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Best available evidence from 2001 to 2014 indicated that bigeye tuna (Thunnus 

obesus) in the Western and Central Pacific Ocean (WCPO) were being overfished, largely via 

incidental catch of juvenile bigeye by purse-seine vessels targeting skipjack tuna 

(Katsuwonus pelamis, whose population is estimated to be above management targets (Rice 

et al. 2014)). Juvenile bigeye are caught as they school with skipjack under fish-aggregating 

devices (FADs) used by the skipjack fleet to raise catch-per-unit-of-effort (CPUE) and to 

lower search costs (Harley et al. 2014). While the most recent bigeye stock assessment 

suggests that overfishing is no longer occurring (McKechnie et al. 2017), this change is driven 

by changes in our understanding of the species’ biology, not as a result of management 

reforms (McKechnie et al. 2017). We seek to understand why perceived overfishing persisted 

for so long despite regulatory efforts, and to identify what new solutions might be available.  

The WCPO hosts the world’s largest tuna fisheries, producing 55% or more of the total 

tropical tuna catch (FAO 2016).  The region hosts a diverse group of fishing fleets, ranging 

from small artisanal vessels to industrial purse-seine, pole-and-line, and longline fleets from 

at least 26 nations. The industrial fleets harvest skipjack, yellowfin (Thunnus albacares), 

bigeye, and albacore (Thunnus alalunga) tunas. The purse-seine skipjack fishery is the most 

valuable in the region, accounting for over half of total catch value (Williams and Reid 2018).  

The regulatory body charged with management of the WCPO tuna stocks, the Western and 

Central Pacific Fisheries Commission (WCPFC), implemented six Conservation and 

Management Measures (CMMs) between 2005 and 2014 to remedy bigeye overfishing 

through effort controls, temporal restrictions on FADs, and spatial closures.1 These actions, 

 
1 The WCPFC is comprised of 26 member nations, 7 additional participants, and 7 non-member cooperating 
countries 



 

4 

however, reduce the net value of skipjack harvests, and have been resisted by skipjack 

fishing interests. More rigorous mitigation efforts have not been adopted due to 

disagreements among the parties over bigeye stock targets and the distribution of costs and 

benefits necessary to achieve them (Hanich 2012).  

In this paper we explore this stalemate over remedies to perceived overfishing of 

bigeye tuna. To do this, we estimate the overall benefits and costs of various conservation 

goals, and provide an alternative Coasean-style bargaining approach to move beyond 

impasse, potentially delivering additional bigeye protection and better balancing aggregate 

net gains across fleets. Our bio-economic simulation model provides estimates of the costs of 

reduced skipjack harvest revenues with FAD reductions necessary to achieve bigeye stock 

objectives and to gain associated bigeye revenues. Economic objectives are measured in 

tradeoffs: lost value in skipjack revenues versus gained revenues of bigeye.   

Since the WCPFC Scientific Committee’s 2001 stock assessment, there have been 

concerns about bigeye overfishing by the skipjack fleet. Evidence of regulatory effectiveness, 

bigeye stock conditions, and the need to take further action, however, are mixed. The 2014 

stock assessment indicated continued overfishing (Harley et al. 2014), but the most recent 

assessment no longer estimates excessive harvest (McKechnie et al. 2017).  This view 

appears driven by changes in the biological structure of the model, however, and not by 

reductions in mortality stemming from management changes.  Even with a more optimistic 

assessment, if the 2013 - 2015 trends in fishing mortality and long-term juvenile recruitment 

 
https://www.wcpfc.int/home. 
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continue, bigeye mortality rates could exceed regulatory targets by 2022; the region may still 

be in need of a solution to bigeye overfishing in the future (WCPFC 2018).  

There are 325 active skipjack purse-seine vessels and 2,634 active bigeye longline 

vessels (Escalle et al. 2018) from different countries (Fig. 1) in the WCPO.  Longline fleets 

from Japan, South Korea, China, Indonesia, Vanuatu, Solomon Islands, and Fiji harvest 

mature bigeye, while purse-seine fleets from Papua New Guinea, the USA, Spain, 

Philippines, Kiribati, Marshall Islands, Ecuador, and El Salvador target skipjack (and 

incidentally, capture juvenile bigeye). Taiwan, Vietnam and the USA have vessels in both 

fisheries. Skipjack is harvested primarily for canning in Thailand, the world’s largest canned-

tuna producer.2 The direct beneficiaries of improved bigeye stocks are longline fleets that 

target bigeye and consumers in the Japanese sashimi market (Bailey et al. 2013, 55-56). 

There also are intrinsic values and ecosystem services provided by bigeye tuna of particular 

concern to members of conservation NGOs. For example, groups such as The Nature 

Conservancy already have supported numerous programs focused on reducing bycatch of 

bigeye tuna at a cost of $1.5 million USD (Ginn 2020; O’Connor 2016)  

An estimated 38,000-48,200 FADs were used in the WCPO in 2017, more than 100 

per purse-seine vessel (Escalle et al. 2018). Skipjack tuna and juvenile bigeye that 

congregate below FADs are caught by the purse-seine fleet (Hampton and Fournier 2001; 

Allen et al. 2010; Juan-Jordá et al. 2011). On average, only ~4% of the total FAD catch in the 

skipjack-targeting fishery is bigeye, but due to the volume of the skipjack purse-seine fishery, 

this bycatch accounts for roughly 50% of bigeye biomass caught each year (Davies et al. 

 
2 Thailand processes over half of the global skipjack harvest (Sibert et al. 2012; Williams and Reid 2018). About 
70% of US canned tuna comes from Thailand (Sun et al. 2015). 
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2011).  Past seasonal FAD closures have yielded significant reductions in bigeye catches and 

generated increases in the average size of individual bigeye fish caught during the closure 

period (Havice 2013). Based on this experience and simulated fish size and stock responses, 

dramatic or total removal of FADs in the skipjack fishery has been suggested (Bailey et al. 

2013).  Although doing so would reduce bigeye mortality, it would likely imbalance total 

gained social benefits and costs and impose disproportionate costs on the skipjack purse-

seine fleet.  

A review of WCPFC documents from 2005-2016 reveals the divisions that occur 

among members in confronting bigeye overfishing (Hanich 2012).3 Differences in the 

expected benefits and costs of regulation underscore the varying positions of country 

representatives and explain why more concerted action to protect bigeye was not taken. 

 

REGULATORY SOLUTIONS TO OVERFISHING  

TRADITIONAL PIGOUVIAN-STYLE REGULATION 

FADs are valuable for the skipjack purse-seine fleet because they lower private fishing 

costs. Their use, however, inflicts external costs on bigeye longline fishers, Japanese 

consumers, and those in conservation NGOs, who value bigeye as part of the natural 

ecosystem.  These negative effects are not weighed by skipjack fleet owners in fishing 

decisions so that the marginal private costs of FAD use are less than marginal social costs. In 

 
3 Such stalemates are found in other settings, such as the overfishing of Pacific Bluefin tuna (Thunnus thynnus) 
(ISC 2016; Pons et al. 2016) and over-drafting of California groundwater (Ayres et al. 2018).  
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the absence of property rights – a setting that characterizes most fisheries – the traditional 

regulatory response to internalize the externality raises private costs to achieve a more 

optimal level of harvest, in this case to reduce bigeye bycatch. This approach imposes 

“polluter pays” restrictions and follows from the work of (Pigou 1932, Part II, Chapter IX:  67-

77) 

Pigou argued that if the marginal private net product exceeded the marginal social net 

product, arising when private costs were below social costs, the former could be raised 

through government intervention to remove the divergence and be welfare improving. 

Pigouvian taxes, for example, would be a correction. Sufficiently-calibrated Pigouvian taxes, 

however, are rarely observed in fisheries or in other natural resource management. Instead, 

fishery regulation primarily relies upon input and output controls that constrain access, effort, 

or harvest to levels set by the regulator, often to achieve a yield-based objective, such as 

maximum sustainable yield (MSY).4 Regulatory costs are imposed on harvesters to more 

completely internalize the externality through defined fishing seasons or fishing days, limits 

on vessel size and capacity, equipment and gear restrictions, designated restricted areas and 

limited entry, and/or catch limits and minimum landing sizes.  

