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Abstract (currently 341/350 words) 9 

Natural resources often exhibit large interannual fluctuations in productivity driven by shifting 10 

environmental conditions, and this translates to high variability in the revenue resource users can 11 

earn. However, users can dampen this variability by harvesting a portfolio of resources. In the 12 

context of fisheries, this means targeting multiple populations, though the ability to actually 13 

build diverse fishing portfolios is often constrained by the costs and availability of fishing 14 

permits. These constraints are generally intended to prevent overcapitalization of the fleet and 15 

ensure populations are fished sustainably. As linked human-natural systems, both ecological and 16 

fishing dynamics influence the specific advantages and disadvantages of increasing the diversity 17 

of fishing portfolios. Specifically, a portfolio of synchronous populations with similar responses 18 

to environmental drivers should reduce revenue variability less than a portfolio of asynchronous 19 

populations with opposite responses. We built a bioeconomic model characterized by the 20 

Dungeness crab (Metacarcinus magister), Chinook salmon (Oncorhynchus tshawytscha), and 21 

groundfish fisheries in the California Current, and used it to explore the influence of population 22 

synchrony and permit access on revenue patterns. As expected, synchronous populations reduced 23 

revenue variability less than asynchronous populations, but only for portfolios including crab and 24 

salmon. Synchrony with longer-lived groundfish populations was not important because 25 

environmentally-driven changes in groundfish early life survival were mediated by growth and 26 

natural mortality over the full population age structure, and overall biomass was relatively stable 27 

across years. Thus, building a portfolio of diverse life histories can buffer against the impacts of 28 

extremely poor environmental conditions over short time scales, though not for long-term 29 

declines. Increasing access to all permits generally led to increased revenue stability and 30 

decreased inequality of the fleet, but also resulted in less revenue earned by an individual from a 31 
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given portfolio because more vessels shared the available biomass. This means managers are 32 

faced with a tradeoff between the average revenue individuals earn and the risk those individuals 33 

accept. These results illustrate the importance of considering connections between social and 34 

ecological dynamics when evaluating management options that constrain or facilitate fishers’ 35 

ability to diversify their fishing. 36 
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 40 

Introduction 41 

Diverse resource portfolios can reduce revenue variability and financial risk caused by large 42 

fluctuations in productivity and profitability of exploited natural populations (Kasperski and 43 

Holland 2013). Variability in fishing revenue declines for individuals (Anderson et al. 2017), 44 

vessels (Kasperski and Holland 2013), and communities (Sethi et al. 2014, Himes-Cornell and 45 

Hoelting 2015, Cline et al. 2017) when groups diversify their portfolio of fishing activities by 46 

targeting multiple species or geographic areas. However, the ability to build diverse fishing 47 

portfolios has declined as limited access and catch share programs have increasingly constrained 48 

access to fisheries; this is particularly the case for younger fishers who were not gifted fishing 49 

permits when access first became limited (Kasperski and Holland 2013, Himes-Cornell and 50 

Hoelting 2015, Stoll et al. 2016, Holland and Kasperski 2016, Holland et al. 2017). 51 

The ecological dynamics and life histories of the populations that comprise resource 52 

portfolios mediate the extent to which diverse portfolios stabilize income and reduce risk. First, 53 

population synchrony can play a role. Synchronous populations tend to respond in the same 54 
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direction to shared drivers or have similar exploitation histories (Baum and Worm 2009, Hansen 55 

et al. 2013), whereas asynchronous populations tend to be competitors or respond in opposite 56 

directions to a shared driver (Hare et al. 1999, Gonzalez and Loreau 2009, Loreau and 57 

Mazancourt 2013, Selden et al. 2018). Populations that vary asynchronously or independently of 58 

one another yield a more temporally stable aggregate biomass than populations that vary 59 

synchronously (Doak et al. 1998), and this stability in biomass can lead to greater stability in the 60 

revenue that the portfolio of populations generates (Hilborn et al. 2003, Schindler et al. 2010). 61 

Second, variability itself can be driven by life history. Long-lived species with “slow” life 62 

histories tend to exhibit less interannual variation in biomass than “fast” short-lived species 63 

(Warner and Chesson 1985, Winemiller and Rose 1992, Bjørkvoll et al. 2012). Finally, 64 

phenology often determines timing of the fishing seasons. Vessels tend to target migratory 65 

species when they are closest to home fishing ports, and regulations often protect populations 66 

during periods that are particularly important for reproduction and growth (e.g., molting, 67 

carrying of egg sacs). If vessels carry a portfolio of complementary permits with seasons 68 

throughout the year, they maximize use of fishing capital. However, if the portfolio includes 69 

permits for fisheries that can act as substitutes, vessels can divert effort into another fishery in 70 

the event of a downturn or closure (Richerson and Holland 2017). 71 

An extensive social-ecological modeling literature has demonstrated that accounting for 72 

the interactions between ecological and human dynamics in fisheries management can improve 73 

biological sustainability and increase the benefits fishers and society derive from the ecosystem 74 

