaches (see Athey and Imbens [2017] for a recent review). In the context of Figure 1, 
the goal of causal policy analysis is to improve understanding of the linkage depicted by the arrow 
leading from conservation outcomes to scientific understanding. In other words, causal policy 
analysis illuminates how past conservation policies influenced outcomes of interest to policymakers.

To evaluate some recovery instruments, economists must model how management actions 
interact with ecosystem processes and stakeholder preferences to shape stakeholder behaviors and 
conservation outcomes over time. They accomplish this by modeling how stakeholders respond 
to incentives, associated institutions, and the natural environment, and how those responses in 
turn influence biophysical systems and conservation outcomes. These bioeconomic models are 
used in protected resources contexts for dynamic analysis, optimal control, and dynamic policy 
simulations. Policy simulations often rely on estimates from biophysical studies as well as estimates 
of stakeholder preferences, incentives, and responsiveness (e.g., Anderson, Lee, and Levin 2013).

Sometimes recovery and conservation policies cause spillovers, or effects beyond the jurisdiction 
or boundary of the policy. These effects can occur through a variety of channels, including input 
reallocation, prices, and ecological–physical linkages (see Pfaff and Robalino [2017] for a review). 
Economic analysis provides tools for constructing counterfactual scenarios and policy simulations 
to evaluate spillover effects. For example, Chan and Pan (2016) found that fishery regulations 
designed to reduce sea turtle (Chelonioidea spp.) mortality by closing a U.S. fishery once a bycatch 
limit had been reached led to a spillover effect of higher fishing effort by non-U.S. vessels.

Finally, economists use institutional analysis to address common-pool resource problems 
and other market failures associated with formal or informal institutional arrangements. 
The importance of institutions in shaping conservation outcomes was a key finding of this 
report. This concept is further emphasized in Figure 1, where stakeholder involvement and 
informal stakeholder institutions are identified by bubbles five and six. While not shown on the 
figure, institutions also moderate the effects that conservation policies have on stakeholders, 
conservation outcomes, and scientific resource allocation. Institutions also moderate how 
scientific advances influence conservation policies.

Economics provides tools to analyze the role of institutions in MPR management and recovery. 
For example, Hanna (2008) evaluated institutional requirements for managing healthy and 
resilient salmonid ecosystems with an emphasis on the role of stakeholder incentives and 
transaction costs. Ostrom and Basurto (2011) developed tools for evaluating alternative 
institutional arrangements and Stephenson et al. (2017) offered guidance for integrating 
institutional and economic considerations into fisheries policy. Li, van den Brink, and Woltjer 
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(2016) used institutional analysis to develop a governance framework for considering ecosystem 
services in coastal and marine natural resource management. In addition to formal institutions, 
stakeholder engagement, education, and involvement are increasingly recognized as important 
institutional considerations for protected resources management (e.g., Sawchuk et al. 2015, Duvall 
et al. 2017, Aburto‐Oropeza et al. 2018). The development of social norms (Ostrom 2002) and the 
influence of social capital (e.g., Barnes-Mauthe et al. 2015) on environmental outcomes are other 
informal institutions of interest to economists and other social scientists.

Summary and Integration with Prior Reviews
This report summarizes the threats, recovery instruments, and scientific understanding associated 
with each MPR species in NOAA’s West Coast Region. Salient points from the species sections 
were synthesized in the proceeding discussion to assess the challenges facing west coast MPR 
management and opportunities for addressing the challenges with economic tools. The challenges 
identified include managing scientific uncertainty, scarce resources, and institutional challenges. 
The opportunities include utilizing economic tools to inform the allocation of scarce recovery and 
conservation resources; prioritize research, monitoring, and data collection efforts; and design 
policy alternatives and predict their effects.

Economists have reviewed the role of economics in protected resources management in other 
contexts. A seminal review by Shogren et al. (1999) argued that economics matters to endangered 
species management because: 1) human behavior and economic factors help determine species 
risk, 2) it is important to take into account the opportunity costs of species protection, and 3) 
economic incentives are central to shaping human behavior, and, in turn, species recovery. With 
regard to the Canadian context, Adamowicz (2016) identified the role of CBA, species triage, 
the timing of species recovery, climate change effects, market-based policy instruments, and 
equity impacts as some of the important topics where economics can contribute to endangered 
species management. Finally, a recent article by Langpap, Kerkvliet, and Shogren (2018) surveys 
new theory and evidence on resource scarcity, the economic costs of species recovery, and the 
incentives present when endangered species are on private lands. The authors identify stakeholder 
incentives associated with imperiled but unlisted species, the role of environmental organizations, 
and the political economy of the ESA process as topics for future research.
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Pacific Salmonids
Current Status

Historically, millions of anadromous salmonids (Oncorhynchus spp.) filled the estuaries, rivers, 
and streams of the U.S. West Coast. Over the past century, however, salmonid runs in the western 
U.S. have declined markedly due to a myriad of anthropogenic activities. An estimated 29% of 
the nearly 1,400 Pacific salmonid populations that once inhabited the Pacific Northwest and 
California have gone extinct since Euro-American contact. Likewise, between 16% and 30% 
of all historical ESUs in this area are estimated to have been lost (Gustafson et al. 2007). The 
remaining populations occupy an estimated 40% of their original range, and half of those salmon 
populations in the Pacific Northwest are thought be at risk of extinction (Ruckelshaus et al. 2002). 
Within the Columbia River basin alone, 84 percent of salmonid populations are not considered 
to be viable (McClure et al. 2003). These declines have led to the listing of portions of five species 
of Pacific salmonids (Chinook [O. tshawytscha], chum [O. keta], coho [O. kisutch], and sockeye 
salmon [O. nerka], and steelhead [O. mykiss]) under the ESA. These listings afford protections 
for 28 ESUs5

5 The ESA listing unit for steelhead was initially the ESU, but under the 1996 joint FWS–NMFS DPS policy 
memorandum (USOFR 1996) this was changed to the distinct population segment (DPS).

 and DPSs across Washington, Idaho, Oregon, and California. NOAA Fisheries 
defines an ESU as a stock of salmon that is substantially reproductively isolated from other 
population units and represents an important component in the evolutionary legacy of the species 
(Waples 1991). The following sections describe the threats facing west coast salmonid species and 
synthesize the body of scientific literature that seeks to understand the relative importance of 
those threats and the prioritization of recovery action alternatives.

Assessment and Evaluation of Threats
Scientists have traditionally categorized the anthropogenic threats that affect Pacific salmon into 
four categories known as the “four Hs:” Habitat, Hydropower, Hatcheries, and Harvest. This section 
broadly reviews each threat category and discusses how the four-H classification system does not 
fully capture the true complexity of the situation facing protected salmonids on the west coast.

Rapid development in the west coast region over the past 150 years led to significant degradation of 
salmon habitat, the first “H.” The sources of these impacts are diverse, and include: agricultural, urban 
(e.g., residential, commercial, and industrial), waterway (e.g., dredging, channelization) and natural 
resource (e.g., forestry, mining) development. Moreover, anadromous salmonids occupy a diverse 
range of habitats over the course of their life cycle, all of which are subject to modification by human 
activity. For example, human activity directly affects freshwater habitats that support spawning, 
rearing of juvenile salmon, and passage to the sea. Essential salmon habitat characteristics subject 
to anthropogenic impacts include freshwater and ocean temperature and pH, suitable spawning 
substrate, water quality (oxygen, toxicity, fine sediment), and water quantity (i.e., in-stream flow).
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The second “H,” hydropower, refers to the threats Pacific salmon face in freshwater habitats due 
to hydropower dams. Dams do provide a number of economic benefits, including hydropower, 
water storage, transportation facilitation, and flood control. While dams provide services for 
some stakeholders, they also represent a threat to salmonid  sustainability. Dams can impede 
passage by adult salmon (as well as other migratory fishes) returning to spawn, and by juveniles 
as they migrate to the sea. Dams also modify freshwater habitat, creating reservoirs where rivers 
once existed. These modifications can reduce the quality and quantity of essential fish habitats for 
spawning and juvenile rearing and modify the ecological communities living in those habitats. 
In many cases, changes in the ecological community can pose additional threats to salmon (e.g., 
increased predation by introduced and native lacustrine species during the migratory delay). 
Moreover, as this discussion illustrates, the four Hs are not independent but rather synergistic, 
overlapping, and interrelated threats; in addition to being a migratory barrier, hydropower is 
directly responsible for habitat degradation.

The main function of salmon hatcheries, the third “H,” is to supplement harvest opportunities 
in the face of declining wild fish runs. In addition to providing additional fish for harvest, 
salmon hatchery objectives may include supplementing weak stocks, recolonizing areas where 
salmon have been extirpated, and providing cultural resources. However, mounting scientific 
evidence suggests that hatchery fish can interfere with the viability of protected wild stocks 
through ecological (e.g., competition, increased predation of wild stocks) and genetic interactions 
(interbreeding between domesticated hatchery fish and locally adapted native fish; Naish et al. 
2007). Buhle et al. (2009) found that increased hatchery operations are associated with lower 
wild run productivity. Moreover, supplementation programs in the Pacific Northwest have largely 
proven ineffective at providing successful colonists to reestablish viable salmonid runs (Waples et 
al. 2007). As with hydropower, hatcheries can also influence habitat quality. Specifically, hatchery 
weirs can block access to historical spawning and rearing habitat, and hatchery effluent can be 
responsible for water-quality and disease threats.

The fourth “H,” harvest of Pacific salmonid species, has long provided value for tribal, 
recreational, and commercial fishermen. However, by the latter part of the twentieth century, 
overharvest of Pacific salmon likely contributed to significant population declines for many 
west coast populations. For example, catches in the troll fishery in Oregon peaked in 1976 with a 
catch of more than 1.8 million fish before starting a gradual decline. From 1979–92, coho salmon 
landings averaged 357,000, with a maximum annual catch of 697,000 fish over that period 
(ODFW 1998). Harvest was one of several factors that contributed to the decline, and Oregon 
coho were ESA-listed in 1998. Today, commercial, recreational, and tribal harvests are at a fraction 
of their historical levels. However, because it is difficult for fishermen to avoid catching weak 
stocks, and because salmon are a bycatch species in some west coast fisheries (e.g., Pacific whiting, 
Merluccius productus), harvest still represents a source of mortality for protected salmonid stocks.

While the four Hs provide a starting point for understanding the threats facing protected 
Pacific salmonids, these categories have significant overlap and interdependencies. For example, 
hydropower projects can reduce available salmon habitat and lead to ecological shifts that 
increase salmon predation. Likewise, hatcheries can affect the quantity of habitat available to wild 
salmon (through competition) and the threat posed by salmon harvests.
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Pacific salmon management continues to evolve, and the focus on threats posed by the four 
Hs in the academic literature has in part given way to a focus on emerging threats such as 
climate change (Crozier 2016) and marine mammal predation (Chasco et al. 2017b). However, 
unlike climate change and other threats with diffuse sources, threats posed by the four Hs are 
directly connected to salmon management decisions and remain relevant to salmon recovery 
planning. The threats described by the four Hs are also influenced by dynamic processes such as 
changes in climate and ocean conditions and trends in human population growth and economic 
development (Maas-Hebner et al. 2016). Understanding the interdependencies among threats, 
and how external processes affect the severity of threats, is a challenging but essential question for 
salmon scientists moving forward. Pacific salmonids face an interconnected and dynamic array of 
threats. Furthermore, the threats facing salmonids vary significantly across populations.

The following paragraphs describe the criteria NOAA Fisheries uses to determine the viability of 
salmonid populations and review literature evaluating the relative impacts of threats on viability.

NOAA’s units for salmonid endangered ESA listings, ESUs and DPSs, represent reproductively 
isolated groups of significant populations that share distinct evolutionary histories. Within 
ESUs, major population groups (MPGs) are identified based on their genetics, spawning and 
rearing habitat, and life histories (i.e., ocean distribution, juvenile and adult migration timing, 
age at return). The viability of individual populations within these groups is evaluated by NOAA 
scientists based on their abundance (i.e., number of spawners over generations), productivity (i.e., 
population growth rate), spatial structure,6

6 The geographic distribution of a population and the processes supporting that distribution. Rationale is to have 
multiple spawning reaches within a population and allow high-production “source” areas to supplement other 
population segments. This protects against catastrophic events and periods of low survival.

 and diversity7

7 Considers life histories and traits, genetic characteristics, dispersal, and gene flows.

 (McElhany et al. 2000). NOAA also 
considers the influence of resilience to catastrophic risk, facilitation of metapopulation processes, 
and maintenance of among-population diversity in estimating the viability of an ESU or DPS.

While scientists generally agree on the criteria for determining population viability, there is less 
consensus regarding how to model viability and how threats influence viability. Many studies 
in the literature focus on linking a single threat or threat category to the viability of a single 
population or population group. These studies are important for understanding threats, but 
they often ignore the spatial heterogeneity and interdependencies of threats across the west 
coast region. The development of models that consider multiple, interrelated threats and weigh 
the relative impact of those threats are especially useful for guiding more efficient population 
recovery plans. However, such models are difficult to develop and require data inputs that are 
often not available. Moreover, the diffuse nature of climate change, population growth, and other 
threats facing salmonids make understanding the relative influence of threats on populations 
especially difficult. Despite these challenges, a number of studies have considered the influence 
of multiple salmonid threats simultaneously and assessed their relative effects on population 
viability (e.g., Scheuerell et al. 2006, Hoekstra et al. 2007, Fullerton et al. 2011, Lawrence et al. 
2014). The results of these studies are largely context-specific, but they provide methodological 
foundations for future applications in new areas and contexts.
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Instruments of Recovery
This section reviews literature that applies economic analysis to recovery action evaluation and 
prioritization using cost effectiveness analysis and cost–benefit analysis.