  Efforts to address bigeye overfishing in the WCPO reveal a number of potential 

problems with a Pigouvian approach. First, there are clear costs from reduced FAD use by 

 
4 These restrictions may or may not coincide with those associated with Pigouvian taxes where marginal private 
net product (MPNP) = marginal social net product (MSNP). See Weitzman (1974) for an analysis of the 
similarities and tradeoffs in use of prices (taxes) versus quantities (input or output controls) in response to 
externalities. Weitzman (2002) applies these arguments to fishery management where he models optimal 
escapement levels via the use of taxes or quotas following experience with Iceland’s fisheries where quota 
policies have dominated. He finds that in the presence of ecological and economic uncertainty Pigouvian taxes 
always dominate quotas. Tax revenues could then be used to address unfairness in the quota system. 
Weitzman does not examine regulatory costs nor political/bureaucratic incentives in setting optimal policies or in 
adjusting them in response to uncertainty. These issues are beyond the scope of his paper, but are relevant for 
calling for Pigouvian taxes and compensatory payments.  
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the skipjack fleet, but no commensurate benefits to the skipjack fleet from a bigeye rebound.5 

In this case, regulatory intervention makes skipjack fleet owners and related consumers 

worse off (in a general setting, see Sallee 2019). This result generates incentives to resist 

and delay action against overfishing, as has occurred already within the WCPO tuna 

fisheries. This motivation raises enforcement costs and undercuts achievement of 

conservation objectives. Additionally, the absence of property rights in traditional regulation 

prevents skipjack and bigeye fishers from bargaining privately within or across fleets for 

marginal adjustments in response to changes in local costs and benefits or to reallocate 

fishing effort. Under traditional regulation, there is no easy mechanism for such internal trade-

based adjustments to take place.6 The parties must go through the regulatory process, and if 

it is complex and costly, valuable responses could be delayed or blocked.7  

Finally, standard regulation to internalize the externality motivated, for example, by 

yield-maximizing objectives, does not inherently match total social costs and benefits. 

 
5 Bailey et al. (2013, 56-60) call for a cooperative approach to overcome disparities in the distribution of benefits 
and costs in WCPO tuna regulation, but a Pigouvian approach for example, that requires reductions in valuable 
FAD use by skipjack fleets as “polluter pays” provides no obvious mechanism for cooperation or lump-sum 
transfers as mitigation. As we point out, such fully-compensating monetary transfers are rare in fisheries as in 
other resources, explaining in part, why intervention often is so controversial.   
6 Lump-sum payments to offset opposition are rare to find in fisheries or other natural resource settings. The 
2007 purchase by The Nature Conservancy (TNC) of 7 federal trawling permits for commercial groundfish and 4 
vessels from fishers on the Central California Coast. Permits and vessels were then leased back to fishers who 
complied with fishing restrictions. TNC bought them to conserve depleted seafloor species (Deacon and Parker 
2009; Gleason et al., 2013). Because the acquisition was self-financed by TNC for $3.8 million (Deacon and 
Parker 2009) and the leases were bought by fishers, the exchange better reflected a balancing of benefits and 
costs than would mandated conservation controls. Vessel buybacks and other forms of direct compensation to 
fishers also pay for losses in setting conservation goals, lower the costs of achieving those goals, and require 
balancing of tradeoffs (Holland et al. 1999, 100; 2017; Squires 2010). The benefits of buyback, however, unravel 
if reentry is not deterred.  
7 As an indication of the complexities of the regulatory process in securing or changing payments as more 
information is revealed, consider on-going controversies compensation provided to fishing interests in expansion 
of the Great Barrier Reef Marine Park (W. J. Fletcher et al. 2016; Warrick Jeffrey Fletcher et al. 2014; Gunn, 
Fraser, and Kimball 2010; Hughes et al. 2016; McCook et al. 2010). 



 

9 

Property rights in the fishery are not assigned that otherwise would lead parties to weigh 

tradeoffs more completely. There could be too much or too little intervention from a social net-

gains point of view. As our calculations reveal, the total value of lost skipjack harvests to 

achieve standard MSY objectives for bigeye (SSB/SSBMSY = 1, SSB stands for spawning 

stock biomass), far exceeds any expected fishery benefit from larger bigeye stocks. In 

accomplishing the objective, society would be made worse off in terms of fishery benefits 

while the narrower bigeye constituency would see improvement. Within the WCPFC, skipjack 

interests have opposed more concerted efforts to reduce overfishing. Our estimates identify  

which conservation goals could be welfare-improving, and we then suggest how those 

objectives might be achieved.8  

 

A COASEAN-STYLE ALTERNATIVE 

 

Coase (1960) offered an alternative to traditional Pigouvian-style regulation that we 

adopt in the case of WCPO skipjack and bigeye tuna fisheries.  The assignment of tradable 

property rights would allow bargaining within and across the fisheries to set both bigeye 

 
8 More broadly, in other fishery settings, constraints can be imposed by the regulator at the behest of organized 
constituents who do not bear the full social costs of achieving their objectives. Costello and Grainger (2018) are 
unusual in modeling regulatory responses to lobbying and then test the implications of their model using a global 
fishery dataset. They acknowledge that the regulator may not impose policies that are in society’s general 
interest. The lobbyists in their framework are fishers with different property rights security.  They find that those 
with more secure rights seek more conservative management by the regulator in setting TACs. They also 
suggest that if fishery lobbyists have weaker claims over future policies,the regulator would more likely act to 
maximize the resource’s value to society. Johnson and Libecap (2001) describe the importance of competitive 
lobby groups. Volden and Wiseman (2007) examine the incentives of legislatures to respond to particularistic 
constituent demands as compared to providing general social benefits.  
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conservation targets and the distribution of costs and benefits of achieving them.9 With rights 

granted to skipjack vessel owners, for example, those seeking greater conservation of bigeye 

would pay to reduce harvest through FAD reductions, internalizing more regulatory costs. 

Alternatively, if rights were granted to bigeye fishers, purse-seine vessel owners would pay 

for additional harvests, internalizing more exploitation costs. In either case, the parties that 

valued additional cutbacks or harvests would buy rights to achieve them. A voluntary, 

incremental exchange that balanced willingness-to-pay with willingness-to-accept would be 

Pareto improving. Moreover, within the two fleets, property rights could be exchanged in 

response to differential values and costs of harvest and of complying with FAD reductions.  

Cross-fishery trade continues so long as one party values conservation or harvest 

more than the other and ceases when relative values are balanced. Because trade could take 

place whenever each party’s costs or benefits from conservation or harvest change, the 

extent of total skipjack/bigeye harvest control is flexible. Through trade, bigeye harvests 

would gravitate to the parties that valued exploitation or protection the most. Because traders 

hold property rights in this Coasean scenario, they internalize more of the private and social 

costs associated with different levels of fishing or conservation.  

 
9A common concern with the use of Coasean-style approaches is the transaction cost of assigning and trading 
property rights. These costs could be large, but a comparative institutional analysis is critical.  There are well-
known costs in assigning property rights to support trade, as recognized by Coase (1960, 15-19), Libecap 
(2007), and Grainger and Parker (2013). There are, however, additional regulatory costs that neither Coase nor 
many of his critics examine (Medema 2014). Both the assignment of property rights and subsequent trade as 
well as regulation use real resources and hence, are relevant in assessing institutional alternatives. For 
traditional fishery regulation, there are the agency costs of securing and analyzing reliable information about 
harvests and stock conditions; there are lobby costs as interest groups that advocate either extended harvests 
or conservation, seek to influence the agency or its political sponsors; there are the costs of setting, monitoring, 
and enforcing harvest restrictions that are not independent of the regulations adopted; and there are the costs of 
modifying regulation if costs and benefits importantly change. A case-by-case analysis is required to determine 
which approach is less socially costly.  
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The property rights vehicle for exchange are FADs.  Because skipjack fleets have 

historical use in FAD fishing, we assume they have grandfathered property rights such that 

bigeye interests would compensate them for lost production as “beneficiary pays.”10 We have 

information on the latitude, longitude, month, FAD type, and vessel in our bio-economic 

model to estimate reduction in bigeye incidental harvest (bigeye revenue saved) and 

skipjack-targeted harvest (skipjack revenue lost) for each FAD that is removed. We rank 

FADs in descending order, according to the ratio of bigeye revenue saved relative to skipjack 

revenue lost as FADS are sequentially eliminated to achieve a particular conservation target. 