(see Nielsen et al. 2018 for review). For example, vessels in multispecies fisheries can achieve 75 

more optimal harvest patterns by intentionally altering their fishing behavior to avoid species 76 

with lower natural productivities (Kirkley and Strand 1988, Squires and Kirkley 1991). 77 
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Furthermore, accounting for ecological interactions, such as predation, can lead to different 78 

estimates of management targets (Collie and Gislason 2001, Overholtz et al. 2008, Holsman et 79 

al. 2016) and even lead to new fishing opportunities (Oken and Essington 2016). However, there 80 

has been relatively little focus of this literature on the interaction between ecological dynamics 81 

and the benefits of revenue diversification gained though management of access rights. 82 

Acknowledging the costs of diversification in terms of efficiency, and the benefits of 83 

diversification in terms of stability, Sanchirico et al. (2008) explored how catch allocations could 84 

be made to both minimize variability and maximize returns, but the correlation pattern assumed 85 

among the stocks was based on correlations in historical gross revenue and did not account for 86 

feedback between fishing intensity and population productivity or prices. 87 

The California Current Large Marine Ecosystem (CCLME) provides an ideal model 88 

system to explore how ecological dynamics and management decisions combine to impact the 89 

profitability and risk of alternative fishing portfolios and overall fishery performance. Many 90 

fisheries in the CCLME are highly interdependent, sharing linkages through both exposure to 91 

common environmental drivers and cross-participation of fishers. Climate variability is a strong 92 

component of the CCLME (Schwing et al. 2010), especially due to ENSO events (Jacox et al. 93 

2016) and the Pacific Decadal Oscillation (Mantua et al. 1997, Hare and Mantua 2000). Climate 94 

cycles and oceanic conditions influence the productivity of many commercially valuable species 95 

across various spatial and temporal scales through impacts to recruitment, growth and spatial 96 

distribution, indirectly linking their dynamics (Black et al. 2010, Schwing et al. 2010, Hazen et 97 

al. 2013, Shanks 2013, Stachura et al. 2014, Stawitz et al. 2015). Participation of fishers in 98 

multiple fisheries within the CCLME provides additional connectivity of dynamics among the 99 

component populations, since shifts in productivity and profitability of fisheries can lead to shifts 100 
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in effort among fisheries. Although the strength of this cross-participation varies among fishing 101 

ports, it represents an important linkage at the coastwide scale (Richerson and Holland 2017, 102 

Fuller et al. 2017). 103 

We developed a simulation model based roughly on the fisheries for three key species in 104 

the CCLME and used it to evaluate the consequences of management strategies in conjunction 105 

with the ecological dynamics of the fish populations and the participation decisions of fishers. 106 

We used this model to explore how synchrony of productivity, combined with ease of access and 107 

movement among fisheries, combine to affect profitability and variability in income for fishers. 108 

We simulated annual recruitment and population dynamics and weekly fishery participation 109 

decisions for six permit portfolios that target some combination of Dungeness crab 110 

(Metacarcinus magister), Chinook salmon (Oncorhynchus tshawytscha) and groundfish 111 

(characterized by Sablefish: Anoplopoma fimbria) off the U.S West Coast. We used the model to 112 

investigate how access to diverse permit portfolios impacts average revenue and revenue 113 

variability for 1) individuals, 2) species, and 3) the fleet at large, under positive and negative 114 

correlation in recruitment of the populations.  115 

 116 

Methods 117 

We built a simulation model of three species groups (crab, salmon, and groundfish) which are 118 

linked by cross-participation of fishing vessels and shared productivity dynamics. The model is 119 

intended to capture key ecological, economic and management characteristics of these fisheries 120 

that are important to understanding their dynamics and interactions, but it is a stylized depiction. 121 

Results should be considered for their qualitative insights rather than as quantitative predictions. 122 

The actual fisheries are highly complex with substantial heterogeneities among fleets and regions 123 
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that we are unable to parameterize accurately, in part due to lack of data, but also because the 124 

model would become too complex to yield clear insights. We tested scenarios that altered the 125 

productivity dynamics by adjusting the synchrony among the three populations and tested 126 

scenarios that altered the cross-participation dynamics by adjusting the number of vessels 127 

holding permits for more than one fishery. We simulated fisheries for 50 years and ran 10,000 128 

50-year simulations for each scenario. Population dynamics (recruitment, growth, natural 129 

mortality) occurred on an annual time scale whereas fishing occurred on a weekly time scale. 130 

The model was written in R version 3.6.3 (R Core Team 2020) and code is available online 131 

(https://github.com/okenk/CC_bioecon).  132 

 133 

Focal fisheries 134 

Despite limits on the number of participants, vessels participating in Dungeness crab fisheries 135 

race to catch available crabs as quickly as possible. Nearly all legal-size males are caught in a 136 

matter of weeks after the start of the season, and catch rates decline rapidly as fishers deplete the 137 

population (Richerson et al. 2020). Most fishers exit before the fishery legally closes and 138 

participate in other fisheries or outside work. The timing of this exit varies substantially among 139 

years and vessels due to variability in opening dates, abundance of crab, and individual cost 140 

incentives. Recruitment  of Dungeness crab is largely driven by environmental conditions during 141 

the larval phase, and there is little evidence for a stock-recruit relationship (Shanks and Roegner 142 