A number of studies in the literature conduct cost-effectiveness analysis across habitat restoration 
alternatives (Paulsen and Wernstedt 1995, Watanabe et al. 2006, Newbold and Siikamäki 2009, 
Fullerton et al. 2010b, Ogston et al. 2014). The study by Paulsen and Wernstedt (1995) conducted a 
CEA across habitat-, harvest-, and hatchery-related recovery actions. Watanabe et al. (2006) find 
that targeting habitat features rather than biological recovery can lead to substantial inefficiencies. 
Fullerton et al. (2010b) incorporate restoration costs within a simulation framework to capture 
the economic and biological uncertainty associated with alternative recovery actions. Ogston 
et al. (2014) show that the cost of improving natural smolt production via cost-effective habitat 
restoration is similar to that of traditional hatchery smolt production.

The location of restoration activities affects an action’s effectiveness. Watersheds are spatially 
connected; it follows that the impact of habitat restoration varies significantly depending on where 
the habitat is restored (e.g., Watanabe et al. 2005, 2006, Newbold and Siikamäki 2009, Fullerton et al. 
2010a, Null and Lund 2012). Further, Barnas et al. (2015) found that enacted restoration projects in 
the Pacific Northwest tend to be misaligned with the biological needs of salmon at the subwatershed 
scale. The implication for managers is that effectiveness is heterogeneous at subwatershed scale 
within and across restoration actions. Moreover, the spatial distribution of fish within and across 
river basins is an important component of viability for ESUs (McElhany et al. 2000).

Data Gaps and Opportunities for Applying 
Economic Analysis

The preceding sections reviewed the threats facing protected Pacific salmon populations, 
alternative recovery actions, and methods for prioritizing recovery actions. The breadth of issues 
covered in this review illustrates the complexities involved with recovery of Pacific salmon 
populations. Sources of this complexity include: 

1. The life histories of salmon and the wide range of habitats they occupy.
2. The diverse set of stakeholders and associated values for salmon resources and habitat.
3. The institutional landscape spanning state, federal, and tribal arenas.
4. The interactions among threats facing Pacific salmon populations.
5. The uncertain impact climate change will have on salmon across their diverse habitats.

This section identifies areas where economics and other social sciences may contribute to 
informing efficient and effective policies for Pacific salmon recovery. We begin by describing an 
idealized procedure for identifying and prioritizing salmon recovery actions and then identify 
where economics and other social sciences can contribute to the process.
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Understanding how human activities and the natural environment influence the viability of 
salmon populations is critical for developing effective recovery policies. Models of these processes 
already exist for specific areas and contexts. Ideally, models will accurately incorporate the 
myriad of factors influencing population viability, capture the interplay among these factors, and 
characterize model uncertainty across time and space. Moreover, the spatial scope of models 
would be expanded to, at a minimum, the extent of habitat utilized by a given ESU or DPS.

A next step in identifying effective instruments for Pacific salmon recovery is constructing 
scenarios that define how factors affecting population viability evolve from their baseline state 
over time. These scenarios require the identification of specific alternative futures for climate 
change and human development. They can then serve as inputs into the population models to 
construct status-quo population viability predictions under a given set of assumptions.

With baseline scenarios specified, analysts may then construct a set of specific recovery actions 
expected to influence salmon population viability. Next, sets of recovery actions can be identified 
that, according to the specified models, will achieve population (ESU) recovery objectives. 
Potential recovery plans can be winnowed down based on their recovery performance and 
institutional feasibility. Recovery performance would be judged based on the ability to influence 
viability (production, diversity, spatial structure) and the robustness of performance across the 
alternative future scenarios. Additional considerations for the development of these models 
include incorporating effectiveness interactions among the recovery alternatives, and integrating 
new scientific information into models as it becomes available (i.e., adaptive management).

Economics, which concerns itself with the efficient allocation of scarce resources, brings tools to bear 
for comparison of alternative recovery plans. CEA requires information on the costs of alternative 
recovery actions. If scenarios are constructed as defined above, cost-effectiveness analysis assigns 
costs to the alternatives, so that the lowest-cost plan for meeting biological goals can be selected. 
Alternatively, if restoration managers are tasked with allocating a specified budget, cost-effectiveness 
analysis prioritizes alternatives that generate the largest biological response per restoration dollar 
spent. CEA is most useful in cases where the costs associated with a given recovery action are easily 
observed. This is generally the case, for example, when prioritizing alternative habitat restoration 
projects. There are a number of studies that use CEA to prioritize restoration actions (e.g., Watanabe 
et al. 2005, 2006, Newbold and Siikamäki 2009, Fullerton et al. 2010b, Null and Lund 2012, Ogston 
et al. 2014, Barnas et al. 2015); however, these studies consider only a small fraction of the potential 
areas and actions considered for restoration. Given the significant resources that are spent on Pacific 
salmon habitat restoration, expanding the use of CEA could substantially improve the effectiveness 
and efficiency of these restoration efforts. Such an expansion of CEA for habitat restoration would 
involve scaling up existing biophysical models of salmon population viability across basins.8

8 Currently these models have been developed for only a limited number of watershed areas.

 
Furthermore, such models would enable restoration managers to map restoration priorities across 
the landscape and craft appropriate land-acquisition strategies.
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The number of federally listed species has been steadily growing for decades (Langpap, Kerkvliet, 
and Shogren 2018). If this trend persists, a day may come when allocation decisions will involve 
trade-offs between salmonid ESUs and DPSs. With regard to this possibility, scientists have 
discussed a form of recovery triage (e.g., Levin and Stunz 2005, Gerber 2016), where resources 
are diverted from ESUs that are “too far gone” to those for which recovery is possible.9

9 The process for writing off a listed species is complex, and involves the “god-squad.” The process is to remove a 
species from the list in order to allocate elsewhere, rather than doing it in a de facto way by withholding resources.

 If this 
situation arises, economic analysis (e.g., CEA, CBA, nonmarket valuation) could help to compare 
the expected biological responses achievable across ESUs with the available resources. Moreover, 
stated preference studies could measure public preferences for species recovery outcomes to 
further illuminate management trade-offs and inform the allocation of resources across ESUs.

Conflicting protected species mandates can present a further obstacle to endangered salmon 
recovery. One visible example of this emerges from recent heavy predation of salmon by protected 
sea lions below Bonneville Dam on the Columbia River. Management alternatives for controlling 
sea lion populations are limited by the MMPA, despite their threat to listed salmon. A second case 
of conflicting protected species mandates occurs when Southern Resident killer whales (listed under 
the MMPA and ESA) prey upon the ESA-listed Puget Sound Chinook salmon population. These 
and other cases of conflicting and overlapping mandates suggest that more holistic, ecosystem-
based approaches could improve the effectiveness of ESA-listed Pacific salmon management.

The literature on Pacific salmon biology, management, and recovery collectively echoes a number 
of important themes that help define desirable characteristics of Pacific salmon recovery policies. 
First, recovery policies are more likely to be effective if they are robust to uncertainty, particularly 
the uncertainty related to climate change. Second, effective recovery policies account for the 
complex set of interdependent threats facing salmon. Third, effective recovery policies are readily 
adaptable to emerging science, environmental change, and institutional change. Finally, and most 
relevant to the current report, socially desirable recovery policies account for the economic trade-
offs associated with salmon recovery policies. Economic analysis can contribute to this discussion 
through estimation of the total economic value, and associated distributional impacts, associated 
with alternative salmon recovery policies. Economics can further contribute through analysis 
of the institutions (e.g., regulations, property rights, informal agreements) and stakeholder 
dynamics associated with salmon recovery management.
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Eulachon
Current Status

Eulachon (Thaleichthys pacificus), also known as “Columbia River smelt,” “hooligan,” or 
“candlefish,” is a small (adults 160–250 mm) anadromous fish from the smelt family that occurs 
over the continental shelf in the northeastern Pacific Ocean. Eulachon populations range from 
northern California to the southeastern coast of Alaska in the Bering Sea (Willson et al. 2006, 
Moody and Pitcher 2010). The fish live their adult lives (2–5 years) at sea before returning to 
freshwater to spawn from late winter to spring (Gustafson et al. 2010). Eulachon spawning 
habitat is characterized by cool waters (0–10°C) in the lower reaches of large, snowmelt-fed rivers 
(Gustafson et al. 2010). Likewise, eulachon thrive in cool, nutrient-rich marine waters. Eulachon 
have long been an important harvest species for local indigenous peoples who consume them 
fresh, smoked, dried, and salted, and, north of the Fraser River, rendered into eulachon oil or 
“grease” (eulachon are 15–20% fat). Historically, large commercial and recreational fisheries also 
existed for the species in its freshwater habitats (Gustafson et al. 2016).10

10 All fisheries for eulachon occur on fish returning to spawn in freshwater. The only marine catch occurs as bycatch 
in shrimp and groundfish fisheries.

The process of listing eulachon as a protected species began in 1999 when NMFS was petitioned 
to list the Columbia River population under the Endangered Species Act. This petition was 
rejected due to a lack of supporting information. In 2007, the Cowlitz Indian Tribe petitioned to 
list eulachon, this time for all populations in Washington, Oregon, and California. After analyzing 
genetic and ecological data, NMFS’s biological review team (BRT) found that a DPS exists from 
northern California to and including the Skeena River in northern British Columbia. This 
“Southern DPS” can be further divided into four subpopulations: Mainland British Columbia, 
Fraser River, Columbia River and tributaries, and Klamath River. The BRT further found that the 
Southern DPS eulachon faced a “moderate risk of extinction throughout all of its range” (Gustafson 
et al. 2010, p. 176). The Southern DPS eulachon was listed as threatened under the ESA in 2010.

An updated review of the status of the Southern DPS was conducted in 2016. The review found 
that since listing, eulachon abundance had increased in all four Southern DPS subpopulations. 
However, the review recommended that the listing status of eulachon remain unchanged, since 
abundance increases were related to temporarily favorable ocean conditions which had since 
dissipated. In the words of the status review report:

Although eulachon abundance in monitored populations has generally improved, 
especially in the 2013–2015 return years, recent poor ocean conditions and the 
likelihood that these conditions will persist into the near future suggest that population 
declines may be widespread in the upcoming return years (Gustafson et al. 2016).

This finding underscores the difficulty with assessing recovery for the Southern DPS eulachon. 
Observed population abundance depends on stochastic environmental conditions, and can vary 
substantially from year to year.

24



Historical and recent observations of eulachon abundance further illustrate challenges involved 
in determining the status of the Southern DPS. Historical accounts of Columbia River basin 
eulachon runs describe an unpredictable fishery with significant variation in run size, spatial 
distribution, and timing (Gustafson et al. 2010). However, yearly commercial fishery catch in 
the Columbia River was consistently over 500 metric tons (mt)—and often over 1,000 mt—for 
three-quarters of a century from about 1915 to 1992, regardless of the prevailing ocean conditions 
(Gustafson et al. 2010). Recent observations also reflect high variation in the abundance of 
Southern DPS eulachon in its freshwater and ocean habitats. In freshwater, for example, estimated 
total eulachon run biomass in the Columbia River between the years 2000 and 2010 ranged from 
a high of 3,105 mt in 2001 to a low of 35 mt in 2005 (Gustafson et al. 2016). Evidence suggests that 
eulachon abundance varies widely in the ocean as well. Particularly, the large variance in bycatch 
ratios (eulachon per mt of target fish) by commercial fishermen suggests significant interannual 
variation in the abundance of eulachon populations. Ward et al. (2015) examined eulachon 
bycatch in the west coast shrimp fishery and found “that increases in bycatch [are] not due to 
an increase in incidental targeting of eulachon by fishing vessels, but because of an increasing 
population size of eulachon.”

Assessment and Evaluation of Threats
In its 2010 status review, the BRT rated the threats facing each subpopulation of Southern DPS 
eulachon from one (very low) to five (very high). On aggregate, the BRT rated climate change 
impacts on ocean conditions as the most severe threat, rating it as high-level or moderate-level 
across all four subpopulations. Other identified threats included: bycatch, dams/water diversions, 
predation, dredging, and climate change impacts on freshwater systems. Table 3 contains a 
summary of the threats facing Southern DPS eulachon that received a moderate or higher rating 
of extinction risk for at least one subpopulation.

Table 3. Eulachon threats by severity for each subpopulation. Severity was assessed by the 2010 BRT.

Threat type Threat description
Threat severity

Klamath Columbia BC Fraser

Climate change
Climate change impacts on 

ocean conditions high high high high

Climate change impacts on 
freshwater habitat moderate moderate moderate moderate

Interactions with 
human activities

Bycatch moderate high high moderate
Dams/water diversions moderate moderate very low very low
Dredginga very low moderate very low low

Interactions with 
other species Predation moderate moderate moderate moderate

Habitat degradation Water quality moderate moderate low moderate
Shoreline construction very low moderate low moderate

a Can also degrade eulachon habitat.
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Since its threatened listing under the ESA in 2010, the abundance of Southern DPS eulachon has 
increased in each subpopulation. High relative levels of eulachon abundance from 2011–16 are likely 
attributable to favorable ocean conditions during that period (Gustafson et al. 2016). However, 
recent conditions have been less favorable, including development of the “warm blob” during the 
winter of 2013–14 and the subsequent strong El Niño that occurred from 2015–16. Gustafson et al. 
(2016) concluded that these unfavorable ocean conditions, combined with an ongoing degradation 
of freshwater habitats, may reverse recent gains in eulachon abundance. Spawning stock biomass 
estimates in 2017–18 indicate that eulachon abundance in the Fraser, Columbia, and Klamath 
subpopulations has declined to levels similar to those seen at the time of listing.

Uncertainty is perhaps the greatest challenge in restoring eulachon populations. Particularly, 
fisheries scientists do not understand how environmental conditions directly or indirectly 
influence eulachon survival (Gustafson et al. 2016). Furthermore, observed abundance of 
eulachon can vary widely, making it difficult to discern trends in population viability and the 
effectiveness of policy instruments aimed at population recovery. Reducing this uncertainty will 
require substantial research and monitoring effort. In its five-year listing review (NMFS 2016a), 
NOAA Fisheries recommended implementing monitoring that can adequately detect changes in 
eulachon habitat and eulachon survival. In terms of habitat assessment, this effort would include 
monitoring of large-scale oceanographic conditions in the California Current and analysis of 
how these conditions influence planktonic assemblages and, in turn, larval survival in nearshore 
environments. Some of this information is already being collected or compiled by NOAA scientists 
through the California Current Integrated Ecosystem Assessment.11

11 https://www.integratedecosystemassessment.noaa.gov/regions/california-current-region/index.html

 Furthermore, parallel 
monitoring and modeling efforts in freshwater environments will be required to understand how 
environmental conditions impact eulachon survival in riverine and estuarine habitats.