While FAD reduction could lead to greater value in the bigeye fishery, it imposes costs of 

reduced skipjack harvest, and these losses grow as more FADs are jettisoned.  

Economic tradeoffs are valued as the present value of lost skipjack revenue from 

various FAD reductions versus the gained present value of bigeye revenue. Conservation 

objectives are measured as the resulting spawning biomass of bigeye tuna stocks relative to 

the spawning stock biomass estimated to produce MSY (SSB/SSBMSY = 1). The values are 

outlined in Table 1. Overall bigeye conservation benefits include both market and non-market 

ecological values.  The cost of lost skipjack harvest values suggest what total market and 

non-market bigeye benefits would have to be in order for the outcome to be welfare 

enhancing, whereby total benefits/total costs = 1).11  

There are two valuable attributes to this approach. One is that in the case at hand, 

assignment of property rights and payments via exchange can reduce opposition from 

 
10 Alternatively, if bigeye interests held the property rights, then skipjack producers would pay for the right to use 
FADs as “polluter pays.” 
11 Kotchen and Burger (2007) outline a similar approach in ANWR oil production controls when environmental 
benefits are difficult to measure.   
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skipjack vessel owners against FAD reductions needed to lower bigeye overfishing. The 

stalemate can be broken and conservation efforts within the WCPFC potentially can proceed. 

Second, exchange forces both parties to weigh tradeoffs more completely in setting or 

opposing conservation goals. Skipjack vessel owners would face opportunity costs in 

considering offers from bigeye conservation advocates to reduce FAD use. Similarly, bigeye 

conservation advocates would face opportunity costs in considering how much is gained in 

bigeye protection relative to the costs of FAD reduction.   

Payments for FAD reductions occur through transferable Vessel Day Scheme (VDS) 

licenses. The VDS system provides access to the waters of Parties to the Nauru Agreement 

countries (PNA). The VDS was implemented in December 2007 as an amendment to the 

Nauru agreement by the PNA countries, whose EEZs together are responsible for more than 

60% of the total volume of tuna caught in the WCPO (Havice 2013) and 50% of skipjack tuna  

harvested globally (Bernadett 2014).12 VDS licenses represent fishing days that are set by 

PNA members annually as Total Allowable Effort (TAE).13 PNA countries allocate the TAE 

among themselves based on relative productivities and histories of fishing effort in their 

EEZs.  Each country’s allocated fishing days are sold directly to purse-seine vessel owners. A 

fishing day purchased gives the corresponding vessel owner the right to fish during a 24-hour 

 
12 The 8 PNA countries responsible for implementing the VDS were the Federated States of Micronesia, Kiribati, 
the Marshall Islands, Nauru, Palau, Papua New Guinea, the Solomon Islands, and Tuvalu. Tokelau joined the 
VDS in 2012, though it is not a Party to the Nauru Agreement. https://www.ffa.int/nauru_agreement; 
https://www.ffa.int/wcpfc. The governments of the PNA countries receive up to 98% of their revenues from the 
sale of tradable VDS fishing days (University of New South Wales 2019). 
13 In 2018 TAE was 44,033 days.  A small portion of the TAE is allocated directly to vessels licensed under two 
treaties (the FSM Arrangement and the US Treaty), both of which allow for greater flexibility regarding where 
licensed vessels are able to use their vessel days in exchange for other economic activities in the region. 
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period in the EEZ of the PNA country from which it was purchased.14 VDS licenses are 

transferable across vessels, and purchasers are bound by the total fishing days authorized by 

the VDS licenses held in a particular year (Bernadett 2014). 15  

This Coasean-style approach lowers transaction costs by both leveraging existing VDS 

fishing days as well as by targeting payments to the relatively small and concentrated 

skipjack purse-seine fleet. Enforcement is feasible because the purse-seine fleet has 100% 

observer coverage, and data that include the position and species composition of catch from 

each net set are submitted electronically. 

The value of a VDS license is a function of expected harvest net revenues that in turn 

are affected by the ability to use FADs. If FADs are restricted in a particular area, the direct 

value of VDS licenses to purse-seine vessel owners falls. To prevent this and to avoid losses 

to PNA countries, bigeye conservation interests would compensate vessel owners who own 

VDS licenses for the difference in license value with FAD fishing and FAD-free (termed free-

school) fishing.  They would pay to have FADs removed until the expected benefits of 

additional FAD reduction were less than the expected costs of achieving it. Overall demand 

for VDS licenses would not change and revenues to PNA countries would not be affected. 

The resulting number of FAD days removed would then be a function of the expected benefit 

of FAD removal to the bigeye interests (the willingness-to-pay) and the expected costs of 

switching to FAD-free fishing by the purse-seine vessels (willingness-to-accept). The parties 

would negotiate, comparing bid and ask prices, until an equilibrium value is reached that 

 
14 PNA countries are also allowed to buy and sell fishing days from their own allocations among one another to 
satisfy demand for fishing in waters beyond those allocated. 
15 Monitoring of location, speed, course, and harvest is requited for VDS traders (Bernadett 2014, 113). 
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determined the feasible conservation goal. If a more aggressive conservation objective were 

desired, outside support as conservation payments would be required. These payments could 

come, for example, from NGOs whose membership valued the ecological benefits of greater 

bigeye stocks. We outline options below. 

 

METHODS 
All data on bigeye and skipjack catches and effort by space, time and gear, were 

obtained from the WCPFC online portal, accessed on July 17, 2017. The methods used to 

estimate the effects of FAD removal on catches of bigeye and skipjack are illustrated in Fig. 

2.  

The core of our estimation method is a monthly age-structured, multi-fleet (longline, 

FAD-associated purse seine, and free-school purse seine) population model for the bigeye 

population. The model was tuned to reflect the dynamics of the last stock assessment for 

bigeye tuna in which overfishing was estimated to be occurring (Harley et al. 2014, Fig. 2.1).  

We estimated the effect of moving from FAD fishing to free-school fishing on catch rates of 

skipjack and bigeye by purse seiners in the WCPO (‘FAD effects’) using a random forest 

model (Breiman 2001), implemented through the ranger package in the R language (R Core 

Team 2019; Wright and Ziegler 2017). The model is of the form: 

 

𝑐𝑝𝑢𝑒!,# = 𝑓(𝑓𝑎𝑑# , 𝑙𝑎𝑡# , 𝑙𝑜𝑛# , 𝑠𝑠𝑡# , 𝑦𝑒𝑎𝑟# , 𝑚𝑜𝑛𝑡ℎ#)      (1) 
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where s denotes species (bigeye or skipjack), i is observation, lat is latitude, lon is longitude, 

sst is sea-surface temperature, year is the year, month is the month, and fad is the type of 

FAD used (Fig. 2.2 - Fig. 2.3). See online-only appendix for model validation steps.  

Using our random forest model, we calculate a FAD-removal effect for each FAD-

associated set in the database by predicting the CPUE that would have occurred for a given 

set without a FAD and comparing that CPUE to the observed with-FAD CPUE.  This process 

provides an estimate of the change in expected CPUE and subsequent catch that would 

result if we were to switch a given instance of FAD-associated fishing to free-school fishing. 

Each instance of FAD-associated fishing is then ranked in descending order, such that the 

first FAD removed provides the most reduction of bigeye and the least reduction of skipjack, 

and so on. The total amount of bigeye saved/skipjack lost from removal of N FAD days is the 

sum of the FAD-associated fishing instances switched to free-school fishing. We use the 

Baranov equation (Baranov 1918) to convert the new catch for the Nth scenario into a fishing 

mortality rate (Fig. 2.4 - 2.5).  

For a given number of FAD-associated fishing instances removed, we used our 

population model to project the effects of eliminating N FAD days from the WCPO forward in 

time (starting from our approximation of the most recent bigeye stock reported in Harley et al. 