2007, Shanks 2013). Fishery opening dates vary somewhat between states and years with start 143 

dates ranging from mid-November into January. Fisheries formally close in late summer or fall 144 

when crab molt. To simplify the analysis, we assumed crab fisheries open on December 1 (start 145 

of the model year) and close on August 14.  146 

https://github.com/okenk/CC_bioecon
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Ocean troll fisheries for salmon on the U.S. West Coast are mainly based on hatchery 147 

fish, but less abundant wild stocks mix with the hatchery fish and also appear in catches. In 148 

common with crab, salmon display high interannual variability in abundance and hence catch, 149 

partly due to their short two to five-year generation time. Biomass available to the fishery 150 

depends mainly on hatchery production and survival rates, not the number of fish that returned to 151 

spawn in the brood year, because the majority of the ocean salmon harvest is of hatchery origin 152 

(Shelton et al. 2019). Nevertheless, returns and catches vary substantially across years due to 153 

high variation in average survival rates associated with both freshwater and ocean conditions, 154 

predation, and other factors. Salmon fisheries experience much less depletion through the season 155 

than crab fisheries. Actual season dates vary by state and area, but for simplicity we assumed 156 

salmon fisheries open on May 1 and close on October 31, roughly in line with actual seasons. 157 

The groundfish fishery operates year-round. It exhibits more inter-annual stability in 158 

fishable biomass, allowable catch, and landed catch than crab or salmon, largely because it 159 

targets longer-lived species and exerts much lower annual fishing mortality rates (e.g., Johnson 160 

et al. 2015).  161 

 162 

Salmon and crab population models 163 

We modeled recruitment for salmon and crab as a random lognormal variable with temporal 164 

autocorrelation to emulate observed regime-like patterns because these populations generally do 165 

not demonstrate a stock-recruit relationship, and individuals are generally only susceptible to the 166 

fishery for one year. Although salmon populations tend to display more complex age structure 167 

farther north in the CCLME, this is a realistic assumption for troll fisheries heavily dominated by 168 

the Central Valley populations, such as fisheries in California. The biomass available to the 169 
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fishery is simply the biomass corresponding to the year’s recruitment. Thus, recruitment for 170 

species s in year y (Rs,y) was equal to abundance at the start of the year (Ns,y,1) which was: 171 

𝑅𝑅𝑠𝑠,𝑦𝑦 = 𝑁𝑁𝑠𝑠,𝑦𝑦,1 = 𝑅𝑅�𝑠𝑠 exp �𝜀𝜀𝑦𝑦,𝑠𝑠 −
𝜎𝜎𝑅𝑅,𝑠𝑠

2

2 �   (1) 172 

where 𝑅𝑅�𝑠𝑠 is average recruitment for species s, εy,s is an autocorrelated normal random variable, 173 

the second term in the exponent is a bias correction factor that ensures the expectation of the 174 

entire exponentiated term is 1, and σR,s is the unconditional standard deviation of εs. When 175 

recruitment is independent among populations, 176 

𝜀𝜀𝑠𝑠,𝑦𝑦|𝜀𝜀𝑠𝑠,𝑦𝑦−1 ~ 𝑁𝑁�𝜙𝜙𝑠𝑠𝜀𝜀𝑠𝑠,𝑦𝑦−1,  𝜎𝜎𝑅𝑅,𝑠𝑠
2(1 − 𝜙𝜙𝑠𝑠

2)� ,  (2) 177 

where ϕs is the strength of temporal autocorrelation (between negative one and one) for species 178 

s. Biomass in week w is 179 

𝐵𝐵𝑠𝑠,𝑦𝑦,𝑤𝑤 = 𝜔𝜔𝑠𝑠𝑁𝑁𝑠𝑠,𝑦𝑦,𝑤𝑤  (3) 180 

where ωs is the weight of individuals of species s. 181 

After the first week of the year, weekly catches from the fishery must be subtracted. 182 

Catch (in numbers) during week w is: 183 

𝐶𝐶𝑠𝑠,𝑦𝑦,𝑤𝑤 = ∑ 𝐼𝐼𝑣𝑣,𝑠𝑠,𝑦𝑦,𝑤𝑤𝑞𝑞𝑠𝑠𝑁𝑁𝑠𝑠,𝑦𝑦,𝑤𝑤𝑣𝑣   (4) 184 

where the sum is over all vessels v, qs is the catchability of species s (proportion of the 185 

population harvested by one vessel during one week), and Iv,s,y,w is an indicator variable equal to 186 

one when vessel v participates in the fishery for species s in week w of year y, and equal to zero 187 

otherwise (see fishery participation model below). Catch from the previous week is subtracted to 188 

obtain abundance in a given week.  189 

 190 

Groundfish population model 191 
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We modeled the groundfish populations using a Deriso-Schnute delay-difference model (Schnute 192 