As noted above, climate change impacts were the most severe threat identified by the BRT in 
2010. The drivers and impacts of climate change are highly diffuse, meaning that many parties 
are both responsible for and impacted by climate change at a global scale. Thus, it is nearly 
impossible to make responsible parties internalize the external costs of climate change on 
eulachon populations. Because of this, eulachon-specific policy instruments may not be sufficient 
to protect eulachon from climate-related impacts. Threats from interactions with human activities 
and habitat degradation are more easily addressed on a local scale. However, these threats are 
generally associated with economic activity (e.g., commercial fishing, river dredging, dams), 
and stakeholders may be reluctant to curb their production to improve conditions for eulachon. 
Understanding the incentives facing stakeholders and demonstrating the link between economic 
activities and eulachon population impacts is critical to crafting effective policies.
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Instruments of Recovery
Since it was listed in 2010, the only regulation enacted for eulachon protection is the prohibition of 
take in California’s inland waters (NMFS 2016a). However, a limited number of existing regulations 
restrict stakeholders’ operations in eulachon habitats. After the listing, areas of critical habitat were 
designated for eulachon in the lower reaches of a number of large rivers within its range. Further, 
the ESA stipulates that actions with a federal nexus must consult with NOAA when said actions may 
affect eulachon populations or adversely modify designated critical habitat. In British Columbia, 
recreational fishing with nets is prohibited, and there is a dredging moratorium within eulachon 
habitat. While not mandated by regulation, one of the most promising recent advances has been the 
development of LED excluder lights that help prevent eulachon bycatch in the ocean shrimp fishery.12

12 Beginning 1 April 2018, all Oregon and Washington shrimpers are required by state law to use fishing lights on 
the footrope of each trawl net. This measure was estimated to cost about $1,300 annually per vessel, although most 
shrimpers were already using the lights since they reduce the sorting time of the catch (R. Gustafson, NWFSC, 
personal communication).

Very few policy instruments directed at eulachon recovery have been deployed. The effectiveness 
of instruments that are in place is also largely unknown. This uncertainty stems from poor 
understanding of how biophysical conditions in eulachon habitat will evolve and, further, from poor 
understanding of the mechanism linking biophysical conditions to eulachon survival and recovery. 
One recovery effort that has demonstrated success in reducing eulachon mortality is the development 
and widespread adoption of LED gear lights by shrimp fishers to reduce eulachon bycatch, which is a 
high-priority threat in some subpopulations (Table 3). In 2014, after observing high eulachon bycatch 
rates in the ocean shrimp fishery, the Oregon Department of Fish and Wildlife developed LED gear 
lights as a technical bycatch reduction mechanism. Subsequent experiments suggested that these 
lights were highly effective. Particularly, 42 paired trials showed that gear equipped with the LED 
lights had 91% less eulachon bycatch than hauls using gear without LED lights (NMFS 2016a).

Determining which policy instruments will be effective in facilitating eulachon recovery requires 
a better understanding of the threats facing eulachon and the mechanisms by which threats 
impact eulachon populations.

Data Gaps and Opportunities for Applying 
Economic Analysis

One challenge in implementing this strategy is that the drivers and impacts of climate variability 
and climate change, which the BRT assessed as the largest threat facing eulachon, are not well 
understood. As climate science evolves, understanding of promising eulachon management 
instruments may also advance. This review concludes that opportunities exist for enacting 
recovery instruments that could improve the viability of other protected species (e.g., salmon 
and steelhead) as well as eulachon under the emerging ecosystem-based management (EBM) 
framework. Protecting multiple species within the same policy instrument may tip the scales 
when evaluating the costs and benefits of that instrument (e.g., estuary restoration, dam removal).
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Puget Sound Rockfish
Current Status

Yelloweye rockfish (Sebastes ruberrimus) and bocaccio (S. paucispinis) live in Pacific Ocean 
waters from California to Alaska. Upon being petitioned, NOAA determined that the Puget 
Sound/Georgia Basin (hereafter referred to as Puget Sound) populations of yelloweye rockfish 
and bocaccio represent a DPS. Notably, the Puget Sound DPS extends north into the Canadian 
portion of the Salish Sea. In 2010, the Puget Sound DPSs of yelloweye rockfish and bocaccio were 
designated threatened and endangered, respectively. Canary rockfish (S. pinniger) were included 
in the original listing, but were delisted in 2017 after research (NMFS 2016d, Andrews et al. 2018) 
found that the Puget Sound population was not genetically distinct from the larger outer-coast 
population. Using this new information, along with known life history characteristics, NOAA 
determined that the population of canary rockfish in Puget Sound does not meet the criteria for 
being designated as a DPS. Total rockfish abundance has declined by ~70% over the past 40 years, 
while bocaccio and yelloweye rockfish have likely declined by an even greater amount.

Assessment and Evaluation of Threats
NOAA’s final recovery plan (NMFS 2017) includes an assessment of the threats facing rockfish 
in Puget Sound. The ESA directs scientists to assess five threat “factors” and determine whether 
species being considered for listing are threatened or endangered by any of the five factors. 
The threat assessment considered the severity, certainty, and geographic range of the threat, as 
well as the potential for threat reduction. The five factors include: 1) the present or threatened 
destruction, modification, or curtailment of its habitat or range; 2) overutilization for commercial, 
recreational, scientific, or educational purposes; 3) disease or predation; 4) inadequacy of 
existing regulatory mechanisms; and 5) other natural or human-made factors affecting continued 
existence of the populations. Members of the Rockfish Recovery Plan Team determined that 
threats from four of the five categories pose moderate to high risks to Puget Sound rockfish. For 
the fifth category, disease and predation, there were not enough data to determine threat severity 
in this case. Table 4 presents a summary of NOAA’s threat assessment findings by management 
unit. Notably, the relative severity of threats varies across space, a pattern that reflects the 
heterogeneity of economic activity and urbanization across management units. Habitat-based 
threats pose the highest risk in the southern management units (Hood Canal, Main Basin, South 
Sound) through hypoxia and nearshore habitat disruption. Within factor 5), derelict fishing gear 
poses a moderate or high risk in the northern (San Juan and Canada) and western (Hood Canal) 
management units, but very low risk in the other management areas (Main Basin, South Sound). 
Conversely, contamination poses a moderate or high threat in Hood Canal, Main Basin, and 
South Sound, but poses a low or very low risk in the other management units.

Commercial and recreational fishing for rockfish is prohibited in Puget Sound; however, there are 
a few fisheries (e.g., commercial and recreational halibut and recreational lingcod and salmon) 
in which bycatch of rockfish still poses mortality risk to ESA-listed rockfish, primarily in the San 
Juan management unit. To mitigate some of this risk, the Washington Department of Fish and 
Wildlife has limited recreational fishing for “bottom fish” (including lingcod) in Puget Sound to 
water depths <120 ft, as yelloweye rockfish and bocaccio are more likely to occur in deeper waters.
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Table 4. Summary of threats assessment for ESA-listed rockfish in different management units of the Puget 
Sound/Georgia Basin (NMFS 2017).

Key:
A = Present or threatened destruction/modification/curtailment of habitat or range
B = Overutilization for commercial, recreational, scientific, or educational purpose
C = Disease or predation
D = Inadequacy of existing regulatory mechanism
E = Other natural or human-made factors affecting continued existence
P = Potential threat (not enough information to determine if it is a threat at the 

present time, but could plausibly become a threat in the future)

 1 = High risk
2 = Moderate risk
3 = Low risk
4 = Very low risk

Listing 
factor Canada

San 
Juan

Main 
Basin

South 
Sound

Hood 
Canal

Derelict fishing gear E 1 1 2 4 4
Commercial catch/bycatch B, D 3 1 3 3 3
Recreational catch/bycatch B, D 3 1 2 3 4
Nearshore habitat disruption A 4 3 1 1 2
Deepwater habitat disruption A 3 3 3 3 3
Non-native species habitat disruption E P P P P P
Hypoxia/nutrient addition E 4 4 3 2 1
Chemical contamination/bioaccumulants A 3 3 1 1 2

Entire Puget Sound/Georgia Basin
Marine mammal predation C 4
Fish predation/hatchery practices C, E 4
Competition C P
Diseases C P
Oil spills E 1
Genetic changes E P
Anthropogenic noise E P
Ocean acidification E 1
Climate change E 1

The interrelated threats of climate change and ocean acidification pose a significant risk to future 
persistence of listed rockfish in Puget Sound through a multitude of mechanisms. Likewise, all 
management units face high risk from oil-spill contamination.

Instruments of Recovery
NOAA evaluates recovery actions based on threat severity, uncertainty, and likelihood of recovery. 
The final recovery plan for ESA-listed rockfish in Puget Sound specifies recovery action priorities 
(NMFS 2017). Several recovery actions have been undertaken since the rockfish ESA listing. 
Government, academic, and conservation group researchers are collaborating with local stakeholders 
to improve understanding of rockfish in Puget Sound and the factors threatening their viability.
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NOAA’s 2017 final recovery plan (NMFS 2017) recommended and prioritized an additional 
45 recovery actions for listed rockfish among five distinct categories. The categories included 
actions that improve understanding of rockfish abundance, biology, and habitat associations; 
actions that align fisheries management with recovery goals; actions that research and protect 
rockfish habitats; actions that educate fishermen on identifying rockfish and reducing rockfish 
bycatch mortality; and actions that secure additional resources for rockfish recovery. In 2010, 
the Washington State Fish and Wildlife Commission passed regulations prohibiting targeting 
of rockfish by recreational anglers. Managers also closed recreational angling for bottom fish in 
waters deeper than 120 feet to reduce rockfish bycatch (NMFS 2017).

The recovery plan specifies rockfish recovery actions, including cost estimates and priority scores. 
The actions target three objectives. The first objective is to further our understanding of the status 
of rockfish populations and their habitats. Associated actions include scientific surveys, genetic 
testing, and other biological research. The second objective is to reduce or eliminate existing 
threats to listed rockfish associated with fisheries and other human activities. The third objective 
is to restore, protect, and research rockfish habitat. The associated actions include derelict gear 
prevention and removal, and research on rockfish habitat. 

Commercial fishing in Puget Sound for fish species has been largely nonexistent for a few 
decades, but the Washington Department of Fish and Wildlife (WDFW) did close several of the 
remaining nontribal commercial fisheries in the summer of 2010.13

13 These included the set net, set line, bottom trawl, inactive pelagic trawl, and inactive bottom fish pot fisheries. 

 As a condition for receiving 
an incidental take permit, WDFW initiated a monitoring and management program to reduce 
interactions with protected rockfish in two remaining Puget Sound commercial fisheries. In 
particular, the state initiated an observer program in the shrimp trawl fishery.

The Department of Fisheries and Oceans (DFO) in Canada also took action to protect listed 
rockfish from fishing threats. The efforts included improving stock assessments and monitoring and 
designating rockfish conservation areas where fishing is limited. Using these tools, DFO’s policy is to 
ensure that rockfish are subjected to fisheries mortality that is less than half that of natural mortality.

The Northwest Straits Commission received a federal grant to remove over 4,500 derelict fishing 
nets and 140 pots from waters less than 100 feet (NMFS 2015b). These efforts reduced the threat 
posed by derelict gear and improved habitat quality for rockfish. Removing derelict gear from 
deeper waters is much more technologically challenging, but NOAA has funded a pilot program 
in the San Juan management area to detect and map deep-water (i.e., >100 ft) derelict gear using 
sonar technology. NOAA Fisheries is also working with partners to quantify mortality associated 
with derelict gear through genetic sampling of dead fish found in gear.

In 2012, Washington State passed a bill requiring nontribal fishers to report lost nets within 24 
hours of loss so that they can be retrieved. The legislature appropriated $3.5 million dollars to 
fund the program in 2013, leading to the removal of 5,660 nets and 3,800 shellfish pots and 813 
acres of improved habitat (NMFS 2015b). Additionally, a variety of government, conservation, 
and academic partners are collaborating to map and characterize the Puget Sound benthic habitat 
in terms of its suitability for listed rockfish. This effort will inform, among other things, future 
abundance surveys, critical habitat designation reviews, and fisheries management decisions.
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Future habitat recommendations in the draft recovery plan include restoring nearshore and 
deep-water habitats, cleaning up contaminated sediments, and expanding habitat monitoring 
efforts. The recovery plan also recommends following Canada in designating priority habitats as 
protected areas for listed rockfish (e.g., marine protected areas or rockfish conservation areas).

Uncertainty about the biology and ecology of rockfish in Puget Sound and the threats they 
face is an obstacle to creating effective recovery plans. After the ESA listing, NOAA Fisheries 
initiated research to improve scientific understanding of rockfish in Puget Sound. A number of 
these efforts leveraged the knowledge and perspectives of fishermen to inform policy. Notably, 
in 2013–14, NOAA Fisheries partnered with WDFW and the recreational fishing community 
in Puget Sound to locate and genetically sample ESA-listed rockfish. The samples revealed that 
Puget Sound canary rockfish are not genetically distinct from canary rockfish on the outer coast, 
which led NOAA Fisheries to determine that canary rockfish did not meet the criteria of being 
designated a DPS, which led to the delisting of canary rockfish in 2017.

City, state, tribal, and federal agencies, along with regional foundations, aquariums, and nonprofit 
organizations, have ongoing research projects related to the recovery of rockfish in Puget Sound. 
These studies are targeted at understanding: a) historic and present-day rockfish abundance 
and diversity using remotely operated vehicle (ROV), trawl, and scuba-based surveys; b) spatial 
habitat usage and post-bycatch mortality using acoustic tracking technology; c) connectivity of 
populations using larval dispersal modeling; and d) fisheries interactions by working with local 
fishing boat captains and volunteer anglers (NMFS 2015b).