(2014)). When N = 0, this projects a scenario in which fishing mortality rates are held 

constant at the most recently observed values. For each N > 0, we estimate a future state of 

the fishery, holding FAD-removal reduced fishing mortality rates constant. Given these future 

trajectories, we compare skipjack and bigeye fishing revenues with FAD removals to those 

under ‘Business As Usual’ (BAU), providing an estimate of the gains and losses to each 

fishery from moving to free-school fishing (Fig. 2.6 - 2.7) 
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RESULTS 
We restrict our analysis to FAD days reported inside EEZs covered by the VDS. 

Examining first the raw reported FAD-associated CPUE data, areas in the northeastern and 

central regions of the WCPO have higher median catch rates of bigeye to skipjack, while 

areas to the northwest and south have lower median catch rates (Fig. 3), which is a similar 

finding to Kawamoto and Nakamae (2017). The median catch rate of bigeye to skipjack is 

highest in the Northern Hemisphere summer months and lowest in the winter.   

Using our model, we can convert these raw CPUE values into ratios of expected 

bigeye “saved” to skipjack “lost” as a result of moving from FAD-associated to free-school 

fishing.16 In nearly all regions and months, the expected reduction in CPUE of bigeye is far 

less than the expected reduction in skipjack CPUE resulting from FAD removal. The 

northeastern portions of the WCPO, along with the months of August and September, appear 

to provide the most favorable FAD effects in terms of cost-effective bigeye conservation (Fig. 

4). 

We find that in most circumstances removing FADs produces greater reductions in 

volume of skipjack catches than it does in bigeye catches. The immediate direct fishery 

benefit/cost ratios are less than 1, Fig. 4. All else equal, however, bigeye are more valuable if 

allowed to escape the FAD fishery. Recent prices paid for fresh or frozen mature bigeye in 

the Japanese market ($9,370/MT) are approximately five times greater than the price paid 

 
16 The model sorts the results by differences, not ratios, but the results are qualitatively the same and the ratios 
are clearer to visualize. 
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($1,782/MT) for juveniles caught by the skipjack purse-seine fleet and combined with skipjack 

for canning in Thailand (Sibert et al. 2012; Williams and Reid, 2018).  

The 2014 bigeye stock assessment indicated that fishing mortality rates were near 1.5 

times the target level. Under the model assumptions, over time the bigeye population will be 

driven down to overfished levels, meaning that reducing bigeye catches today could produce 

an increased population and value of catches of bigeye in the future, relative to the eventually 

overfished counterfactual. This suggests that even if the bigeye-to-skipjack ratio of removing 

a FAD is less than one today, removing that FAD may provide a greater net benefit relative to 

BAU over the long-term, once price and population effects are considered.   

THE TRADEOFFS OF COASEAN-STYLE EXCHANGE 

 This case study of bigeye tuna in the WCPO demonstrates how Coasean-style 

approaches might be used to resolve impasses in fisheries and to achieve broader welfare-

enhancing outcomes. For nearly two decades there was general consensus among 

stakeholders that the bigeye tuna population was being overfished. Despite this 

understanding, the WCPFC was unable to reduce harvest of bigeye to recommended levels 

through standard “polluter-pays” regulatory measures. 

 We use our bio-economic model to simulate the economic and ecological costs and 

benefits of increasing levels of FAD removal from the waters covered by the VDS to better 

understand the sources of dispute. Conservation outcomes are measured by SSB relative to 

that which would produce MSY at equilibrium (SSBMSY), or SSB/SSBMSY values near 1. 

 From a purely direct fishery revenue perspective, we estimate that the economic costs 

of large-scale reductions in FAD use far outweigh the benefits. Non-monetary ecological 
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benefits would have to be substantial to support widespread elimination of FADs. By explicitly 

linking economic costs and benefits to conservation goals, we provide estimates of the net 

deficit in value that must be overcome in order to gain support for overfishing reduction from 

fishery interests. The most feasible option is a subsidy of FAD-free fishing of the skipjack 

fleet, funded by direct contributions from conservation NGOs, price increases on long-line 

caught bigeye by Japanese consumers, price premiums on certified FAD-free canned 

skipjack tuna, or a combination of the three. We examine these options below (Fig. 5). 

Our proposed Coasean-bargaining solution outlines how the voluntary exchange would take 

place. Bigeye conservation interests would start with the purse-seine fleet operating in the 

northeast WCPO area under the VDS. This is the region of greatest bigeye mortality/FAD 

(Fig. 3). They would continue to bankroll the difference between the VDS license price and its 

loss in value due to diminished CPUE from FAD reduction faced by participating purse-seine 

vessel owners until the conservation objective at the time was met.  Other purse-seine 

vessels would be free to use FADs with unsubsidized licenses under the VDS.    

This negotiated process better aligns costs and benefits and makes Pareto-improving 

change in the fishery possible. As part of the exchange both parties more completely weigh 

tradeoffs in selecting FAD reductions and corresponding bigeye conservation goals. 

Coasean-style exchange is open to new entrants. For example, if other conservation interests 

believed or new information suggested that greater reductions in FAD use were required, they 

could subsidize additional VDS licenses with lower or no FADs (Bell, Peacey, and Stokes 

2015). Moreover, across the WCPO other purse-seine vessel owners could apply for license 

subsidies and reduce FAD use. The attractiveness of participation would depend on the 

impact of a given FAD instance on bigeye mortality and subsequent willingness to pay by 
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conservation interests, available funding, as well as the match between the payment 

conservation groups would be willing to make and reduced CPUE expected by the skipjack 

fleet.  Throughout this process, revenues to VDS participating countries and political units 

would not change. 

We estimate that a mandatory Pigouvian-style restriction aimed at achieving MSY for 

bigeye through FAD removal alone would require roughly 67% of the FADs covered by VDS 

licenses to be removed, resulting in a net loss in skipjack revenues of NPV $3.3 billion (Table 

1; Fig. 5A) and imposing potential costs on VDS member countries through reduction in 

demand for licenses if demand were not sponsored by conservation interests seeking bigeye 

protection. The skipjack revenue loss is roughly 1.75 times the added bigeye revenues of 

NPV $1.9 billion, producing a net deficit in direct fishery value.  

The skipjack losses would primarily affect major FAD-associated skipjack fishing 

countries in the WCPO, such as Papua New Guinea, the Philippines, and the USA (as well as 

countries that depend on the skipjack industry for revenues), and the bigeye benefits would 

flow to Japanese consumers of longline-caught bigeye and to countries with longline fleets 

such as China, South Korea, and Indonesia (Fig. 1). These estimates reveal why controls to 

bring bigeye stocks to MSY levels have been so contentious among the various parties of the 

fishery.  

Non-fishery values would have to be very high to overcome the direct fishery costs of 

substantial FAD removal. Approximating non-fishery value as the value of net fishery losses, 

we estimate that complete removal of VDS associated FAD days would require that the 

indirect value in the fishery have an NPV of approximately $3 billion, corresponding to annuity 

payments of $15,000 per year per FAD-day (Line 7, Table 1; Fig. 5D). To place this in 
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context, VDS licenses have been selling between $9,000 and $13,000 (FFA 2017). Achieving 

a more moderate target of SSB/SSBMSY = 1 by bigeye fishing and conservation contributions 

alone would require annuity payments of $10,000 per FAD-day per year (Line 5, Table 1; Fig. 

4D). 

Only limited FAD removals within the VDS system produce fishery benefits greater 

than or equal to fishery costs (Fig. 5A). A 15% reduction of FADs leads to a projected bigeye 

SSB/SSBMSY of between 0.6 and 0.7, with bigeye benefits of NPV $0.21 billion at a cost to 

skipjack fleets of NPV $0.17 billion (Table 1; Fig. 5A). Under the generous assumptions of 

this model, there is some potential direct fishery surplus that could be used to produce 

Pareto-improving reduction in FAD use with payments from bigeye fishing interests to 

skipjack vessel owners via the VDS subsidy.  

The viability of these options would depend on the value placed on bigeye 

conservation by purse-seine vessel owners (potentially to avoid more stringent controls), 

consumers, and the conservation community. While it is unclear what amount could be raised 

from conservation interests that have a demonstrated track record of funding efforts to 

improve the bigeye stock, our analysis demonstrates the magnitude of the values required to 

achieve substantial gains in the future bigeye stock through a Coasean-style exchange. 