1985) with a Beverton-Holt stock-recruit relationship. This more complex model was necessary 193 

because the biomass of available groundfish in a given year depends on both new recruitment to 194 

the population and whatever biomass survived and grew from the previous year. The delay-195 

difference model allows for changes in age structure, an advance from simpler surplus 196 

production models, but restrictively assumes selectivity and maturity are knife-edged functions 197 

of age and occur at the same age (Hilborn and Walters 1992, Quinn and Deriso 1999). Although 198 

biomass dynamics in this model can be simulated using a single equation, for ease, we 199 

equivalently modeled both abundance (Ng, subscript g for groundfish) and biomass (Bg) (Hilborn 200 

and Walters 1992). For comparability with the crab and salmon population dynamics, we 201 

assumed these dynamics occurred at an annual time scale: 202 

𝐵𝐵𝑔𝑔,𝑦𝑦+1,1 = 𝑆𝑆𝑦𝑦�𝛼𝛼𝑁𝑁𝑦𝑦 + 𝛽𝛽𝐵𝐵𝑔𝑔,𝑦𝑦,1� + 𝜔𝜔𝑘𝑘,𝑔𝑔𝑅𝑅𝑔𝑔,𝑦𝑦+1  (5) 203 

𝑁𝑁𝑔𝑔,𝑦𝑦+1,1 = 𝑆𝑆𝑦𝑦𝑁𝑁𝑔𝑔,𝑦𝑦 + 𝑅𝑅𝑦𝑦+1,𝑔𝑔  (6) 204 

where Sy is total per capita survival in year y; α and β are the intercept and slope, respectively, of 205 

a Ford-Walford plot (i.e., plot of weight at age vs. weight at age - 1); ωk,g is the weight at age k; k 206 

is the age at both recruitment to the fishery and maturation; and Ry,g is the recruitment to the 207 

population  during year y. The survival rate accounts for both natural and fishing mortality: 208 

𝑆𝑆𝑦𝑦 = exp (−𝑀𝑀) �1 −
∑ 𝐶𝐶𝑔𝑔,𝑦𝑦,𝑤𝑤
52
𝑤𝑤=1

𝑁𝑁𝑦𝑦
�  (7) 209 

Groundfish catch is defined as in equation (4) and weekly catches are subtracted as described for 210 

crab and salmon. Biomass within a year for groundfish is: 211 

𝐵𝐵𝑔𝑔,𝑦𝑦,𝑤𝑤+1 = �1 − 𝑞𝑞𝑔𝑔 ∑ 𝐼𝐼𝑣𝑣,𝑔𝑔,𝑦𝑦,𝑤𝑤𝑣𝑣 �𝐵𝐵𝑔𝑔,𝑦𝑦,𝑤𝑤  (8) 212 

We assumed a Beverton-Holt stock-recruit relationship using the steepness parameterization, so 213 

that: 214 
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𝑅𝑅𝑔𝑔,𝑦𝑦 =
4ℎ𝑅𝑅0

𝐵𝐵𝑔𝑔,𝑦𝑦−𝑘𝑘,53
𝐵𝐵0

1−ℎ+(5ℎ−1)
𝐵𝐵𝑔𝑔,𝑦𝑦−𝑘𝑘,53

𝐵𝐵0

̇
⋅ exp �𝜀𝜀𝑔𝑔,𝑦𝑦 −

𝜎𝜎𝑅𝑅,𝑔𝑔2

2 �
̇

   (9) 215 

where h, R0, and B0 are steepness (expected proportion of unfished recruitment occurring at 20% 216 

of unfished biomass, i.e., “resilience”), unfished recruitment, and unfished biomass, respectively, 217 

and εy,g is a random recruitment deviation in year y for groundfish, modeled as described above. 218 

This model formulation presumes that reproduction occurs after fishing and before natural 219 

mortality, as is standard (Hilborn and Walters 1992). We used the biomass in a hypothetical 220 

week 53, even though there are only 52 weeks in a year, to account for catches from the final 221 

week. Unfished biomass is calculated based on equilibrium conditions as:  222 

𝐵𝐵0 = 𝑅𝑅0/𝜅𝜅  (10) 223 

where κ is the growth-survival constant: 224 

𝜅𝜅 = 1−(1+𝛽𝛽)exp(−𝑀𝑀)+𝛽𝛽[exp(−𝑀𝑀)]2

𝜔𝜔𝑘𝑘,𝑔𝑔−𝛽𝛽𝜔𝜔𝑘𝑘−1,𝑔𝑔 exp(−𝑀𝑀)   (11) 225 

and ωk-1,g is the groundfish weight at age k-1, calculated as (ωk,g - α)/β. 226 

 227 

Weekly fishery participation model 228 

Each week of the year, each vessel considers its costs and anticipated revenue and decides 229 

whether it would be profitable to fish. If it is profitable to fish in more than one fishery, vessels 230 

select the most profitable fishery open to them given their permit portfolio. Each vessel can fish 231 

in only one fishery each week because each fishery requires vessels to be outfitted differently. 232 