Data Gaps and Opportunities for Applying 
Economic Analysis

In many ways, the listing and recovery planning process for rockfish in Puget Sound reflects 
effective implementation of ESA principles and objectives. After the rockfish listing, NOAA 
biologists initiated research to reduce the uncertainty associated with the determination that these 
rockfish populations in Puget Sound are distinct population segments. This research engaged 
local fishing captains and anglers and leveraged their unique ecological knowledge to collect data 
on rockfish genetics. The results of this research led to the eventual delisting of canary rockfish 
and expanded the geographic boundaries of the Puget Sound DPS for yelloweye rockfish.

The process that led to the delisting of Puget Sound canary rockfish illustrates two effective 
components of MPR research. First, the researchers engaged local stakeholders to improve 
understanding of MPR science (Beaudreau et al. 2011, Andrews et al. 2018) and used historical 
population observations to inform delisting criteria (Williams et al. 2010). Second, the delisting 
illustrates adaptive management, where management priorities and strategies are modified as 
understanding of recovery science develops. Additionally, the cost estimates of recommended 
recovery actions in the Rockfish Recovery Plan are potentially useful for conducting future 
analyses. Economic analysis could further improve the Puget Sound Rockfish Recovery Plan 
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through a quantitative prioritization of recovery actions. The draft plan acknowledges that all of the 
actions in the recovery plan are not possible under current funding levels (NMFS 2015b), yet rates 
38 of the 45 recommended recovery actions as the highest possible priority. Application of CEA or 
other analysis frameworks to the plan may further differentiate prioritization across actions. Still, 
the analysis conducted for the listing and recovery of ESA-listed rockfish in Puget Sound stands out 
among the species considered in this report in terms of approach, implementation, and adaptability.
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Green Sturgeon
Current Status

Green sturgeon (GS; Acipenser medirostris) is an ESA-listed species that inhabits mostly estuarine 
and coastal waters off the U.S. West Coast, from the Bering Sea in Alaska to Baja California, 
Mexico. GS are anadromous fish, meaning they migrate from ocean-rearing habitats into rivers to 
spawn in freshwater upstream. Despite their wide geographic range, known GS spawning habitat 
is restricted to the Sacramento, Klamath, and Rogue River basins (Moser et al. 2016).

A petition to list GS under the ESA was filed in 2001. The subsequent biological review (NMFS 2015c) 
found that the North American population of GS is split into distinct population segments. The 
review also found that the Southern DPS is composed of those fish spawning in the Sacramento River. 
The Southern DPS of GS was officially listed as threatened under the ESA in 2006. At that time, GS 
were assigned a Recovery Priority Number of 5, indicating a moderate risk of extinction. The five-year 
review in 2015 found the GS status unchanged, and further noted that while the recovery potential was 
high in some regions, conflicts exist between conservation and natural resource uses (NMFS 2015c).

Two primary factors likely contributed to historical declines in GS abundance: incidental harvest, 
and destruction and degradation of habitat (NMFS 2010). Improved understanding of GS life 
history traits, population trends, and habitat needs is necessary to facilitate effective management 
and recovery (Moser et al. 2016).

Assessment and Evaluation of Threats
The mandated 2010 biological review found that the principal threat to Southern DPS green 
sturgeon was restricted access to spawning habitat due to stream impoundments (NMFS 2010). 
In addition, stream impoundments alter the hydrograph and can cause harmful river flow and 
temperature conditions, particularly below large dams (e.g., Shasta, Keswick, Oroville, and Daguerre 
Point). Other important threats identified in the review, listed in no particular order, include:

• Bycatch in commercial and tribal fisheries.
• Illegal take in recreational fisheries.
• Displacement of prey by nonnative species.
• Entrainment in water diversions, ocean energy projects, and vessel strikes.
• Exposure to contaminants.

Annual GS bycatch in commercial, recreational, and tribal fisheries has historically numbered 
in the thousands of individuals. For example, bycatch of GS in Columbia River and Washington 
State commercial fisheries ranged from 3,000 to 7,500 individuals from 1985 to 1993 (Moser et 
al. 2016). Larval and juvenile GS are susceptible to entrainment in the over 3,000 water diversion 
pipes operating in the Sacramento–San Joaquin basin (Mussen et al. 2014).
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Instruments of Recovery
Green sturgeon bycatch was historically sold to seafood processors, but commercial sale of GS 
was prohibited upon listing in 2006. Recreational harvest is also prohibited in Washington, 
Oregon, and California. All sturgeon fishing was prohibited year-round in the upper Sacramento 
River in 2010 to protect spawning adults (NMFS 2010). In 2009, critical habitat was designated 
for GS spanning marine, coastal, estuarine, and freshwater segments. The freshwater segments 
include the mainstem Sacramento River below Keswick Dam, the Feather River below Fish 
Barrier Dam, the Yuba River below Daguerre Point dam, and the San Joaquin River delta.

Additional protective regulations prohibiting the take of GS (the “4(d) rule”) were passed in 2010. 
The 2010 recovery plan outline provides a list of potential conservation actions that may promote 
species recovery. These include actions aimed at improving scientific understanding of the GS life 
cycle and population biology, improving collaborations between recovery partners, and evaluating 
and preventing GS bycatch. The five-year review conducted in 2015 found little change to the GS 
status or threats. However, one potential threat was eliminated with the removal of the Red Bluff 
Diversion Dam (NMFS 2015c). The recovery plan for Southern DPS GS is still being developed. Once 
completed, the recovery plan will specify and rate the importance of recovery and research activities.

Data Gaps and Opportunities for Applying 
Economic Analysis 

Scientific understanding of GS population biology and the relationships between threats and 
population dynamics is lacking. A first order of business in developing effective conservation and 
recovery plans is generating this understanding. Specifically of need are studies that contribute to 
population-scale understanding of GS biology. Population-scale studies require population-level 
sampling programs coordinated through interagency and interstate cooperation. Economic evaluation 
of recovery alternatives is limited by the dearth of scientific research on GS. Still, cost-effectiveness 
analysis may prove useful for evaluating alternative data collection or recovery plan strategies.

34



Black and White Abalone
Eight species of abalone are found off the California coast.14

14 Abalone species: black (Haliotis cracherodii), white (H. sorenseni), green (H. fulgens), red (H. rufescens), pink (H. 
corrugate), pinto (H. kamtschatkana), flat (H. walallensis), and threaded (H. assimilis).

 Five of these species—black, white, 
green, red, and pink—supported popular recreational and commercial fisheries until populations 
experienced severe declines during the second half of the 20th century. Two species, white and 
black abalone, are listed as endangered under the ESA. Three additional species—pinto, green, 
and pink abalone—are designated as species of concern. Red abalone populations, which support 
an economically important recreational fishery, are also in decline.15

15 The kelp forests where they live have been decimated by warming waters and purple sea urchins, so there is no food 
for the red abalone to eat. All recreational harvest of red abalone was closed in California in 2018.

 This section reviews the 
status of listed white and black abalone populations and the threats they face. It also reviews the 
policy instruments being deployed to recover populations and the evidence of their effectiveness, 
as well as opportunities for economic analysis to contribute to abalone conservation and recovery.

Current Status
Black Abalone
Historically, black abalone inhabited Pacific waters from Crescent City, California, to southern 
Baja California. Black abalone is the most shallow-living abalone (NMFS 2016b). They are 
generally found on intertidal rocky shores in coastal or offshore island areas. The most abundant 
black abalone populations are south of Monterey Bay. Black abalone were extremely abundant 
in the Channel Islands until 1986, before large-scale population declines began (NMFS 2009). 
The decline in black abalone is attributed to overfishing and the onset of withering syndrome, a 
usually fatal bacterial disease that gradually weakens the organism and results in a loss of ability 
to maintain adhesion to rocky substrata. Upon petition, black abalone were listed as endangered 
in 2009, and critical habitat was designated in 2011.

White Abalone
White abalone inhabit coastal habitats on the west coast from Point Conception, California, to 
Punta Abreojos, Mexico. The deepest west coast species of abalone, white abalone are usually 
reported at depths of 20–60 meters, with the highest densities between 25–30 m (Hobday and 
Tegner 2000). Historically, more than 360,000 legal-sized white abalone are estimated to have 
occupied California’s coastal waters (Rogers-Bennett et al. 2002).

The height of white abalone exploitation in California spanned only a decade. The fishery began 
in earnest in 1968, and harvest was in rapid decline by 1978 (Hobday and Tegner 2000). In just 
ten years, overutilization by commercial and recreational fisheries led to drastic declines in 
white abalone populations. By the time the white abalone fishery was permanently closed in 
1996, densities had fallen sufficiently so that white abalone populations were no longer self-
sustaining. Specifically, the population declines decreased abalone density (i.e., increased the 
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distance between individuals) to the point where reproduction (successful fertilization of the 
broadcast gametes) was no longer possible. At their most abundant site in Southern California, 
the estimated white abalone population declined from 15,000 individuals in 2002 to 3,000 in 2010 
(Stierhoff et al. 2012). The ESA status review in 2000 estimated that white abalone in the wild 
represented less than 0.1% of their estimated pre-fishery population size. The remaining wild 
individuals are aging, and the entire species will likely go extinct from natural mortality within 
20 years without active conservation in the form of captive breeding and stocking (Catton et al. 
2016). Following the status review, white abalone were listed as endangered in 2001, making them 
the first marine invertebrate listed as endangered under the ESA.

Assessment and Evaluation of Threats
Black Abalone
The most significant current and future threat to black abalone is withering syndrome, a bacterial 
disease that disrupts the abalone’s ability to digest food, causing eventual starvation (Neuman 
et al. 2010). Other important anthropogenic threats include illegal take, ocean warming, and 
ocean acidification (NMFS 2016b). Withering syndrome was first detected in 1985 and has been 
decimating black abalone populations since. Infection of individuals in a population leads to 
rapid population declines of 90 percent or more. The disease is less prevalent in the northern part 
of the black abalone range, where water temperatures are lower. For example, eight of the nine 
northern populations (i.e., north of Cayucos, California) under monitoring showed no declines 
in abundance between 1975 and 2006. The 2009 status review team identified the risks associated 
with withering syndrome as the primary cause for concern about the persistence of black abalone 
as a species (NMFS 2009). Furthermore, the status review team unanimously agreed that black 
abalone are likely to go extinct in the coming decades unless effective measures are developed to 
combat the population-level effects of withering disease (NMFS 2009).

White Abalone
By the time white abalone were listed in 2010, overutilization had reduced population abundance 
and genetic diversity to levels where the populations were no longer self-sustaining, even if other 
threats were to be addressed. The white abalone recovery plan found that low abalone density (i.e., 
the number of abalone per square meter or square hectare) was the greatest threat facing white 
abalone on the west coast. Low density results in a failure to successfully reproduce, since broadcast 
eggs and sperm, released during spawning events, are too far apart to achieve successful fertilization. 
Other threats identified by the recovery plan (NMFS 2008a), listed in order of severity, include:

1. Inability to implement conservation and research efforts.
2. Inadequate enforcement.
3. Reduced genetic diversity, which leads to lower reproductive potential and fitness.
4. Spread of disease through supplementation.
5. Illegal harvesting.
6. Habitat modification from anthropogenic activities.
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Of note, while habitat destruction/modification and disease were not significant drivers of the 
initial white abalone population decline (Hobday and Tegner 2000), these factors may influence 
the recovery outlook for white abalone.

Instruments of Recovery
Black Abalone
In response to observed population declines, all forms of legal black abalone harvest were 
suspended by state authorities in California in 1993 (NMFS 2009). Neuman et al. (2010) 
identified characteristics of recovery actions that are most likely to conserve and recover black 
abalone populations. These characteristics include: 1) actions that buffer black abalone from the 
anthropogenic sources of increased sea surface temperature (e.g., thermal effluent) and other 
conditions that promote the spread of withering syndrome, 2) actions that reduce illegal take 
of black abalone, and 3) human interventions (e.g., translocations, captive propagation) that 
promote population rebuilding with safe and cost-effective methods.

The black abalone recovery plan is still under development, but major recovery needs include:

• Mapping black abalone habitats and black abalone population densities.
• Establishing monitoring of populations in Baja California.
• Minimizing the potential for pathogen and invasive species introductions through 

regulations, inspections, and other instruments.
• Developing an oil-spill response plan for black abalone conservation.
• Collaborating with California state authorities to develop poaching deterrents.

White Abalone
The white abalone fishery was closed indefinitely in 1996, followed by the closure of all abalone 
fisheries in Central and Southern California in 1997. However, active conservation measures, 
including captive breeding, are required to prevent extinction of white abalone in the short run. 
Recovery plans drafted by NMFS and the state of California both identified captive breeding and 
stocking as necessary recovery actions to prevent extinction (CDFG 2005, NMFS 2008a). Wild 
population surveys and education and outreach are two additional recovery activities currently 
underway. As of 2015, the captive breeding and stocking program had produced enough small abalone 
to conduct stocking trials in the ocean. Experiments with red abalone are being used to inform and 
optimize strategies for white abalone stocking. The stocking trials and modeling conducted so far have 
yielded useful information. Catton et al. (2016) found that a juvenile stocking density of greater than 
0.23 abalone/m2 resulted in positive population growth over a 20-year period. Li and Rogers-Bennett 
(2017) found that successful stockings tended to supplement resident populations when the stocked 
abalone were larger. Ocean warming and poaching are associated with less successful stockings.
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Data Gaps and Opportunities for Applying 
Economic Analysis 

ESA-listed black and white abalone face very different threats. Black abalone are at risk primarily 
from a marine pathogen that has rapidly decimated populations in Southern California. 
Conversely, overfishing reduced white abalone populations to densities where the species can 
no longer effectively reproduce. Nonetheless, the conservation challenges and opportunities 
associated with white abalone have similarities to those associated with black abalone. Both 
species are relatively stationary broadcast spawners that face threats from illegal harvest and 
whose recovery prospects are inhibited by warming sea waters. Likewise, three additional abalone 
species in California are designated as species of concern: pinto, green and pink abalone.