How might additional payments be obtained to achieve more substantial conservation 

improvements in a Pareto-improving manner? One source is a tax levied on consumption of 

longline-captured bigeye (the beneficiaries of FAD removal) primarily in Japan, with the 

proceeds funding the removal of FADs.  With a direct tax on longline-caught bigeye tuna, 

bigeye consumers in Japan would need to place an extremely high value on longline-caught 

bigeye to achieve substantial conservation gains, requiring a 60% tax to achieve an 
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SSB/SSBMSY of 1 (Fig. 5B). Another source is direct payment from conservation groups 

whose members highly value bigeye stock improvements or other FAD-associated factors 

such as reduced bycatch of sharks and sea turtles and related ecosystem improvements 

(Dagorn et al. 2013). A third source is a price premium assigned to certified FAD-free canned 

skipjack tuna, under the assumption that some skipjack consumers receive an intrinsic benefit 

from bigeye conservation.17 

Our model estimates that a 4% price premium on free-school skipjack would be 

sufficient to fund the complete removal of FAD fishing from the VDS. This value is calculated 

as the percent increase in canned skipjack price required to offset lost skipjack catches, Fig. 

5C.18 These estimates would depend on the elasticity of demand and numerous other 

assumptions, but provide illustrative benchmarks as to where a tax could be focused. A 

canned tuna tax could most feasibly be implemented in three markets, the US, France, and 

the UK that are the leading canned skipjack-importing countries. Elasticity of demand 

estimates for FAD free tuna depend upon the market segment, consumer environmental 

concerns, and availability of substitutes. Estimates indicate that elasticity is close to 1, 

implying that total revenues would not change (Sun et al. 2017; Sun et al. 2015). The three 

payment options could be combined to assemble the required amounts.  

This analysis potentially also applies to other fisheries where imbalances may not be 

so stark. In those fisheries such a bargain potentially could set management targets that are 

more socially beneficial, rearrange costs and benefits, and resolve regulatory logjams.  

 
17 This option is less Coasean because it taxes skipjack consumers as “polluter pays.” 
18 The values in Fig. 5B-C are calculated from the data underlying Fig. 4 by taking the deficit in the cost/benefit 
ratio and calculating the percentage gain in the price of sashimi bigeye or canned skipjack required to make up 
the deficit assuming demand is perfectly inelastic, an issue addressed in the text. 
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Our model is very stylized:  We omit complexities related to the spatial-temporal dynamics of 

tuna populations and fishing fleets. We do not account explicitly for price elasticities for bigeye 

or skipjack. We also assume that the outcomes of FAD reduction are constant and 

deterministic, when they are likely to be context-dependent and stochastic. The assumptions 

can be refined if the concepts discussed here were to be applied in a more tactical manner. 

The simplifying assumptions are illuminating since they are optimistic, meaning that this 

analysis provides a likely upper bound on the potential surplus available for a Coasean-style 

bargain. 

 Accounting for uncertainty in future benefits and costs of FAD reduction, for example, 

potentially reduces the willingness-to-pay by bigeye conservation advocates while increasing 

the payments required to the skipjack industry. Additionally, increases in bigeye prices 

resulting from reductions in the bigeye stock under current practices could narrow the gap 

between the two parties, as would decreases in skipjack prices. Recent technological and 

regulatory innovations also make Coasean-style bargaining more viable. Electronic logbook 

data and video-based monitoring make it simpler and less costly to collect data and monitor  

catches and effort. These innovations facilitate assessment for establishing fishery limits, 

determining historical catch as a basis for property rights assignment, and in trading fishery 

property rights. Similarly, the increased availability of less-costly and more accurate methods 

for tracking fishing activity in near real time, for example through automatic identification 

system (AIS) tracking algorithms (e.g. Global Fishing Watch, Kroodsma et al., 2018) and 

vessel monitoring systems (VMS) lower the costs of establishing and enforcing property 

rights, such as spatial property rights (Costello and Ovando 2019). 
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CONCLUSIONS 
Our objective is to reintroduce Coasean approaches to marine resource management. 

Although outlined in 1960, they have received less consideration than their potential value 

warrants. Addition of Coasean exchange to the list of potential policy interventions provides 

opportunities for characterizing and implementing conservation improvements in a timelier, 

less costly, less antagonistic, and hence, more effective manner. The result can be good for 

the resource, for the humans who must change behavior and bear costs in order to protect it, 

and for society as a whole.19  

Fisheries often are presented as a canonical case of a common-pool resource, limiting 

the potential of Coasean bargaining and justifying standard, centralized Pigouvian-style 

controls. As we have noted, however, while these measures can be successful from 

biological perspective (Hilborn and Ovando 2014; Hilborn et al. 2020), they may not pass 

standard cost-benefit analyses. 

When considering conservation options, a clear baseline for comparison across 

feasible alternatives is critical (Demsetz 1967). All policy options will be second best relative 

to theoretical, optimal management, and involve transaction costs.  Depending on the 

intervention chosen, transaction costs will include those often associated with the bargaining 

costs in Coasean exchange. They also, however, include lobby expenses and the costs of 

negotiation among regulators, conservation advocates, and user groups, as well as the costs 

of setting, implementing, and enforcing resource-use restrictions (D. W. Allen 2000). These 

latter costs will be influenced by the intervention chosen and the level of trust among all 

 
19 An example of a mixed history of success, conflict, and on-going uncertainty of outcomes, is provided in the 
chapters included in (Fitzsimons and Wescott 2016). 
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groups involved with it. It is not obvious, ex ante which approach, a Coasean strategy or 

alternative  

interventions, entails the higher overall transaction costs, relative to the baseline of 

business as usual.20  

A mechanism for exchange is key for Coasean bargaining to occur, typically a property 

right of some type. Hence open-access fisheries or those with limited ability to enforce 

exclusivity are challenging for any conservation effort. But given the wide range of world 

fisheries, there are other, more promising opportunities; there is a continuum from open 

access to formal property rights. As Ostrom (1990) discussed, small-scale community-based, 

controlled-access fisheries can provide a framework. Negotiations can be between 

community leaders and advocates, with individual rights defined and enforced within the 

community.  Cooperative-managed fisheries offer yet another setting where bargaining can 

occur between advocates and cooperative members who have defined positions within the 

organization (Ovando et al. 2013).     

Finally, some 20% of global marine fisheries capture comes from fisheries that are 

already managed under rights-based fishery management (RBFM). In the United States 78 

fisheries making up 37% of US capture are managed under individual transferable quotas 

(ITQs) (Costello and Ovando 2019; Environmental Defense Fund 2020). Although regulatory 

constraints would prohibit setting of total allowable catches (TAC) through Coasean exchange 

in many of these fisheries, such RBFM programs could provide a platform for conservation 

 
20 There are other sources of cost, as well, that would determine the regulatory option selected, including 
information costs about the responses of resource to be protected as well as the impacts on existing resource 
users from controls.  
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interests to negotiate TAC or effort reductions and the relative distribution of benefits and 

costs in the manner discussed here (similar to the U.S. West Coast groundfish fishing permits 

purchased by The Nature Conservancy in 2007, as described in Gleason et al, 2013). 

Alternatively, competing fleets, for example vessels targeting a lucrative species for a high-

end market and vessels that incidentally catch that species in pursuit of another high-volume 

product, could conceivably enter into Coasean bargaining to negotiate mutually beneficial 

reductions in incidental catch.   

Even though there are no formal ITQs in the WCPO tuna fishery, there are VDS 

licenses where vessel owners have historical FAD use that could be grandfathered as a 

means of exchange. Coasean bargaining determines both the conservation goal selected as 

well as the distribution of costs and benefits associated with it. In the case of bigeye tuna, 

where areas are large with many heterogeneous fishing groups, a consensus on Pigouvian-

style regulation is unlikely absent a crisis involving multiple species and jurisdictions, as 

evidenced by the lack of sufficient reductions in bigeye fishing mortality during the period of 

perceived overfishing. A voluntary Coasean approach does not require a crisis, nor does it 

require general consensus. Using the existing institutional framework and assignment of 

related tradable rights based on historical FAD use, purse-seine vessel owners and 

conservation groups can enter into the proposed Coasean exchange for FAD reduction 

whenever new fish stock, ecosystem, and market information appears. 