Costs of fishing were divided into annual fixed costs for each species s (�̃�𝑐𝑠𝑠) that were 233 

automatically incurred every year (e.g., permits, boat and gear maintenance) and weekly variable 234 

costs for each species s and vessel v (cs,v) that were only incurred if a vessel chose to fish for a 235 

particular species in a given week (e.g., fuel, bait, labor). Variable costs varied among vessels 236 
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according to a lognormal distribution to mimic heterogeneity in fishing efficiency and introduce 237 

differences in participation decisions among vessels during the season.  238 

 Fishers were assumed to have perfect knowledge of the available biomass each week, but 239 

were not forward-looking. Catchability was held constant with no interference among vessels. 240 

Revenue for a vessel fishing during the legal fishing season for species s in week w of year y, 241 

rs,y,w was then: 242 

𝑟𝑟𝑠𝑠,𝑦𝑦,𝑤𝑤 = 𝑞𝑞𝑠𝑠𝐵𝐵𝑠𝑠,𝑦𝑦,𝑤𝑤𝑃𝑃𝑠𝑠,𝑦𝑦,𝑤𝑤  (12) 243 

where Ps,y,w is the price per unit biomass of species s during week w of year y. Revenue is zero if 244 

it is not legal to fish for species s in week w. Prices were held constant for groundfish and 245 

salmon, so fishers also had perfect knowledge of the revenue and profit they would earn in a 246 

week for those populations. A linear demand function was built for crab to better mimic actual 247 

dynamics of the Dungeness crab fishery. Crab prices typically rise as the season progresses and 248 

landings fall (Pacific States Marine Fisheries Commission 2020). Compared with a constant 249 

price scenario, accounting for a demand function leads to much higher population depletion by 250 

the end of the season and increased the temporal overlap between the actualized crab and salmon 251 

fisheries, and hence better mimics reality. Prices for Dungeness crab (Pd,y,w, subscript d for 252 

Dungeness) increased linearly as catches fell once total weekly catches (Cd,y,w) were below 10% 253 

of average recruitment. The price when weekly catches were near zero was double the price for 254 

high early-season catches above the threshold: 255 

𝑃𝑃𝑑𝑑,𝑦𝑦,𝑤𝑤 = �
𝑃𝑃𝑑𝑑 , 𝐶𝐶𝑑𝑑,𝑦𝑦,𝑤𝑤−1 > 0.1𝑅𝑅�𝑑𝑑
2𝑃𝑃𝑑𝑑 −

𝑃𝑃𝑑𝑑
0.1𝑅𝑅�𝑑𝑑

 𝐶𝐶𝑑𝑑,𝑦𝑦,𝑤𝑤−1, otherwise   (13) 256 

This functional form ensures continuity at the threshold. Fishers used the crab prices from the 257 

previous week to calculate expected revenue and profit for the upcoming week. In the first week 258 

of the year, we assumed fishers already had perfect knowledge of recruitment, and they 259 
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calculated expected prices based on the demand function, assuming that every vessel holding a 260 

crab permit would fish for crab in the first week (which usually occurs in both reality and the 261 

model).  262 

Fishers could only fish in one fishery each week. Each week every fisher calculated their 263 

expected marginal profits (rs,y,w – cs,v) for each fishery that was open and for which they held a 264 

permit, and either fished in the most profitable fishery or did not fish that week if no fishery was 265 

profitable (rs,y,w – cs,v < 0 for all species s). For vessels holding multiple permits, variable costs 266 

across fisheries were correlated (i.e., efficiency across fisheries is correlated for each vessel at a 267 

correlation of ρc): 268 

log (𝒄𝒄𝑣𝑣) ~ 𝑀𝑀𝑀𝑀𝑁𝑁�log (𝒄𝒄) − 𝜎𝜎𝑐𝑐2

2 , Σ𝑐𝑐�  (14) 269 

where σc
2, the diagonal of Σc, is the variance of the log of the weekly variable cost (shared for all 270 

three fisheries) and all off-diagonal entries in Σc are equal to ρcσc
2

. Bold symbols are vectors 271 

comprised of the value of that variable for each species. The mean parameter, c, is further 272 

described in the parameterization section. The indicator variable defining whether vessel v fishes 273 

for species s in week w of year y, Iv,s,y,w, is calculated as: 274 

𝐼𝐼𝑣𝑣,𝑠𝑠,𝑦𝑦,𝑤𝑤 = �1,
arg max 𝑟𝑟𝑖𝑖,𝑦𝑦,𝑤𝑤 − 𝑐𝑐𝑖𝑖,𝑣𝑣
species 𝑖𝑖 = 𝑠𝑠, 𝑟𝑟𝑠𝑠,𝑦𝑦,𝑤𝑤 − 𝑐𝑐𝑠𝑠,𝑣𝑣 > 0 