The preceding review of black abalone and white abalone revealed several opportunities for 
applying economic analysis to inform abalone recovery and conservation. Economic analysis can 
contribute to evaluation of alternative abalone recovery actions using cost–benefit analysis and 
cost-effectiveness analysis. However, recovery action evaluation with economic analysis requires 
an understanding of the relationship between alternative actions and recovery outcomes. CEA 
may also contribute to prioritization of data collection, modeling, and monitoring alternatives 
based on their potential to reduce uncertainty and improve recovery decision-making. Recovery 
strategies for for black abalone involve managing the spread of a marine disease with monitoring 
and active population control measures, while recovery strategies for white abalone involve 
captive breeding and stocking. Bioeconomic modeling and dynamic simulation methods have 
promise for informing recovery planning in these contexts. For abalone populations under 
current or future exploitation, economics offers some theory and observation on alternative 
systems for assigning property rights. Notably, for sedentary species such as abalone, territorial 
use rights, where users are permitted to harvest from a specific area, may offer potential for 
sustainably managing abalone fisheries (see Wilen et al. 2012).

Finally, abalone protections and conservation objectives may conflict with or enhance other 
federal conservation policies or objectives. For example, protected sea otters (Enhydra lutris) 
prey upon black abalone populations in California, but the presence of sea otters is associated 
with improved black abalone population increases (Raimondi et al. 2015). Such situations present 
an opportunity for applying institutional analysis to explore a more holistic, ecosystem-based 
management strategy for managing co-occurring protected marine species.
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Marine Sea Turtles
Current Status

Subpopulations or DPSs of four sea turtle species range into coastal and offshore waters of the 
U.S. West Coast: leatherback (Dermochelys coriacea), loggerhead (Caretta caretta), olive ridley 
(Lepidochelys olivacea), and green sea turtles (Chelonia mydas). These species experienced 
significant population declines in the late 20th century and have been listed under the ESA since 
1978. Population declines have been noted for all species over the last several decades. However, 
with the implementation of conservation measures and recovery plans, there is evidence of 
rebuilding nesting populations in the U.S. and around the world.

Abundance estimates and trends for each species subpopulation are largely based on the number 
of nesting females that come ashore each year, and therefore vary considerably across locations 
and years. Western and eastern Pacific leatherback populations have shown declines of 80% and 
97% since the 1980s, respectively (Santidrián Tomillo et al. 2007, Tapilatu et al. 2013). Nesting 
loggerhead females in the North Pacific DPS declined throughout the 1990s, increased steadily 
until 2005, declined again in 2006, and have been on the rise again in recent years. In 2004, one 
estimate stated that green sea turtles had likely declined 48–67% globally over the last three 
generations (Seminoff 2004). However, nesting for the East Pacific green sea turtle DPS has 
exhibited substantial increases since 1996 at the primary nesting site in Mexico. 

All sea turtle species make long migrations between nesting beaches and foraging grounds, often 
across entire ocean basins. Though there are no nesting beaches on the U.S. West Coast, sea 
turtles migrate to the area to forage throughout the year. Leatherbacks and loggerheads are found 
foraging off the west coast from British Columbia to Southern California, though they are often 
concentrated in the productive waters of the California Current Ecosystem. Leatherbacks that 
occur in west coast waters originate from nesting beaches across the western Pacific (in Indonesia, 
Papua New Guinea, and the Solomon Islands). Loggerheads that forage in west coast waters nest 
almost exclusively in Japan. Olive ridley sea turtles are found from Mexico to northern Chile, 
with nesting occurring from Mexico to Peru. They are the only species in the eastern Pacific 
which undertake arribada (i.e., nesting en masse), which occurs on several beaches in both Costa 
Rica and Mexico. Green sea turtles found foraging in California waters are part of the East Pacific 
DPS, originating from nesting beaches in Mexico.

Assessment and Evaluation of Threats
Sea turtle populations are impacted by anthropogenic activities in both their terrestrial and 
marine habitats. Nesting beaches are a critical component of the sea turtle life cycle. Available 
nesting beach habitat has declined due to coastal development, pollution, beach erosion, and 
habitat changes from climate change. Rising egg incubation temperatures can also lead to the 
feminization of populations due to the Temperature Sex Determination phenomenon that 
results in more female hatchlings than male. In the marine environment, major threats to sea 
turtles include entanglement in fishing gear, ingestion of marine debris, and vessel ship strikes. 
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For turtles that inhabit U.S. West Coast waters at some point during their life cycle, the most 
significant threats they face can include bycatch in commercial and artisanal fisheries, climate 
change, ingestion of marine debris, vessel strikes, illegal harvest, and limited enforcement 
capacity for conservation measures in developing countries where these turtles nest.

Bycatch remains one of the most significant threats to sea turtles on the west coast (Lewison 
and Crowder 2007, Donlan et al. 2010, Finkbeiner et al. 2011). In general, longline fisheries are 
thought to be particularly impactful due to their tendency to catch older age classes with higher 
reproductive potential (Lewison and Crowder 2007), though sea turtle bycatch in trawls and 
gillnets has also been a long-standing concern. For North Pacific loggerheads, the most significant 
threat is bycatch in coastal pound nets off Japan and on bottom longlines in Baja California, with 
mortality estimates reaching 1,000 per year (Peckham et al. 2007, Conant et al. 2009). Similarly, 
bycatch remains a significant threat to olive ridley turtles in the Pacific, with estimates from the 
1990s of more than 13,000 caught annually in shrimp trawls off Costa Rica being just one example 
(USFWS 2014). For the eastern Pacific DPS of green sea turtles, bycatch is a primary concern in 
small-scale gillnet fisheries in Baja California (estimated at 1,000 sea turtles per year in the mid-
2000s) and artisanal longline fisheries operating off Ecuador and Chile (ranging from 0.36 to 0.60 
sea turtles per 1,000 hooks; Seminoff et al. 2015).

Climate change remains a significant threat not only to nesting beaches but also by changing the 
marine habitat ecosystems on which sea turtles depend, with turtles’ ability to adapt to changes 
in prey distribution, currents, productivity, etc., varying by species. Researchers have begun 
incorporating climate-related impacts into predictive modeling for fisheries outcomes (Pinsky 
and Mantua 2014), but have generally not yet extended their application to protected species 
(Komoroske and Lewison 2015). Hazen et al. (2013) examined the shift in habitat of top predators, 
including sea turtles, based on predicted changes in sea surface temperatures. Only recently 
have researchers been able to improve predictions about the spatiotemporal distribution of sea 
turtles in specific habitat areas based on environmental variables (Eguchi et al. 2017), which may 
assist in understanding how climate change might shift sea turtle distribution and overlap with 
fishing effort in the future. However, the rare nature of sea turtle bycatch events makes it difficult 
to mathematically model the socioeconomic and biological outcomes of various policy options 
aimed at minimizing entanglements and bycatch mortality. In terms of terrestrial habitat, model 
projections estimate the loss of 43% of loggerhead nesting habitat in Florida and 3–65% of green 
sea turtle nesting habitat in the Hawaiian Islands by 2100 (Baker et al. 2006, Reece et al. 2013).

Several sources of uncertainty make it challenging to assess and efficiently minimize or mitigate the 
impacts of anthropogenic activities on sea turtles. First, interannual variability in abundance estimates 
can arise naturally from inherent population dynamics or fluctuations in ecosystem productivity, 
but also from changes in beach monitoring or disturbance events such as oil spills. Using variable 
data to establish baseline conditions for impact analyses or recovery planning introduces inevitable 
uncertainty, where meaningful analyses would require conducting studies on a decadal scale.

Second, gaps in research knowledge about the distribution of sea turtles at specific life stages 
introduce uncertainty when modeling the overlap of sea turtles, their habitat, and anthropogenic 
activities. Predicting and minimizing the overlap and impact of anthropogenic activities is nearly 
impossible without a more precise understanding of how and when sea turtles use coastal and 
offshore habitat areas in each life stage.
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Third, the nature and severity of certain threats remain unknown. An expert opinion survey 
ranking threats to sea turtles consistently identified bycatch as the most significant threat to 
populations around the world, though the relative severity of bycatch and compared to other 
threats varied greatly by region (Donlan et al. 2010). The survey results also identified direct 
take and pollution as problematic for loggerhead, olive ridley, and green sea turtles in the Pacific 
(Donlan et al. 2010). The Hawaii pelagic longline fishery has been cited as having higher mortality 
estimates compared to California gillnet and longline fisheries (Finkbeiner et al. 2011), though 
this is likely an artifact of local sea turtle abundance rather than the fisheries themselves.

There is a wide range of entities with a stake in sea turtle conservation and management. These 
include fishermen utilizing or passing through sea turtle habitat, wildlife tourism, beachgoers, 
community businesses near nesting beaches, and the general public. The goal of sea turtle 
management is to enact policies that yield net benefits to the public and coastal communities, 
and that promote the recovery of endangered species. Natural resource management decision-
making is complex and requires comparing policy alternatives with imperfect or nonexistent data 
in perpetually changing conditions within the fishery or socioeconomic landscape. These tensions 
between resource use and conservation will likely persist into the future due to the overlapping 
nature of fisheries and sea turtles, and the inevitable economic trade-offs of reducing bycatch. 
Resource managers will continue to implement regulations based on the best available data, 
minimizing uncertainty and reducing the likelihood of bycatch.

Instruments of Recovery
In the marine environment, NOAA Fisheries has implemented a wide range of regulatory 
measures to reduce incidental take of sea turtles in fisheries through fishery management plans, 
biological opinions, and recovery plans under the ESA. These include top-down control measures 
such as spatial and temporal restrictions, gear requirements, gear modifications, and bycatch 
limits. All of these strategies for reducing sea turtle bycatch have a range of costs (either realized 
or opportunity) associated with them.

Restricting certain gear types or closing areas to fishing at certain times of the year are management 
techniques used to reduce sea turtle bycatch in a number of fisheries in the U.S. and around the 
world. In 2001, NOAA Fisheries implemented the Pacific Leatherback Conservation Area Closure 
as a time–area closure from mid-August to mid-November off California and Oregon to reduce 
bycatch in the U.S. swordfish fishery. NOAA Fisheries also implemented the Pacific Loggerhead 
Conservation Area, 25,000 square miles that close to gillnet fishing when temperatures rise above 
a certain threshold, often coinciding with El Niño conditions. Similarly, time and area closures 
have been implemented in the Atlantic sea scallop fishery and in the North Carolina inshore gillnet 
fishery when sea turtle interactions reach established limits. These spatial closures can be dynamic 
in nature, where areas are closed based on when sea turtles are known to be present, or if a higher 
number of interactions are reported. However, the effectiveness could likely be improved with real-
time or near-real-time reporting, allowing fishermen to proactively (rather than in the next season) 
avoid bycatch hotspots (e.g., the TurtleWatch program in Hawaii, described below).
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Gear modifications to reduce sea turtle bycatch have been developed for trawl, gillnet, and longline 
gears. In some instances, reducing effort (via reducing the number of hooks per set or gillnet soak 
times) is the primary goal. In other cases, the actual gear itself is changed to reduce the likelihood 
of entanglement. For trawls, Turtle Excluder Devices (TEDs) have been proven effective in 
excluding sea turtles from nets in the U.S. when installed in compliance with regulations, though 
bycatch reduction targets have not been met in all instances (Brewer et al. 2006, Cox et al. 2007, 
NMFS 2014b). For gillnets, researchers in Baja California have shown that both illuminated gillnets 
(Wang et al. 2010, 2013) and buoyless gillnets (Peckham et al. 2016) significantly reduce bycatch 
without reducing the volume of target species landings. For pelagic longline fisheries, particularly 
shallow-sets targeting swordfish, the transition to using wider circle hooks with fish bait 
(compared to the traditional approach of using J-hooks with squid bait) reduced sea turtle bycatch 
and mortality rates by more than 80% in some cases (Watson et al. 2005, Gilman et al. 2007).

Gear modifications in the Hawaii pelagic longline fishery were accompanied by a fleet-wide 
bycatch limit on the number of leatherback and loggerhead sea turtle mortalities each year. 
If the limit is reached, the fishery is shut down for the remainder of the year. These measures, 
implemented under the ESA biological opinion authorizing the continued operation of the 
fishery, have remained controversial and have been the subject of litigation and ongoing study. 
Researchers examined the broader impacts of these regulations, intended to reduce impacts 
on sea turtles, and concluded that, in fact, bycatch rate could be 11% higher due to regulatory 
spillover effects. By temporarily shutting down the U.S. pelagic longline swordfish fishery in 
the central Pacific, foreign fisheries operating elsewhere in the Pacific with little to no bycatch 
reduction measures ramped up production to meet demand within the U.S. Researchers estimated 
that bycatch would have been more than 80% lower if foreign fisheries had maintained bycatch 
rates as low as the U.S. fishery (Chan and Pan 2016). This situation illustrates one of the challenges 
of implementing effective policies to promote sea turtle conservation and management.

As illustrated by the longline swordfish closure described above, the Hawaii pelagic longline 
fishery is a prime example of the complexity in modeling and predicting economic trade-offs and 
biological outcomes. Researchers estimate that based on current bycatch limits and accompanying 
closure regulations, the shadow price16

16 In this context, the shadow price is the economic value to fishermen of relaxing bycatch regulations.

 of reducing bycatch ranged from an average of over $30,000 
up to more than $50,000 per sea turtle throughout the 1990s, depending on model assumptions and 
scenarios (Curtis and Hicks 2000, Huang and Leung 2007). Due to the low bycatch limits and the 
high costs of reducing bycatch in this fishery, researchers have examined the potential economic 
and conservation benefits of instituting a cap-and-trade framework, where gillnet fishermen in 
Baja California would relinquish some of their bycatch quota to Hawaii longliners in exchange for 
compensation dedicated to improving their gear and thereby further reducing sea turtle bycatch.