As Coase (1960) stated, the selection of the response to the problem of social cost 

depends upon a weighing of the costs and benefits of each approach. Given the diversity of 

challenges facing global fisheries, adding Coasean strategies to the set of tools utilized in 
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fisheries management could extend the set of fisheries around the world for whom Pigouvian 

methods may be untenable or unsuccessful. 
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Figure 1. Panel A) shows the breakdown of vessels listed on the WCPFC Record of Fishing Vessels by gear 

type for each flag state. Only longline and purse seine vessels are shown, and the size of the pie is proportional 

to each flag state’s total number of vessels of those two gear types (as of October 19, 2019). Panel B) shows 

the breakdown of bigeye catches by gear type for each flag state (2014). Only catches by longline and purse 
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seine vessels are shown, and the bars are ordered based on the difference between longline and purse seine 

catches. 
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Figure 2. Schematic of the process used to estimate effects of fish-aggregating device (FAD) removal on bigeye 

and skipjack tuna fishing revenues.  
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Figure 3. Median observed ratios of bigeye (BET) and skipjack (SKJ) caught by FAD associated purse seine 

fishing by A) latitude/longitude and B) month (2000 - 2014). 
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Figure 4. Median predicted ratios of reduction in bigeye (BET) and skipjack (SKJ) CPUE resulting from moving 

from FAD to free-school purse seine fishing by A) latitude/longitude and B) month (2000 - 2014). 
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Figure 5. Projected Economic Tradeoffs Associated with Conservation Outcomes Achieved as a Function of 

Different FAD removals. The X-axis in all panels shows projected equilibrium SSB/SSBMSY as a function of 

removing increasing percentages of FADs from the WCPO (color scale of bars). Fisheries management 

generally has an objective of SSB/SSBMSY values near 1. On the y-axes, Panel (A) shows the projected net 

present value of the bigeye surplus (assuming a discount rate of 10%). Panel (B) shows the estimated % tax on 

sashimi grade bigeye in Japanese markets that would be required to offset losses in the skipjack revenues as 

FAD use is reduced and thereby achieve a benefit-cost ratio of 1. Panel (C) shows alternatively, the estimated 
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price premium on canned and labeled free-school skipjack to achieve the same tradeoff balance. Panel (D) 

shows the estimated associated annual annuity payments per FAD day required for compensating the loss in 

skipjack harvest as FAD reductions are increased for different of SSB/SSBMSY objectives. 
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Table 1. NPV of revenue benefits (increases in bigeye catch) and revenue costs (losses in skipjack catch) 

(costs and benefits in USD billions) and equilibrium SSB/SSBMSY resulting from incremental increases in percent 

of VDS FAD days removed 

Percent of FADs Removed SSB/SSBMSY Benefits Costs Surplus 

15% 0.6 $0.21 $0.17 $0.04 

26% 0.7 $0.63 $0.82 $-0.19 

39% 0.8 $1 $1.5 $-0.5 

53% 0.9 $1.5 $2.4 $-0.9 

67% 1.0 $1.9 $3.3 $-1.4 

85% 1.1 $2.3 $4.4 $-2.1 

100% 1.2 $2.7 $5.7 $-3 
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ONLINE APPENDIX 

COMPUTATIONAL ENVIRONMENT 

The code underlying this paper requires several different types of analysis, and 

associated packages. All analyses were performed in R (R Core Team 2019). Many 

packages were utilized, in particular TMB (Template Model Builder, Kristensen et al. 2016), 

ranger (Wright and Ziegler 2017), and (Kuhn and Vaughan 2020). Materials and data needed 

to reproduce all results can be found at https://github.com/DanOvando/coasean-tuna .  

 

POPULATION MODEL 

The tuna complex in the Western Central Pacific Ocean (WCPO) is a highly studied 

group of species. Formal stock assessments exist for both of the species included in this 

study (bigeye tuna, Thunnus obesus, and skipjack tuna, Katsuwonus pelamis). Given the 

extensive modeling already present for these species, why create our own population model? 

The latest stock assessment models for bigeye and skipjack consist of 32 and 23 “fleets” 

(defined by gear type, region, and nationality) and 9 and 5 assessment regions respectively 

(McKechnie et al. 2016; 2017). However, publicly available FAD associated data is only 

available at a coarser resolution, reporting only at the 5°x5° latitude/longitude resolution. As 

such, we have no clear way of assigning changes in FAD use to the resolution of the fleets 

used in the stock assessment models. The stock assessment model also contains many 

features (such as movement rates) which while critical for the management of the species are 

not vital for the strategic analysis presented here. A tactical model designed to actually 

implement the methods discussed here would certainly require a model more in line with the 
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complexity of the stock assessment models. However, our simplified model allows us to 

capture critical features of the stock, including broad differences in fleet dynamics and 

selectivities, at a resolution compatible with the needs of the analysis and the available data.  

The population model is single-species and age-structured, with Beverton-Holt style 

recruitment dynamics. Numbers at time t for age a (nt,a) are given by 

𝑛$,% = 6
= 𝐵𝐻(𝑠𝑠𝑏$&') if 𝑎 = 1
= 𝑛$&',%&'𝑒&()!*+"∗!!#$), if 1 < 𝑎 < 𝑚𝑎𝑥(𝑎𝑔𝑒)
= 𝑛$&',%𝑒&()!*+"∗!!) + 𝑛$&',%&'𝑒&()!*+"∗!!#$), if 𝑎 = 𝑚𝑎𝑥(𝑎)

 

where BH is the Beverton-Holt recruitment function, ssbt-1 is spawning-stock-biomass at time 

t-1, ma is natural mortality at age a, ft is fishing mortality at time t, and sa is selectivity at age 

a. 

Natural mortality at age for bigeye was taken from the 2014 stock assessment (Fig. A1, 

Harley et al. 2014).  
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Figure A1. Natural mortality at age for bigeye tuna, from Harley et al. (2014).  

 

Spawning stock biomass (ssbt) is calculated by converting age to mean length la, 

calculating weight at age wa and maturity at age mata, and then calculating spawning stock 

biomass as the sum of spawning potential at age in a given time step. 

 

𝑙% = 𝑙.?1 − 𝑒&/(%&%%)A 

 

Where 𝑙. is the mean asymptotic length, k  is the von Bertalanffy growth coefficient, and a0 is 

the theoretical age when la = 0.  

Weight at age a is then given by 

 

𝑤% = 𝛼	 ×	 𝑙%
0 

 

Where 𝛼 scales the units of weight and 𝛽 represents the relationship between length and 

weight. 

 

Maturity at age (mata) was also taken from the 2014 stock assessment (Fig. A2, Harley 

et al. 2014), which importantly captures the concave shape of the maturity function at higher 

ages of bigeye tuna 
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Figure A2. Mean proportion of bigeye individuals sexually mature at age, from Harley et al. (2014).  

 

Spawning stock biomass at time t is then calculated as 

 

𝑠𝑠𝑏$ = G𝑤%𝑚𝑎𝑡%𝑛%,$

1

%2'

 

 

We chose to use a Beverton-Holt recruitment function for this simulation. This is a 

slight deviation from the methods used in the latest bigeye stock assessments, which allow 

for deviation from a fixed stock-recruitment relationship to occur. Harley et al. (2014) and 

McKechnie et al. (2017) both assume bigeye recruitment to have a weak relationship with 

spawning potential via a Beverton-Holt function with a fixed value of steepness, h, but allow 

deviations from this relationship to occur as such as relationship is not clearly defined for 
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most tuna species. Nonetheless, all recent stock assessments in the WCPO have 

incorporated a Beverton-Holt relationship for the purposes of undertaking yield analysis and 

population projections (on the recommendation of an independent assessment review, Ianelli 

et al. 2012), but apply a very weak penalty for deviation from the stock-recruitment 

relationship so that it does not seriously bias recruitment and other model estimates.  