0, otherwise
  (15) 275 

For each 50-year simulation, we calculated the mean and standard deviation of both profit 276 

and revenue and the coefficient of variation (standard deviation divided by mean) of revenue for 277 

each vessel. We also computed those same statistics for revenue and profits summed over the 278 

entire fleet, and we computed the mean, standard deviation, and coefficient of variation for total 279 

revenue summed over each species.  280 

 281 
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Parameterization 282 

Many scaling parameters were set to unit values (Table 2) because we were interested in 283 

comparing revenue and profit patterns across scenarios, and not attempting to accurately 284 

represent the actual values of the revenue and profit earned. Examples of such parameters are 285 

average recruitment, price per unit weight, and weight at recruitment. These parameters all 286 

influence the revenue earned, and then we tuned cost and catchability parameters to achieve 287 

appropriate participation dynamics.  288 

We consider six permit portfolios: three where vessels specialize in a single fishery (crab, 289 

salmon, and groundfish) and three where vessels hold permits for more than one fishery (crab-290 

salmon, crab-groundfish, and crab-salmon-groundfish). We only model multi-fishery portfolios 291 

that include crab because crab is the highest grossing fishery, and we wanted to keep the total 292 

number of portfolios to a manageable level.  293 

To maintain equilibrium in fishery participation (i.e., on average no entry or exit) and 294 

permit costs, we set total costs in a year with average recruitment equal to total revenue for a 295 

marginal fisher who might be considering entry into the fishery1 (see supplemental material for 296 

definition). For crab and salmon, we ensured this condition by projecting a single fishery in an 297 

average year and solving for the mean variable cost given the profitability constraint, fixed costs, 298 

and catchability. For simplicity, this variable cost calculation was done independently for each 299 

fishery (i.e., all vessels were assumed to be specialists during the calculations), but the projection 300 

is otherwise the same as described in the Weekly fishery participation model. Tuning the fishery 301 

parameters for groundfish was more complex than for crab and salmon because the groundfish 302 

population dynamics respond to the fishery dynamics, but we followed the same principle of 303 

                                                      
1 If average profits exceeded (were below) cost of permits, we would expect permit prices, and thus fixed costs, to 
rise (fall). 
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assuming no profitability in an average year for a marginal fisher. See supplemental materials for 304 

a detailed description of the tuning process for all three fisheries. 305 

The groundfish population was characterized by Sablefish, which accounted for over 306 

40% of non-whiting groundfish revenue on the U.S. West Coast in 2018 (Pacific States Marine 307 

Fisheries Commission 2020). We assumed the groundfish population began each simulation at 308 

40% of its unfished biomass under equilibrium age structure. The groundfish growth parameters 309 

α and β were calculated by taking the weight-at-age based on the Sablefish age-length and 310 

length-weight relationships (Johnson et al. 2015) and estimating a linear regression through the 311 

resulting points (which are almost, but not exactly, linear). The regression was applied from the 312 

age at recruitment (4) to age 50. Age at recruitment was chosen by examining the maturity and 313 

selectivity curves in Johnson et al. (2015) and choosing an age cutoff. Steepness was taken from 314 

Johnson et al. (2015). Unfished recruitment was set at 0.5 so that sustainable catches at 40% of 315 

unfished biomass roughly matched those of crab and salmon.  316 

 317 

Scenarios 318 

We used the model to test how revenue and profit patterns changed under various ecological 319 

conditions (synchrony of productivity) and management strategies (access of individuals to 320 

diverse fishing portfolios). Although we report these patterns in terms of revenue, similar results 321 

were observed for profit. 322 

The first set of scenarios varied the correlation in recruitment deviations among the three 323 

species. When recruitment was correlated among species, recruitment deviations became 324 

autocorrelated multivariate normal random variables: 325 

𝜺𝜺𝑦𝑦 ~𝑀𝑀𝑀𝑀𝑁𝑁�𝝓𝝓⊙ 𝜺𝜺𝑦𝑦−1, Σ�  (16) 326 
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where ⊙ indicates elementwise multiplication, bold symbols are vectors comprised of the value 327 

of that variable for each species, and Σ is the covariance matrix. The diagonal of Σ was defined 328 

by the variance term of the normal distribution in equation 2. The off-diagonals were defined as:  329 

Σ𝑖𝑖,𝑗𝑗 = 𝜌𝜌𝑅𝑅,𝑖𝑖,𝑗𝑗�1 − 𝜙𝜙𝑖𝑖𝜙𝜙𝑗𝑗�𝜎𝜎𝑖𝑖𝜎𝜎𝑗𝑗   (17) 330 

where ρR,i,j is the correlation in log recruitment deviations between species i and j. Note when 331 

recruitment among all populations is independent, as it is in the baseline parameterization, ρR,i,j = 332 

Σi,j = 0 for all i ≠ j, and equations 2 and 16 become equivalent. We tested scenarios with ρR,i,j = -333 