A cap-and-trade framework has also been discussed as a viable option for reducing bycatch in the 
Gulf of Mexico reef fish fishery, where researchers note that a socially optimal management plan 
can be implemented only when bycatch is observable and quota trades are relatively seamless and 
low in cost (Singh and Weninger 2015).
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Data Gaps and Opportunities for Applying 
Economic Analysis 

Potentially promising policy options to reduce sea turtle bycatch that are not in widespread 
use include quota risk pools, move-on rules with hotspot reporting, compensatory mitigation 
approaches such as bycatch and landings taxes, and adaptive measures based on prevailing 
oceanographic indices or thresholds. These mechanisms can be seen as incentive-based rather than 
traditional top-down regulatory approaches (Lent and Squires 2017), and could also be used together, 
particularly because the options available to different fisheries vary based on gear type, fishing 
location, target species, and the level of economic development where the fishery is prosecuted. 
Additionally, studies that scale up and aggregate impacts across gear types, fishing fleets, and regions 
(Wallace et al. 2008, 2010, 2013, Lewison et al. 2014) are critical to accurately estimate mortality and 
develop economically efficient mitigation strategies for migratory species such as sea turtles.

Because sea turtles migrate across ocean basins during different life stages and encounter a variety 
of threats on nesting beaches as well as in pelagic ocean ecosystems, particularly in countries with 
few to no protective measures, determining where conservation dollars and mitigation effort have 
the highest pay-off is important. For example, Pacific leatherback nesting beach conservation efforts 
in Indonesia have been shown to be less costly per adult female than instituting and maintaining 
Hawaii pelagic longline regulations and time–area closures in the California drift gillnet fishery 
by ten and 100 times, respectively (Gjertsen 2011, Gjertsen et al. 2014). In this case, addressing the 
primary threat may not be the most economically viable option relative to the costs when another 
strategy may provide equivalent benefits. Protecting the turtles during such a reproductively 
valuable time period is more effective, beneficial, and economically efficient than further restricting 
industry activities in the U.S., where protective measures such as circle hooks or TEDs are already 
in place. The benefits of investing in costly fisheries closures or gear changes can be nullified if 
sea turtle mortality is high elsewhere, highlighting the importance of compensatory mitigation 
(financed by developed nations) and holistic conservation strategies (Dutton and Squires 2011, 
Gjertsen 2011, Gjertsen et al. 2014). Notably, these policies also have distributional implications, as 
the costs and benefits are borne by different parties under the alternative regulations.

Bycatch taxes could be effectively implemented at the fleet level, where participants are either 
penalized or refunded if the limit is exceeded or not, thus incentivizing bycatch avoidance 
behaviors that may be costly in terms of gear changes or foregone target species catch (Segerson 
2011). Bycatch taxes can be set at a fixed percentage of landings, or can be established on a per-
individual basis. Assuming the price of bycatch is right, the high incentive to avoid and reduce 
bycatch with this framework makes it particularly promising. However, the approach can become 
problematic if the price is set too low (Abbott and Wilen 2009), as the penalty from exceeding the 
bycatch limit would be insufficient disincentive to reduce bycatch.

Bycatch caps have been found to be most effective when implemented in conjunction with other 
strategies such as gear modifications and/or fleet communication (O’Keefe et al. 2013). Allocating 
bycatch quotas to fishery participants and allowing for trade can result in greater economic 
efficiency, because individuals can optimize cost reduction and maintain optimal harvests 
(O’Keefe et al. 2013). In general, adaptive compensatory mitigation approaches such as these, that 
are informed by bioeconomic modeling, can help ascertain which conservation measures are both 
most cost-effective and have the highest conservation benefits (Wilcox and Donlan 2007).
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The formation of risk pools allows fishermen to “pool” their quota for constraining or bycatch 
species and then access it if and when bycatch events occur, and is equivalent to purchasing 
insurance. Risk pools are most successful when bycatch is uncertain and the risk of exceeding 
quota is relatively high. This approach is used by some participants in the U.S. West Coast 
groundfish fishery (Holland 2010, Holland and Jannot 2012), where members have experienced 
increased utilization rates of constraining species (Kauer and Oberhoff 2015). If nontarget species 
are constraining and observer coverage is high, this framework could be applied to bycatch limits 
established for protected species. This approach is promising because it involves sharing risk 
among the members, which also encourages cooperation and enhanced accountability (unless the 
incentives are somehow skewed to encourage cheating, which is a weakness of this approach that 
requires attention during the developmental period).

Agent-based modeling, though not widely used, can incorporate fishing behavior into models to 
predict spatial and temporal patterns in fishing effort and the resulting economic benefits. Yu et al. 
(2009) developed this approach for the Hawaii pelagic longline fishery, enabling examination of fishing 
outcomes across policy alternatives. This could be adapted to include the costs of avoiding bycatch.

Lastly, another possible mechanism to reduce bycatch would be to implement management 
measures based on specific prevailing oceanographic conditions or indices that coincide with 
the presence or absence of forage species, the presence of sea turtles in foraging areas, specific 
migratory patterns, or the presence of particularly vulnerable age classes of bycatch species. 
Sea turtle movements and behaviors have been shown to follow patterns in convergence zones, 
where productivity and forage species are also common (Polovina et al. 2000, 2004). Formally 
incorporating this knowledge into management measures could lower the cost of bycatch avoidance 
because potentially restrictive measures would be limited to specific times and places with the 
highest likelihood of interactions (Hobday et al. 2013, Lewison et al. 2015, Maxwell et al. 2015).

Beginning in the late 2000s, this approach was employed to reduce loggerhead bycatch in the 
Hawaii pelagic longline fishery through the TurtleWatch program (Howell et al. 2015). Suggested 
areas to avoid are based on temperature isotherms and have most recently been expanded to 
include information about leatherback habitat areas (Howell et al. 2015). This type of adaptive 
EBM tool will be particularly useful if and when populations recover (making fisheries 
interactions more likely) or shift their ranges in response to changing ocean conditions (making 
static conservation areas potentially less effective). The quality and quantity of bycatch data 
available for assessing the impact of fisheries on sea turtles continue to improve. With enhanced 
spatial predictive mapping of bycatch hotspots for marine megafauna (Lewison et al. 2009, Žydelis 
et al. 2011, Lewison et al. 2014) and refined Bayesian modeling (Martin et al. 2015), implementing 
adaptive management to reduce sea turtle bycatch will become increasingly feasible.

As discussed above, managers will likely never have the perfect dataset that allows them to identify 
the precise marginal costs and benefits of various policy options, but they have to make decisions 
and implement regulations nonetheless. This dilemma highlights the importance of prioritizing 
policies that incentivize continued cooperative industry research and regulatory decisions that 
are adaptable to future changes. One potentially useful area of research would be determining the 
flexibility of models to adapt to various fisheries and environments, so that initial measures could be 
implemented based on knowledge and experience from other fisheries with similar gears or target 
species without having to garner funding to repeat studies in every fishery prior to implementation.
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Pinnipeds
Current Status

Pinnipeds haul out on rookeries for mating and pupping and either make shorter foraging trips or 
migrate farther distances to foraging grounds. Foraging patterns depend on the species and can 
also vary by age and sex class. These life history characteristics and often remote rookery locations 
make population censuses difficult, with abundance estimates generally extrapolated and modeled 
from counts on rookeries, pup counts, mortality estimates, attendance patterns, and recruitment 
rates. Six species of pinnipeds live off the U.S. West Coast: harbor seals (Phoca vitulina), northern 
elephant seals (Mirounga angustirostris), California sea lions (Zalophus californianus), Guadalupe 
fur seals (Arctocephalus townsendi), northern fur seals (Callorhinus ursinus), and Steller sea 
lions (Eumetopias jubatus). Guadalupe fur seals and the western stock of Steller sea lions are 
listed under the ESA, and northern fur seals and the eastern stock of Steller sea lions are listed as 
depleted under the MMPA. These species are still recovering from commercial hunting during 
the 18th century that severely depleted populations (Carretta et al. 2016). These six pinniped 
species and their corresponding regional stocks have different abundances and population trends, 
and therefore different conservation statuses.

Guadalupe fur seals breed primarily in Baja California, and have recently been expanding 
into historical habitat in the Pacific Northwest, with populations thought to be increasing at 
approximately 10% per year (Carretta et al. 2016). Northern fur seals are found from Southern 
California throughout the North Pacific, with primary breeding sites in the Pribilof Islands. The 
eastern Pacific stock is listed as depleted under the MMPA, and pup production has continued to 
decline in recent years, though the trend varies across the primary breeding sites. Steller sea lions 
range from Northern California across the North Pacific into Japan, and have been an ongoing 
source of controversy among stakeholders and fishery managers. The eastern stock of Steller 
sea lions was delisted from the ESA in 2013 and is estimated to include 60–74,000 individuals, 
increasing approximately 4% per year (Carretta et al. 2016). The western stock, however, remains 
listed as endangered under the ESA, having experienced dramatic population declines from the 
1970s to 2000. The population breeds throughout the Aleutians and into Russia, and pup counts 
exhibit varying trends depending on the area.

In contrast, harbor seals, northern elephant seals, and California sea lion populations are stable 
and increasing throughout their ranges and will not be discussed in depth in this review. Harbor 
seals are a cosmopolitan species found around the world, with separate west coast stocks delineated 
for California, Oregon/Washington, and inland Washington. Northern elephant seals breed along 
the California coast and in Baja California, and migrate far north into the Aleutians and central 
North Pacific to forage. The population is estimated at 179,000 individuals and has a 3.8% growth 
rate per year (Carretta et al. 2016). California sea lions also breed in Southern California and 
range up to the Canadian border, with a population estimate of almost 300,000 individuals and a 
growth rate of 5.4% per year (Carretta et al. 2016). These species are protected under the MMPA, 
but are not designated depleted or strategic, and therefore generally are not subject to conservation 
measures such as bycatch take reduction plans or ESA recovery plans and incidental take limits.
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Assessment and Evaluation of Threats
Threats to ESA-listed pinnipeds on the west coast include being entangled in active or derelict 
fishing gear or marine debris, competition for prey resources with commercial fisheries, and 
shifting prey distributions related to ongoing climate variability and future long-term changes. 
Direct fisheries-related mortality estimates vary considerably depending on the abundance of the 
pinniped population and its overlap with fishing activities. For the eastern stock of Steller sea lions, 
approximately 14 individuals were estimated to have been killed per year in groundfish bottom and 
midwater trawl fisheries along the U.S. West Coast from 2010–13 (Carretta et al. 2016). An additional 
15 individuals per year from 2012–14 were reported to the stranding network with gunshot wounds 
(Carretta et al. 2016). Fishing-related mortality estimates are extrapolated from fisheries observer data 
and or stranding data, but large degrees of uncertainty remain due to the challenges of scaling up and 
extrapolating from rare and patchily distributed occurrences. Mathematical uncertainty arises when 
considering the abundance of and anthropogenic impacts on populations that span international 
borders, where data collection might differ from that in the United States or be entirely lacking.

Derelict fishing gear is responsible for a large proportion of marine mammal bycatch. Derelict 
gear and packing bands (often used to secure bait boxes) have been documented as accounting 
for approximately half of all western Steller sea lion entanglement cases in Alaska and northern 
British Columbia (Raum-Suryan et al. 2009), and are therefore likely problematic for the eastern 
DPS as well. The impacts of marine debris and pollution greatly depend on the spatial overlap of 
high-density debris areas with important Steller sea lion habitat or life history stages. For example, 
Steller sea lions in British Columbia had the highest likelihood of overlapping with areas of debris 
near a large rookery (Williams et al. 2011).

Fisheries that target pinniped prey species may also have indirect impacts on populations. For 
Steller sea lions, particularly the western DPS, nutritional stress has been an ongoing concern and 
source of debate amongst scientists, managers, and the fishing industry. Since the early 2000s, 
significant research has been dedicated to investigating the potential correlation between declining 
Steller sea lion abundance, low reproductive success, and lower prey resource availability from 
both environmental variability and depletion by commercial fisheries (Rosen and Trites 2000, 
NRC 2003, Fritz and Hinckley 2005, Rosen and Trites 2005, Guénette et al. 2006, Trites et al. 2007, 
Atkinson et al. 2008, Österblom et al. 2008, Sigler et al. 2009, Goundie et al. 2015). Researchers 
have also made the distinction between anthropogenic threats likely contributing to the decline 
of the species since the 1960s versus those anthropogenic activities that may or may not actually 
be continuing to inhibit recovery (Atkinson et al. 2008). For example, Dillingham et al. (2006) 
noted that the estimated change in population growth with the elimination of all groundfish trawl 
fishing in the area would be small. This idea of depleted prey from competition with fisheries and 
the so-called “Junk Food Hypothesis” earned media attention and speculation fueled by scientific 
uncertainty, leading to strategic framing and blaming by various stakeholders that was ultimately 
unhelpful in guiding new research and management approaches (Mansfield and Haas 2006). This 
situation exemplifies the complexity of enacting effective EBM in an environment marked by 
short- and long-term oceanographic oscillations in addition to increasing climatic warming.
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Pollution and disease affect all west coast pinnipeds, though the nature and severity of the 
impacts remain unknown. Naturally occurring bacteria, viruses, and algae can impact pinnipeds 
in a variety of ways during harmful algal blooms or through ingesting infected prey. Both natural 
toxins such as domoic acid and man-made chemical pollutants such as PCBs can become 
concentrated in the tissues and blubber of top predators due to bioaccumulation up the food 
web. Research suggests that these chemicals may contribute to issues ranging from reduced 
reproductive success or resilience against disease to increased prevalence of herpes or cancer, 
and may even have amplified or additive effects when agents act in conjunction with one another 
(Ylitalo et al. 2005, Buckles et al. 2006, Ross et al. 2013). Contaminant levels documented in the 
eastern Steller sea lion DPS are similar to those documented for Southern Resident killer whales 
but lower than those in the western Steller sea lion DPS and other pinnipeds in California and 
the Salish Sea (Cullon et al. 2005, Alava et al. 2012). Although levels of legacy contaminants 
such as PCBs and DDTs have been declining in harbor seals and Steller sea lions in the Pacific 
northwest, these species are also likely impacted by numerous other contaminants that are poorly 
understood and not monitored (Barron et al. 2003, Ross et al. 2013).