For the Beverton-Holt equation, we first calculate 𝛼 as 

 

𝛼 = (𝑠𝑠𝑏3/𝑟3) × (1 − ℎ)/(4 × ℎ) 

 

where 𝑟3 is unfished recruitment (set in the model tuning process), h is steepness, set to 0.8 

per Harley et al. (2014), and 𝑠𝑠𝑏3  is calculated analytically by calculating the SSB at 

equilibrium given 𝑟3 and the other life history parameters. 𝛽 is given as 

 

𝛽 = (5 × ℎ − 1)/(4 × ℎ × 𝑟3). 

 

Finally, recruits are calculated by 

 

𝑛%23,$ =
𝑠𝑠𝑏$&'

𝛼 + (𝛽 × 𝑠𝑠𝑏$&')
. 

 

As a simplification of the 33 “fisheries” or “fleets” defined in Harley et al. (2014), we 

define the following five fleets fishing in the WCPO: longline fishing (LL), purse seine fishing 

on FADs in PNA waters (PS-FAD-PNA), purse seine fishing on FADs outside of PNA waters 
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(PS-FAD), free school purse seine fishing in PNA waters (PS-PNA), and free school purse 

seine fishing outside of PNA waters (PS). A time series of quarterly catch and effort data from 

the WCPFC online data portal was allocated accordingly to each fleet. Selectivity at age for 

each fleet was defined as the average of that for all fleets from Harley et al. (2014) with the 

same gear type (LL, PS, or PS-FAD), weighted by the percentage of total catches originating 

from that fleet’s region. Catchability by quarter was set in the model tuning process.  

 

TUNING TO STOCK ASSESSMENT 

Given these population and fleet dynamics, we now need to tune our simplified model 

to resemble the stock status reported in Harley et al. (2014). We could have tried to fit a new 

assessment model, given supplied catches, CPUE, and length composition data. However, 

given the complex spatial and multi-fleet nature of the original assessment, we felt it unlikely 

that our simplified model would reach the same conclusions as Harley et al. (2014) as to the 

current state of the population given only some of the same data used in the original 

assessment. 

As such, we elected to “tune” rather than fit our model. We accomplish this by 

estimating an unfished recruitment, catchability by fleet and time, and an initial depletion that, 

given the time series of effort and selectivities by fleet, best reproduces the time series of 

depletion and catches by fleet reported in Harley et al. (2014). 

This is, of course, a rough approximation of the model estimated in Harley et al. 

(2014), but it captures some of the key life history traits of bigeye tuna (including varying 

natural mortality and maturity at age), while allowing us to translate changes in fleet efficiency 
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brought on by FAD removal directly into the operating model estimated here. In the end, 

since we are projecting the population forward holding fishing mortality rates constant, the 

most important factor is getting the most recent fishing mortality rates approximately correct, 

given the volume of catches recently observed Our model estimates a mean F/FMSY value of 

1.2 from 2008 - 2011, (Fig. A3), close to the values of 1.57 over that period reported in Harley 

et al. (2014). 

 

Figure A3. Tuned values of B/BMSY and F/FMSY over time. Red triangle shows average B/BMSY and F/FMSY over 

the period 2008 - 2011 from Harley et al. (2014).  

 

ESTIMATING FAD EFFECTS 
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Given this operating model, we then require a method of estimating the effect of FAD 

removal. FAD use affects many aspects of fishing operations, including search time (Lopez et 

al. 2014), success rates (Fonteneau et al. 2000; Suzuki et al. 2003; Miyake et al. 2010), size 

composition (Guillotreau et al. 2011), etc. For this simplified scenario, we focus on the effect 

of FAD use on CPUE. 

We obtained a database of bigeye and skipjack catches and effort by space, time and 

gear from the WCPFC online portal (https://www.wcpfc.int/node/4648), accessed on July 17, 

2017. This public domain database contains historical catch and effort data by month and by 

flag/quarter grouped by 5° x 5° latitude/longitude for all tuna fisheries operating in the 

WCPFC Convention Area. Data points representing less than three vessels are not included 

in the public domain database. Importantly, this gives us information on the total catch of 

bigeye or skipjack, the number of days fished to obtain that catch, and covariates including 

the FAD type used (including if it was a free-school set), the rough location (5°x5° 

latitude/longitude cells), year and month. We paired these data with data on sea-surface 

temperature (SST) obtained from NASA Goddard Space Flight Center’s Ocean Data 

Processing System (2014), estimated as the average SST across the 5° x 5° cell in the year 

and month of a given observation of FAD fishing. 

This allows us to estimate a rough model of CPUE as a function of location, year, 

month, sea-surface temperature, and FAD use. The goal of this model is to ask, if we were to 

move from FAD-associated to free-school fishing at a given observation, how would we 

expect CPUE to change? 

We estimated this model using a random forest (Breiman 2001) implemented through 

the ranger package in R. The model was trained on the years 1995 to 2008, to isolate a 
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relative modern period prior to the implementation of summer FAD closures in 2009. The 

training data were split into a series of assessment and analysis splits that each select a 

sequentially longer part of the training data to use as an assessment split, holding out the 

remaining time steps prior to 2009 as the analysis split. These assessment and analysis splits 

were used to tune relevant hyper-parameters (by selecting those that minimized root-mean-

squared error of the analysis splits). 

Once the best hyper-parameters of the random forest were selected, we then trained 

the model with these hyper-parameters on the training data, and used the subsequent model 

to predict CPUE for the testing data of 2009 onward, which critically includes the newly 

implemented summer FAD closures. 

The summer FAD closures provide an ideal case study on the effects of FAD removal 

on CPUE. Looking at the raw data, median CPUE declines sharply for both bigeye and 

skipjack during the FAD closures (Fig. A4). Despite not being exposed to these periods on 

the training data (which would allow the model to simply learn that the summer months post 

2009 are associated with lower CPUEs), our model is able to capture these general 

dynamics. This gives us confidence that the model is able to provide a reasonable prediction 

of CPUE as a function of FAD type. A more tactical model would clearly need to account for 

complications like the effect of overall stock size on CPUE, but for our purposes the critical 

factor here is the relative reduction in CPUE as a function of moving from FAD to free-school 

fishing. To estimate this, we pulled out all the observations of FAD fishing from the data, set 

their fishing type to free-school, and then used our model to predict their new CPUE. This 

provides an estimate of the difference in CPUE with and without FAD use across space, time. 
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For comparison, we only include data from 2009 onward, and only for locations that reported 

use of FADs in a given month prior to 2009. This helps control for the possibility that during 

the FAD closures may simply move to new locations. Instead, we attempt to estimate the 

change in CPUE during the summer FAD closures for sites that at least prior to the FAD 

closures did use FADs in the summer months. 

 

Figure A4. Mean observed (red) and predicted (blue) CPUE for bigeye and skipjack tuna in the WCPO since 

2009. Grey bars indicate seasonal FAD closures which were omitted from the model fitting. Plotted data only 

include sites that used FADs pre-2009, to control for possibility of movement to different sites during the FAD 

closures.  
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Many alternative model types were tested, including gradient boosted models, 

generalized linear models, and generalized additive models, all of which provide qualitatively 

similar but less accurate results. 

Our results assume that we are able to predict CPUE on and off of FADs reasonably 

well into the future. As test of this assumption, we also fit our model using only pre-2009 data, 

and then predicted CPUE on and off FADs for both bigeye and skipjack from 2009 – 2016 

(Fig. A5).  
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Figure A5. Mean observed (red) and predicted (blue) CPUE for bigeye and skipjack tuna in the WCPO since 

2009. Grey bars indicate seasonal FAD closures. Predictive model was trained on pre-2009 data. Plotted data 

only include sites that used FADs pre-2009, to control for possibility of movement to different sites during the 

FAD closures.  

 

To summarize model performance, for each year we estimate an empirical FAD affect 

as the ratio of CPUE during the summer FAD closures to the CPUE at the same locations 

when FADs are allowed. We then calculated the mean absolute percent error (MAPE) 
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between this empirical measure of a FAD Effect and the FAD effect predicted by our models 

during periods held out from the model training (Fig. A6). For bigeye tuna, the MAPE was 

32% for post-2009 period when the model was trained on pre-2009 data, and 34% for the 

summer FAD closures when only the summer FAD closures were held out from the model. 