0.5, 0, and 0.5, using the same value for all three pairwise correlations (i.e., ρR,i,j = ρR). It was 334 

mathematically impossible to simulate correlated random variables for ρR,i,j < -0.55. For these 335 

scenarios, we held the number of vessels holding each permit portfolio constant according to the 336 

baseline scenario. 337 

 The second set of scenarios varied the number of vessels holding permits for a single 338 

fishery versus multiple fisheries while keeping the total number of vessels constant. We 339 

considered three scenarios: easy, medium, and hard access, with the number of specialist vessels 340 

increasing as access grows more difficult, and the medium access scenario having an equal 341 

number of specialists and generalists (Table 3). For these scenarios we held synchrony of 342 

recruitment constant at zero.  343 

 Finally, we explored a set of scenarios that varied both synchrony and access. For these 344 

scenarios, we considered only the endpoint values for the synchrony and access scenarios (i.e., 345 

no medium access or independent recruitment).   346 

 347 

Results 348 

Synchrony 349 
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Synchrony alone had no influence on mean revenue. Average revenue remained constant across 350 

the synchrony scenarios when summed across all vessels (Table 4). This pattern also held for 351 

average revenue for each species (Figure 1, top row) and average revenue for individual vessels 352 

in each permit portfolio (Figure 2, top row). The stability in income across ecological conditions 353 

also meant that inequality in the fishery, as measured by the Gini Index of average revenue, 354 

remained constant across the synchrony scenarios.  355 

 Synchrony increased variability of revenue at some levels of aggregation and for some 356 

individuals. Variability of total revenue, as measured by the coefficient of variation (CV), 357 

increased as productivity of the populations became more synchronous (Table 4). However, 358 

variability of revenue for each species did not change (Figure 1, bottom row). Synchronous 359 

populations tend to rise and fall together, so total revenue experiences large peaks and troughs. 360 

Conversely, when populations vary asynchronously, a bad year for one species is likely a good 361 

year for another, reducing variability in total revenue. However, across all of these scenarios we 362 

held the CV of productivity of each individual population constant (diagonal of the variance-363 

covariance matrix remained constant), which translated into minimal changes in revenue 364 

variability at the species level.  365 

At the individual level, only vessels holding both crab and salmon permits saw increases 366 

in variability of their revenue with increasing synchrony (Fig. 2, bottom row). That is, of the 367 

vessels with crab permits, those with diversified permit portfolios all experienced less revenue 368 

variability than crab specialists. However, synchrony only mediated the extent of that 369 

diversification benefit for vessels that fished for both crab and salmon (Fig. 3). These individuals 370 

saw a larger benefit from their diversified permit portfolio, as measured by a reduction in 371 

revenue variability and risk, when the crab and salmon populations varied asynchronously. 372 
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Specialist individuals holding only one permit saw no change in variability for the same reasons 373 

there were no changes in variability of total revenue at the species level. Synchrony also did not 374 

influence variability or mediate portfolio benefits for vessels holding a crab-groundfish portfolio. 375 

This is because changes in recruitment are filtered through a population’s life history. Changes in 376 

groundfish recruitment have relatively less of an impact on the biomass that is available to the 377 

fishery, which also depends on growth and survival of older cohorts. This means the available 378 

biomasses of crab and groundfish, and thus the revenue those populations generate, do not 379 

strongly covary even when recruitment does. 380 

 381 

Access 382 

Increasing access of vessels to diversified permit portfolios had mixed impacts on average 383 

revenue aggregated at the fleet and species level. Increasing access led to less total revenue in the 384 

fishery on average (Table 4). The drop in revenue from hard to even access was much greater 385 

than that from even to easy access. This was surprising because the easy access scenario had the 386 

most permits available so should yield the most landings, and thus revenue. While salmon and 387 

groundfish revenue increased with increasing permit access, as initially expected, there was an 388 

unanticipated decline in crab revenue (Fig. 4, top row). The patterns for total revenue mirror 389 

those of crab because crab generate more revenue than salmon or groundfish. The reason for the 390 

result for crab is that while the catch of crab was higher when more crab permits were available, 391 

the large number of vessels participating in the fishery flooded the market early in the season and 392 

caused more crab to be caught at the lower prices that occur when weekly catches are high. 393 

 Increasing permit access decreased the average revenue an individual could expect to 394 

earn from a given permit portfolio, but also decreased revenue inequality within the fleet. 395 
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Average revenue declined with increasing permit access for vessels holding both specialist and 396 

diversified permit portfolios (Fig. 5, top row). This is because although vessels catch more total 397 

biomass when managers increase access to permits, they are forced to compete more with each 398 

other and less biomass is caught per individual. The capacity for a fishery to expand while 399 

maintaining profitable catch rates determines the extent of this decrease (e.g., large decrease for 400 

portfolios including crab, negligible for salmon specialists). However, while access decreases 401 

average revenue, it also decreases inequality in the fleet, as measured by the Gini index (Table 402 

4).  403 

 Increasing access led to slightly greater variability of revenue from each population (Fig. 404 