In addition to the above known and monitored threats, unknown agents can impact populations 
through what are termed “Unusual Mortality Events.” Since 1991, there have been 16 of these 
occurrences on the U.S. West Coast for cetaceans and pinnipeds. Most recently, elevated numbers 
of California sea lion pups (2013–16) and Guadalupe fur seal pups (2015–17) stranded along 
the California coast. The start of this elevated stranding coincided with El Niño conditions 
along the coast, which caused poorer pup body condition and increased maternal foraging 
effort for both California sea lions and Guadalupe fur seals (Elorriaga-Verplancken et al. 2016). 
However, the cause of these events often remains unknown, highlighting the complex nature 
of studying and monitoring wildlife health in the marine environment. Research suggests that 
land-based pollution and the frequency of harmful algal blooms may be increasing on the west 
coast (Lewitus et al. 2012). The population-level and long-term impacts of these threats remain 
unknown, especially how they might be exacerbated by shifting oceanographic conditions or 
ocean warming. These uncertainties will likely persist into the future due to the difficulty of 
understanding the cumulative and potentially amplifying impacts of multiple pollutants and 
stressors on individuals, and how that can be scaled up to population-level impacts.

Instruments of Recovery
Cetaceans and pinnipeds are managed and protected under the Marine Mammal Protection Act 
(1972) and the Endangered Species Act (1973). These acts were designed to foster the collection 
of scientific data, minimize anthropogenic impacts to the extent practical, and provide for the 
recovery of depleted species. These laws require stock assessment reports, conservation and 
recovery plans, and the designation of critical habitat, though implementing regulations can be 
a slow and controversial process, making it challenging to react quickly enough to minimize 
impacts from a new or growing threat. While the laws have provisions that allow for establishing 
Take Reduction Teams or international trade sanctions against nations that do not implement 
basic safeguards for marine mammals, the implementation of effective regulations has been slow, 
and we do not often have the capacity, or even the knowledge about the magnitude of impacts, 
needed to enforce them. Additionally, the efficacy of provisions in the MMPA is highly context-
dependent, proving successful in some circumstances but not others (Geijer and Read 2013). 
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Management and conservation mechanisms for reducing the impacts of anthropogenic activities 
on ESA-listed pinnipeds include: a) designating critical habitat, b) reducing bycatch through 
gear changes, area closures, acoustic deterrents, or incentive-based compensation mitigation, c) 
reducing the entangling nature of marine debris and packing bands, and d) improving the use 
and implementation of ecosystem-based fisheries management (EBFM).

Although no critical habitat has been designated for Guadalupe fur seals to date, upon delisting 
of the eastern Steller sea lion DPS, NOAA Fisheries developed a monitoring plan that would 
guide recovery and conservation measures. Steller sea lion critical habitat has been designated on 
rookery islands along the coasts of California and Oregon, though the most important aspect of 
their critical habitat is maintaining a sufficient prey base (NMFS 2013).

Regulatory mechanisms exist for reducing direct mortality from capture in active fishing gear, 
including gear modifications such as changing mesh size or requiring pingers or other acoustic 
deterrents. Similar to TEDs for sea turtles, acoustic bycatch deterrents can be effective when 
installed correctly, though ongoing research is needed in each unique circumstance to ensure that 
animals are not becoming habituated or attracted to the sounds (Cox et al. 2007). Requirements 
to minimize anthropogenic impacts such as bycatch are outlined in biological opinions under 
the ESA. As Guadalupe fur seal abundance continues to increase, bycatch could become more 
problematic. Bycatch estimates exist for Steller sea lions from observed fisheries, though less is 
known about bycatch in recreational fisheries or derelict gear, which are not covered by biological 
opinions. The only mechanism in this case would be documenting injuries and mortalities in 
stock assessment reports and ensuring that numbers do not exceed potential biological removal 
levels for stocks with a depleted status under the MMPA. Even if injuries and mortalities did 
exceed this level, management changes can be slow to address the issue.

While regulatory mechanisms exist to minimize the impacts of bycatch, only voluntary guidelines 
are in place for reducing the amount of marine debris in the ocean and reducing the entangling 
nature of debris. Lose the Loop is an outreach program that encourages best practices for gear 
disposal and minimizing ocean debris. Researchers are also investigating the feasibility of using 
alternative materials in the production of plastic packing bands that would degrade much faster 
when exposed to oxygen in the ocean (Hogan and Warlick 2017).

Data Gaps and Opportunities for Applying 
Economic Analysis

The primary gaps and opportunities for future research include understanding if and to what 
degree improving bycatch estimates is cost-effective, conducting cost-effectiveness analyses for 
existing bycatch mitigation technologies, and implementing dynamic ocean management (DOM) 
and EBFM that incorporate prey depletion by commercial fisheries and stable top predators such 
as seals and sea lions. As many pinniped populations continue to grow, conflicts and competing 
priorities will continue to plague managers working to recover ESA-listed salmonid species while 
considering competitive consumption by pinnipeds, cetaceans, and fishermen.
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Improving estimates of serious injury and mortality due to bycatch would require raising fisheries 
observer coverage, developing regionally specific abundance estimates, and/or developing 
predictive models for the occurrence of bycatch events based on varying oceanographic 
conditions (upwelling, surface temperature, etc.), prey availability, and interannual changes in 
abundance or pup production. All of these may prove costlier or more time-intensive than the 
potential benefits of that improved precision, particularly in cases where affordable solutions 
already exist for minimizing impacts (such as gear modifications). It would likely be beneficial 
to invest in improved bycatch estimates for modeling the population-level impacts of bycatch 
on endangered and threatened populations or transboundary stocks. Without having a more 
complete picture of bycatch estimates across a species’ range, it is difficult to evaluate U.S. bycatch 
and mitigation measures in concert with other fisheries in the species’ range. Knowledge of 
bycatch reduction costs and their impacts on protected species would facilitate the development 
of more efficient and effective bycatch management policies.

Incentive-based mechanisms, such as tradeable bycatch quota or bycatch taxes, rather than 
traditional top-down regulatory approaches that reduce effort, could increase flexibility for fishermen 
on how and when to invest in bycatch avoidance (Lent and Squires 2017). This flexibility could 
provide fishermen the opportunity to make choices that result in lower costs, higher benefits, and 
therefore maximum economic efficiency while aiming to meet conservation and management goals. 
However, a tradeable bycatch quota system would require careful design to consider and include the 
existence values of marine mammals that are not always shared across various stakeholder groups 
(Smith et al. 2014), in addition to 100% observer coverage or electronic monitoring.

Research has shown that the potential value derived from target species caught in derelict gear is 
higher than the cost estimates for clean-up efforts to remove the gear (Good et al. 2009, Antonelis 
et al. 2011, Maselko et al. 2013, Jeffrey et al. 2016, Scheld et al. 2016). In Puget Sound, 4,000 nets, 
primarily salmon gillnets, were moved during the 2000s at a cost of several million dollars, 
prompting the development of best practices guidelines (Gibson 2013), though these voluntary 
measures are unlikely to adequately reduce the occurrence of lost gear. This topic is an area where 
cost–benefit analysis (CBA) could make significant contributions to show the total economic 
costs of derelict gear to fishermen, fish populations, and marine mammals. If these CBA studies 
were to include the nonmarket value of marine mammals, the benefits would even further 
exceed the costs of removal efforts. To date, CBA studies for Steller sea lions have used stated 
preference contingent valuation methods that focus on the implementation of a specific program 
or management measure, rather than the overall recovery of the population (Lew et al. 2010). 
Aside from Steller sea lions, very few CBA studies have been conducted on marine mammal 
conservation and management issues, nor have many studies been conducted on the public’s 
willingness to pay for marine mammal conservation, though existing research does suggest that 
values vary across species (Wallmo and Lew 2012).

Compensation mitigation alternatives, where fishermen could pay instead for conservation 
investments that would benefit the species, could prove promising for marine mammals that 
encounter multiple threats across large geographic ranges. When informed by a cost-effectiveness 
analysis that identifies the most impactful and cost-effective conservation investments, employing 
this type of program would be mutually beneficial for pinniped populations and for fishermen 
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looking to maximize net benefits (e.g., establishing a mandatory payment to a gear-removal 
fund based on salmon landings or revenue). However, one challenge with using bycatch taxes or 
other compensation mitigation schemes to incentivize bycatch reduction is that there are a) no 
strict bycatch limits for marine mammal species, and b) low observer coverage in many fisheries. 
Additionally, applying conservation offsets to marine mammals has been criticized because it 
does not effectively reduce actual mortality (Doak et al. 2007, Finkelstein et al. 2008, Žydelis et 
al. 2009). Pascoe et al. (2011) suggest that mitigation offsets could be seen as a short-term strategy 
while longer-term solutions to actually reduce mortality are being developed.

Similar to sea turtles, implementing dynamic ocean management would be beneficial to ESA-
listed pinnipeds and could include a cost-effective combination of gear changes, area closures, 
or considerations for prey depletion depending on foraging conditions in a given season. DOM 
could be informed by fisheries-related economic profit modeling (Haynie and Layton 2010) to 
further hone in on spatially explicit management options that maximize conservation benefits 
and fishery revenue. EcoCast (2017) is an emerging tool that could be used in adaptive EBFM, 
where fishermen and other stakeholders can see the predicted spatiotemporal distribution of 
target and nontarget species. A holistic approach that includes these emerging technologies could 
be the most likely to lead to economically sound and viable outcomes.
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Cetaceans
Current Status

Of more than 20 cetacean species that inhabit waters along the U.S. west coast, seven are listed under 
the ESA: fin whales (Balaenoptera physalus), blue whales (B. musculus), sei whales (B. borealis), sperm 
whales (Physeter macrocephalus), humpback whales (Megaptera novaeangliae), North Pacific right 
whales (Eubalaena japonica), and the Southern Resident killer whales (SRKW). All of these species 
are under active recovery plans under the ESA and are also listed as strategic stocks under the MMPA.

Fin whales are a cosmopolitan species divided into three stocks in the Pacific, one of which 
inhabits the waters off the U.S. West Coast. The west coast stock numbers just over 2,500 
individuals whose population increased at a rate of 7% per year throughout the late 1990s and 
closer to 3.5% during the early 2000s (Carretta et al. 2016). Blue whales are another cosmopolitan 
species found throughout the world’s oceans, with approximately half the number existing in the 
North Pacific compared to pre-whaling population estimates. Individuals from the eastern North 
Pacific stock migrate to forage off the west coast during summers after spending winters farther 
south. The most recent stock assessment estimates just over 1,600 individuals in this stock, with 
the population size possibly not having changed since the 1990s (Carretta et al. 2016). While nine 
areas off the coast of California have been identified as important feeding areas, the distribution 
of individuals has likely shifted northward in recent years.

Sei whales are found throughout the world’s oceans, with the eastern North Pacific stock 
inhabiting waters off the U.S. West Coast and as far north as Vancouver Island, British Columbia, 
Canada, in the summer and fall. Sightings for this species are rare, and therefore much 
information remains unknown, including population trends. Best available data suggest that 
the eastern North Pacific stock includes approximately 126 individuals (Carretta et al. 2016). 
Sei whales are thought to inhabit more temperate latitudes farther offshore. Sperm whales are a 
cosmopolitan species divided into three Pacific Ocean stocks: Hawaii, North Pacific, and West 
Coast. Sperm whales are distributed globally; they are found off California throughout the year 
and in the Pacific Northwest in all seasons except winter (Carretta et al. 2016). The most recent 
stock assessment estimates just over 2,000 individuals in the west coast stock, likely with a 
stable population trend (Carretta et al. 2016). However, it remains uncertain whether increased 
detection in the most recent survey represented increased population abundance or a change in 
distribution or habitat use along the west coast.

Humpback whales occur in oceans around the world and are divided into subpopulations based 
on shared breeding areas. In the eastern North Pacific, humpback whales are sighted in two main 
feeding areas, Central California and northern Washington/British Columbia. Animals from 
both feeding groups are believed to winter in breeding areas off Central America and Mexico, 
but animals from the northern Washington feeding area also winter in Hawaii. Just under 
2,000 individuals are thought to exist in this feeding area, with the northern Washington group 
being much smaller (Carretta et al. 2016). Population trend estimates are uncertain, but there is 
evidence that the populations of these west coast feeding groups have increased variably at an 
average rate of approximately 7% per year since the 1990s (Carretta et al. 2016).
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North Pacific right whales are another population that is small in size, though much less is known 
about them. Individuals have been sighted throughout the North Pacific, and critical habitat has 
been identified off the Aleutian Islands in Alaska. It is thought that these animals forage in higher 
latitudes during the summer and migrate into temperate offshore waters in the winter, though 
foraging and calving grounds remain unknown. Most recent estimates number the population at 
just 31 individuals, with no information on population trends (Carretta et al. 2016).

Though killer whales are a cosmopolitan species found around the world, they have been divided 
into populations and subspecies, with three recognized ecotypes in the North Pacific: transient, 
offshore, and resident. Southern Resident killer whales (SRKW) were listed under the ESA in 2005 
and are now an endangered DPS. SRKW are found along the U.S. West Coast and in inland waters 
in Washington and British Columbia during the summer. Population estimates have ranged from 
approximately 70 to 99 individuals since the 1970s, with just 76 individuals in 2017 (Carretta et al. 
2016, NMFS 2016c, CWR 2017). The SRKW will be the focus of the remainder of this section on west 
coast cetaceans, though many of the issues discussed are also relevant to other listed large whales.