For skipjack, the MAPE for each experiment were 16% and 21%. This provides evidence that 

our model performs similarly when tasked with predicting future values as when “filling in the 

gap” of summer FAD closures (though both predictions do come with reasonable amounts of 

error).  
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Figure A6. Mean absolute percent error (MAPE) of held-out data for bigeye and skipjack. Red bars are MAPE 

for post-2009 data when only pre-2009 data were used for model training. Blue bars are MAPE for summer FAD 

closures when only data from outside the summer FAD was used. Plotted data only include sites that used 

FADs pre-2009, to control for possibility of movement to different sites during the FAD closures.  

 

PROJECTING FAD EFFECTS 

We used our population model together with our model of FAD effects on CPUE to 

estimate the effect of FAD removal on the bigeye and skipjack fishery. Critically, since our 
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FAD model is estimated at the resolution of 5° x 5° cell, month, FAD type, we are able to 

represent the wide heterogeneity in FAD effects on bigeye and skipjack CPUE. 

Our objective is to estimate the gains in the bigeye fishery and losses in the skipjack fishery 

resulting from FAD removal. Selecting only FAD associated observations, for each 

observation i at the resolution of FAD type, latitude, longitude, year, and month, we first 

calculated the expected change in catch 𝛥 for both species, s (skipjack or bigeye), resulting 

from moving from FAD to free-school (free) fishing 

 

𝛥!,# = 𝑐𝑎𝑡𝑐ℎ!,# − 𝑐𝑝𝑢𝑒!,4
+566M ×𝑒𝑓𝑓𝑜𝑟𝑡!,# 

 

For each observation i, we can then calculate the difference in the expected change in 

bigeye and skipjack catch as a function of FAD removal, freeschool, as 

 

𝑓𝑟𝑒𝑒𝑠ℎ𝑜𝑜𝑙# = 𝛥!27#8696,# − 𝛥!2!/#:;%</,# 

 

An observation with a very large value of freeschool means that our model estimates 

that moving from FAD to freeschool fishing at observation i would reduce bigeye catch 

substantially more than it would reduce skipjack catch, and vice versa. Note that clearly in 

some instances our model estimates that moving from FAD to freeschool will actually 

increase bigeye or skipjack catch. We consider this outcome to be somewhat unlikely. It is 

possible that captains are trading off the increased certainty of FAD catches with potential 

catch volume, but we believe a simpler explanation is that the model is incorrect in those 

circumstances. As such, and to be conservative as to the magnitude of the potential benefits 
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of FAD removal, we only include locations i that estimate reductions in both bigeye and 

skipjack CPUE as a function of moving to free-school fishing. We re-ran the analysis 

including all observations (including those which the model projected freeschool fishing to 

positively affect catches). 

For each observation i, we then calculated the mean freeschool effect and 𝛥 from 

2009-2016, giving us the mean values of 𝛥 and freeschool at each location and month over 

that time period. We then arrange the resulting predictions in descending order of freeschool, 

so that the first FADs moved through our proposed “bargain” to freeschool fishing are those 

we would expect to provide the greatest reduction in bigeye and the least reduction in 

skipjack. 

From the perspective of the population though, the key question is not only the 

expected change in catches today resulting from moving to freeschool fishing, but the long-

term effects of this change on the population. Moving sequentially through the potential 

instances of FAD removal, we estimate the effect of changing n instances of FAD fishing to 

freeschool fishing as follows. To try and simplify this process somewhat, we only project the 

effect of FAD removal on the bigeye population. We make this choice because the skipjack 

population is estimated to be quite healthy with relatively low levels of fishing mortality. As 

such, we assume that both current catches of skipjack, and reduced catches of skipjack 

resulting from moving to free-school fishing, will persist into the future. 

For bigeye, we need to translate changes in catches stemming from the free-school 

shift into changes in fishing mortality rates. For each fleet and quarter, we pull out the total 

reported bigeye catches in 2016. We then adjust these catches as a function of switching n 

instances of FAD fishing to free-school fishing. The new catch by the purse-seine FAD fleet in 
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a quarter is equal to the current purse-seine FAD catches in that quarter minus the total 

expected reduction in bigeye catch from switching to n observations of FADs to freeschool 

fishing (∑ 𝛥!27#8696,#=
#2' ). Remember though that the assumption of this bargain is that fishing 

isn’t removed, but instead switched to free-school purse-seine fishing. As such, we calculate 

the new catch in the free-school purse-seine fleet in a given quarter as the observed catch by 

that fleet in that quarter in the most recent year, plus the total amount of bigeye predicted by 

the model to be caught under free-school conditions (∑ 𝑐𝑝𝑢𝑒!2748696,4
+566M ×𝑒𝑓𝑓𝑜𝑟𝑡!27#8696,#=

#2' ). 

This step gives us new expected catches by fleet, reflecting the switching of n FADs. 

From there, we use the Baranov equation (Baranov 1918) to estimate the fishing mortality 

rate that, given the estimates of the population in the most recent time step derived from the 

model tuning, would produce these new expected catches. This more or less translates to, if 

FAD associated purse seine catches were expected to decrease by 5%, FAD associated 

fishing mortality rates will decrease by approximately 5%. After adjusting the fishing mortality 

rates of the free-school and FAD associated purse-seine fleets accordingly, we then project 

the population forward in time, holding these updated fishing mortality rates constant. The 

resulting bigeye population trajectory is then calculated, considering these new fishing 

mortality rates, and importantly the difference in selectivity of the fleets. 

This projection gives us a vector of new expected bigeye catches by fleet. Under the 

idea of our bargain, the proposed “beneficiaries” is the targeted longline bigeye fleet. We 

calculate the benefits accrued to the longline fleet as the net present value (assuming a 5% 

discount rate) of the difference in longline bigeye catches under business as usual 

(i.e. assuming no FADs are switched to free-school) and under incrementally greater 

amounts of FAD removal (∑ (𝑙𝑙𝑐𝑎𝑡𝑐ℎ$>1? − 𝑙𝑙𝑐𝑎𝑡𝑐ℎ$=)(1 + .05)&$@
$23 ).  
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Those being the “benefits”, the costs are then the expected losses to the purse-seine 

fleet. Since we are not projecting the skipjack population, we assume that the total amount of 

skipjack lose (that must be compensated for) is ∑ 𝛥!2!/#:;%</,#=
#2'  in each timestep, plus 

∑ 𝛥!27#8696,#=
#2'  to account for the value that the purse-seine fleet would have obtained from 

the incidental bigeye catch. We then calculate the net present value of these costs. The 

surplus generated by the bargain is then simply the difference in the NPV of the benefits to 

the longline fleet, minus the NPV of the costs to the purse-seine fleet. 

 

ESTIMATING ALTERNATIVE SOURCES OF BENEFITS 

As shown in Fig. 4, while our exercise suggests that complete removal of FADs from 

the WCPO could have substantial positive impacts on the bigeye stock, the direct fishery 

benefits of these gains are quickly dwarfed by the direct fishery losses. As an exercise then, 

we considered what the magnitude of several alternative strategies for offsetting these losses 

would have to be. For the first, we calculate the tax on longline caught bigeye tuna (sashimi-

grade bigeye) that would be required to make up the deficit to the purse-seine fleet. For 

removal of n FADs, this is simply 

𝑡𝑎𝑥= = 𝑝!%!A#)# ×
𝑛𝑝𝑣=<B!$! − 𝑛𝑝𝑣=

76=6+#$!

𝑛𝑝𝑣=
76=6+#$!  

where psashimi is the current price of sashimi grade bigeye. Put simply, we calculate the 

percentage increase in net present value needed in order for costs to equal benefits, and 

augment price accordingly. This is a large simplification, since ideally, we would account for 
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the effects that this tax would have on demand, but it serves as a useful illustration of the 

general magnitude of the price increase required (Fig. 5B).  

We also calculate the percent price premium that would need to be paid for “FAD-free” 

canned skipjack tuna in order for costs to equal benefits. This is simply the percentage 

increase in the value of canned skipjack tuna that would be required to offset the losses 

incurred to the purse-seine fleet (accounting for any payments that the longline fleet might 

already be making) (Fig. 5C) 

Lastly, we consider what the conservation payments per FAD day would have to be in 

order for the NPV of costs to equal the NPV of benefits. We calculated this as the as annual 

annuity payment per FAD day such that benefits equal costs (Fig. 5D). 
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