Assessment and Evaluation of Threats
Similar to pinnipeds, bycatch, entanglement in marine debris, prey depletion, pollution, and 
oceanographic shifts due to climate change are threats to cetaceans, with a similar uncertainty 
in scaling up from rare single occurrences (such as bycatch or ship strikes) to population-level 
impacts. In addition to these issues, there has been increasing attention and research effort being 
dedicated to the impacts of anthropogenic underwater noise, whale watching, prey depletion, 
pollutants, and cumulative impacts on both large and small whales, but particularly the SRKW.

Southern Resident killer whales preferentially consume Chinook salmon, and there is a growing 
body of evidence correlating whale demographics to salmon abundance (Ford et al. 2010, Ward 
et al. 2013, Strange 2016), though the precise mechanism of this connection remains unknown 
(Ward et al. 2013). SRKW health and body condition depend on foraging on a sufficient volume 
and quality of salmon, which varies across years, seasons, and regions (Williams et al. 2011, Ayres 
et al. 2012, Hilborn et al. 2012, Ward et al. 2013). For example, the majority of salmon in SRKW 
diet samples was found to have originated from the Fraser River, where salmon have a higher 
energy content than those from the Columbia River (Hanson et al. 2010, NMFS 2016c). Research 
has shown that SRKWs can also rely on coho salmon when Chinook abundance is low (Hilborn 
et al. 2012, Ford et al. 2016). Fecal hormones suggest that SRKW are nutritionally stressed when 
salmon availability is low and that physiological stress from vessels may be exacerbated during 
years with low prey availability (Ayres et al. 2012). Most recently, researchers have associated 
nutritional stress with the high number of failed pregnancies and suggest that this is likely 
hindering population recovery (Wasser et al. 2017). The severity of impacts on SRKW from low 
prey availability is considered high, and the likelihood of improvement would be considered 
high if ongoing salmon recovery efforts were successful (NMFS 2008b, 2016c, Wasser et al. 2017), 
though this may not take into account the uncertainty and costs associated with salmon recovery, 
particularly in a changing climate. Notably, the literature suggests that coordinating salmon and 
SRKW recoveries may improve recovery effectiveness and efficiency (e.g., Samhouri et al. 2017).
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Ocean noise originates from a variety of sources including oil and gas exploration, whale watching 
vessels, and shipping and ferry traffic, and is recognized as a medium-high threat to SRKW in 
inland Washington waters, as it may disrupt echolocation, navigation, communication, and 
foraging behaviors (Erbe 2002, NMFS 2008b, Holt et al. 2009, 2012, NMFS 2016c, Veirs et al. 2016). 
Efforts are underway to improve our understanding of the magnitude and distribution of the 
impacts of underwater noise through NOAA’s CetSound initiative. It has been determined that 
vessel speed correlates with the level of noise received by nearby individuals (Houghton et al. 2015). 
The mere presence of several vessels throughout the SRKW critical habitat causes many behavioral 
changes, including changes in swimming patterns, increased performance of surface active 
behaviors, and disruption of foraging behavior (Noren et al. 2009, Williams et al. 2009, New et al. 
2015, Senigaglia et al. 2016). Lachmuth et al. (2011) suggest that SRKW exposure to vessel emissions 
is likely only below levels that would cause adverse health impacts when regulations and best 
practices are followed. The severity of impacts from the presence of vessels on SRKWs throughout 
Puget Sound and inland waters in the Pacific Northwest is considered high (NMFS 2008b).

The impacts on SRKW of various contaminants in inland Washington waters is considered high, 
with only a medium feasibility level for successful mitigation (NMFS 2008b). Likely impacts 
include endocrine disruption, reproductive failure, and cancer (Mongillo et al. 2016). In a study 
examining polybrominated diphenyl ether (PBDE) contaminant levels across marine species, 
SRKWs tested the highest of any other killer whale ecotype and higher than any other tested 
organism (Krahn et al. 2007, Alonso et al. 2014, NMFS 2016c). The exposure to and ingestion of 
these contaminants through the consumption of Chinook salmon prey is spatially dependent, 
as salmon sampled from more southern areas in Puget Sound were found to have higher 
contaminant levels and lower lipid content than those in British Columbia, possibly explaining 
the higher contaminant loads in SRKW compared to Northern Resident killer whales (Cullon 
et al. 2009). Prey depletion can further synergistically exacerbate exposure, as nutritional stress 
leads to metabolizing of contaminants stored in blubber (Lundin et al. 2016, Mongillo et al. 2016). 
Physical marine debris is also likely negatively impacting cetaceans, though knowledge to date 
is largely based on the small number of stranding necropsies, and therefore the mechanisms of 
ingestion and the extent of the threat remain unknown (Simmonds 2012).

Instruments of Recovery
As noted above, cetaceans and pinnipeds are managed and protected under the MMPA and the 
ESA, acts designed to foster the collection of scientific data, minimize anthropogenic impacts to 
the extent practical, and provide for the recovery of depleted species. These laws require stock 
assessment reports, conservation and recovery plans, and the designation of critical habitat, 
though implementing regulations can be a slow and controversial process, making it challenging 
to react quickly enough to minimize impacts from a new or growing threat. Additionally, the 
efficacy of provisions in the MMPA is highly context-dependent, proving successful in some 
circumstances but not others (Geijer and Read 2013). ESA-listed large whales are under active 
recovery plans, though the specific impacts of ongoing anthropogenic activities remain relatively 
unquantified. The SRKW is under an active recovery plan with a Priority Number of 1 based 
on the high potential for recovery and the likelihood of economic impacts from implementing 
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recovery actions (NMFS 2008b, 2016c). Management and conservation options for reducing the 
impacts of anthropogenic activities on SRKW include: a) maintaining the integrity of critical 
habitat and reducing contaminant exposure, b) reducing vessel traffic noise and disturbance from 
whale watching, c) reducing direct and indirect fisheries impacts, and d) improving the use of 
cumulative impacts modeling and the implementation of EBFM.

Critical habitat designations remain an important aspect of cetacean conservation and recovery 
by minimizing the impacts of anthropogenic activities in areas that are vital to foraging, resting, 
reproducing, or migrating. However, a critical habitat designation does not preclude human 
activities from occurring in those places. Additionally, much remains unknown about the 
specific importance of these areas, the threshold for when degradation (from noise, pollution, 
derelict gear, oil, etc.) becomes detrimental, or how these spaces might geographically shift 
in the coming decades. On the U.S. West Coast, critical habitat has been designated for two 
cetacean populations: SRKW and North Pacific right whales. The conservation benefits of these 
designations remain unquantified. For SRKW, critical habitat spans inland Washington waters 
and includes maintaining sufficient prey resources, but this designation alone may be insufficient 
to ensure that habitat is conducive to population recovery.

In 2011, NOAA Fisheries implemented regulations instituting a 200-yard limit on how close 
vessels (commercial and private) could approach individual whales, though enforcing these 
regulations can be resource-limited, and studies are ongoing as to their effectiveness. The Be 
Whale Wise guidelines also encourage vessels to reduce their speeds, though these are voluntary 
best practices rather than legal requirements. For ESA-listed cetaceans all along the U.S. West 
Coast, ship strikes remain a significant threat to continued recovery.

Salmon recovery efforts are continuously underway, with collaborations across federal, state, 
local, and tribal entities. The success of these efforts also greatly depends on short- and long-term 
weather patterns, with recent trends toward warmer, drier conditions throughout California 
not being conducive to salmon habitat restoration or increasing run sizes. The legal framework 
provided by the ESA under which these recovery activities take place is one of the strongest in the 
country, though high economic costs to industry are a remaining impediment.

In terms of chemical pollutants, NOAA Fisheries continues to collaborate with the Puget Sound 
Partnership (PSP) and the EPA in restoring SRKW habitat and reducing contaminant loads in 
Puget Sound by removing flame retardants from wastewater, among other initiatives. Efforts are 
also underway to improve scientific understanding about the spatial extent of these chemicals 
and toxicological thresholds for SRKWs (NMFS 2016c). Though there is historical precedent for 
reducing certain deleterious chemicals from our environments, it remains a longer-term goal. 
Reducing and mediating non-point-source pollution is very difficult, as there is not a single, 
identifiable stakeholder to target for tighter regulations or compensatory mitigation funds.
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Data Gaps and Opportunities for Applying 
Economic Analysis 

Most of the threats to SRKW persist because there are economic benefits to be gained from 
continued operation of wildlife tourism, salmon fishing, and shipping industries. Many of the actions 
outlined in the recovery plan are feasible but come with significant economic costs, presenting a 
situation where the trade-offs between SRKW recovery and industry economic profit are evident and 
can create contention (Marshall et al. 2016). For example, prioritizing the recovery of certain salmon 
runs likely comes at a cost to specific fishermen, and limiting the number of whales a vessel can 
approach or the time they can be in close proximity could diminish the popularity of a given 
whale watching company. The SRKW situation is particularly challenging as there is not usually 
a direct link between anthropogenic activities and injury or mortality, as it is the accumulation of 
stressful indirect effects over time that is likely leading to poor health and insufficient reproductive 
output (NMFS 2016c). This situation could be seen as a tragedy of the commons, where benefits 
accrue to the users, but no single user is responsible for mitigation of the threats.

While the efficacy of vessel approach regulations continues to be studied, the whale watching 
industry can move toward long-term sustainability by adopting more comprehensive management 
that integrates all stakeholder groups and is adaptive to prevailing and changing conservation 
priorities (Higham et al. 2008, New et al. 2015). Researchers argue that whale watching can be 
viewed as a consumptive activity managed within a framework that accounts for the negative 
externalities created by the industry (Higham et al. 2016). Rather than being seen as a public 
resource, whales can be viewed as a common-pool resource, where the amount of time a vessel 
spends near one whale diminishes the amount of time available for other vessels to observe that 
whale (Higham et al. 2008, Pirotta and Lusseau 2015). In this way, limits could be established on 
the number of vessels and/or the amount of time vessels can spend in close proximity to individual 
whales. The regulations established by NOAA Fisheries in 2011 attempt to minimize disturbance 
by keeping vessels at a safe distance, but they do not necessarily limit the number of vessels or the 
amount of time vessels can follow a certain individual, nor are they likely to be consistently enforced 
throughout the SRKW range. It may prove necessary to adapt these regulations in the future to 
maximize effectiveness based on best available information. In terms of nontourism vessel impacts, 
some shipping companies have been investing in potential vessel quieting technologies, but there 
would have to be an economic incentive (e.g., reduced operating costs or improved efficiency for 
quieter propellers) for these changes to be embraced across the industry (Southall 2005).

An opportunity for economic research to inform the recovery and management of depleted prey 
and predator populations would be to conduct a cost–benefit analysis of a joint recovery plan 
for SRKW and salmon that includes the energy requirements of SRKWs (Noren 2011), dynamic 
oceanographic conditions, and predicted salmon runs. To date, no management strategies have 
been identified that would hasten SRKW recovery (Hilborn et al. 2012). Hilborn (2011) suggests 
that an “extended EBFM” that includes trophic interactions and spatial specificity is the ideal next 
step toward improved management, though potentially cost-prohibitive in its implementation. 
As technology improves and data gaps shrink, applications of sophisticated bioeconomic and 
ecosystem modeling (e.g., Atlantis ecosystem model, Kaplan and Levin 2009) may become 
feasible. CBA could lead to unbiased decisions and mediate contentions arising from competing 
priorities and trade-offs inherent in managing two ESA-listed species or multiple predators 
targeting a limited prey resource (Chasco et al. 2017a, 2017b).
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Continuing to expand applications for DOM will facilitate multispecies decision-making, 
stakeholder involvement, and near-real-time monitoring. This type of management can be costly, 
and therefore could be an appropriate beneficiary of conservation mitigation funding. WhaleWatch 
is a whale density prediction tool that has been instituted to minimize human impacts on blue 
whales off the west coast, allowing near-real-time predictive occurrence based on environmental 
conditions (Hazen et al. 2016). Developing, implementing, and expanding these modeling techniques 
will require continued research into spatial ecology, trophic interactions, threshold contaminant 
exposure levels, and scaling up from individual- to population-level impacts. In addition, modeling 
the cumulative impacts of multiple threats throughout the ranges of both pinniped and cetacean 
populations will continue to be beneficial. In this way, managers can assess the impacts of multiple 
threats in a given area, or a single threat across space as animals migrate. We currently do not have 
sufficient information to assess how species are impacted by multiple anthropogenic activities 
throughout their range or over time. This becomes particularly challenging when weighing the 
benefits of different conservation and management alternatives, because it is impossible to quantify 
benefits to a population or species if total mortality and injury rates are unknown.

Though recovery action costs are high, they are perhaps best evaluated in the context of the 
potentially large benefits of recovery, such as increased property values, the continued viability 
of the whale watching industry and local tourism economies (which would decline precipitously 
without sufficient SRKWs), and the important ecological role SRKWs play in the ecosystems 
upon which salmon depend. A robust CBA of SRKW recovery—one that includes these indirect 
benefits in addition to inherent nonuse existence values—has not yet been conducted. Such an 
analysis, combined with a cost-effectiveness analysis of all recovery plan actions, could act as an 
important tool to find a holistic approach that minimizes industry economic trade-offs.
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Conclusions
In this technical memorandum, we explored the current and potential use of economic analysis 
to inform MPR management in NOAA’s West Coast Region. We identified and illustrated key 
challenges facing MPR managers, including increasingly scarce resources for recovery and 
difficulties with developing and prioritizing recovery policies. We also highlighted economic 
tools for addressing management challenges, including understanding the effects of policies on 
conservation and stakeholder outcomes.

Our survey of the literature, combined with our analysis of individual species, generated several 
broad insights regarding the application of economic analysis to MPR management. First, our 
review underscored the potential for economic methods and frameworks to inform the evaluation 
of candidate MPR policies and guide socially desirable MPR resource allocation. Second, our 
review highlighted the importance of institutions in moderating conservation outcomes, and the 
utility of tools from economics and other social sciences for understanding institutional effects. 
A final takeaway from this report is that all recovery aspects of MPR policy planning should plan 
for a world with shifting baseline conditions due to ongoing anthropogenic effects such as climate 
change and economic development.

•
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