4, bottom row). There are two mechanisms for this increased variability. For crab and salmon, as 405 

individuals gained access to more fishing options, more vessels were able to capitalize on high 406 

abundances, leading to more revenue in good years. Conversely, they were also more likely to 407 

exit a poorly performing fishery early or elect not to participate at all, leading to less revenue 408 

from a given species in bad years. These two processes magnify variability of revenue from each 409 

species as permit access increases (Fig. 6, first and third rows). Variability in groundfish revenue 410 

is driven less by interannual variability in groundfish biomass and more by cross-participation 411 

decisions of vessels with multiple permits (Fig. 6). When most of the vessels with groundfish 412 

permits were specialists (i.e., hard access), they spent all year participating in the fishery and 413 

earned a relatively stable income each year. However, if most of the vessels also held other 414 

permits, when other species were doing well, vessels forwent groundfish or entered later in the 415 

year. When other species were doing poorly, vessels focused more of their fishing effort on 416 

groundfish. This mechanism relies on fisheries being substitutes for one another within the 417 

fishing season.  418 
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Access to permits had no impact on variability of revenue of the fleet in total when 419 

recruitment was independent as in the access-only scenarios, but non-independent recruitment 420 

led to a slight impact of access on this variability (Table 4).  When species varied synchronously, 421 

overall revenue variability was higher, but increasing access slightly increased the variability 422 

further. The ability of more vessels under easy access to capitalize on synchronously good years 423 

across populations exacerbated the difference between revenue in strong and weak years. When 424 

species were asynchronous, overall variability was lower, but increasing access slightly 425 

decreased the variability further. Although the ability for more vessels to substitute groundfish in 426 

weak salmon or crab years increased revenue variability for groundfish, the same mechanism 427 

acted to decrease variability of revenue for the fleet at large. Under asynchronous recruitment, 428 

this substitution mechanism outweighed the mechanism whereby the fleet more fully capitalized 429 

on strong years, because strong years no longer tended to be shared across species. Synchrony 430 

was an order of magnitude more important than access in driving variability of revenue of the 431 

fleet at large over the range of synchrony and access scenarios that we tested.  432 

 Vessels holding a given permit portfolio experienced minimal changes in variability 433 

across levels of permit access (Fig. 5, bottom row). However, this masks changes in revenue 434 

variability as individuals gained access to more diverse permit portfolios. Individual-level 435 

variability across all possible permit portfolios generally declined as access to diverse permit 436 

portfolios increased and more vessels took advantage of risk reduction benefits that portfolios 437 

offer (Fig. 7). However, because groundfish revenue was extremely stable over time due to the 438 

low inter-annual variability of biomass, groundfish specialists experienced the least revenue 439 

variability of any possible permit portfolio and formed a separate low-variability mode in the 440 
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distribution. Increasing access decreased the number of groundfish specialists, so the magnitude 441 

of the low-variability groundfish specialist mode declined with increasing permit access. 442 

 443 

Synchrony and access 444 

Results from simultaneously adjusting permit access and population synchrony generally led to 445 

results that could be predicted from adjusting each process separately, except as noted above 446 

(Fig. S2, S3). That is, the effect of synchrony is largely similar at easy and hard permit access, 447 

and the effect of permit access is similar for synchronous and asynchronous populations. 448 

 449 

Discussion 450 

Managers can choose a more or less restrictive permitting structure, but they face these decisions 451 

given preexisting ecological dynamics. Managers presented with asynchronous populations can 452 

increase fishers’ revenue stability by choosing permitting policies that enable fishers to build 453 

diverse permit portfolios across all fisheries. Managers presented with more synchronous 454 

populations can still help fishers to increase revenue stability by enabling portfolios that include 455 

stable longer-lived populations in addition to highly variable ones. However, the decisions to 456 

increase or restrict permit access impact other socioeconomic indicators of fishery success in 457 

addition to variability. Increasing access to fishing permits generally decreases inequality in the 458 

fleet, particularly as access to high value fisheries increases, but also decreases the total revenue 459 

individuals can expect to earn from a given portfolio. Increasing access might also exacerbate a 460 

race to fish that undermines economic value. In our simulations revenues declined somewhat as 461 

participation in crab increased due to the increased concentration of catch early in the season 462 

leading to lower prices. 463 
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While synchrony increased variability of total revenue, as expected, its impact on revenue 464 

variability of a given permit portfolio depended on the life history of the species targeted. 465 

Specifically, we only modeled synchrony in recruitment, and groundfish have a protracted age-466 

structure where annual recruitment represents only a fraction of fishable biomass, and growth 467 

and mortality serve as major contributors to productivity. Thus, synchrony between crab and 468 

groundfish recruitment did not influence revenue stability or the benefits of diversifying a permit 469 

portfolio. A rich literature describes how a population’s age structure influences how it filters 470 

environmental variability (Bjørnstad et al. 2004, Anderson et al. 2008, Bjørkvoll et al. 2012, 471 

Botsford et al. 2014). A similarly rich literature details how diverse portfolios of species (or 472 

populations within a species) can dampen variability of both ecological (abundance, biomass) 473 

and economic (revenue, profits) indicators (Hilborn et al. 2003, Schindler et al. 2010, Loreau and 474 

Mazancourt 2013, Anderson et al. 2017). We show here that the different ways that individual 475 

populations filter the environment can have impacts beyond single species dynamics, and can 476 

influence how populations relate to one another in the community and the type of portfolio 477 

benefits that the assemblage provides. 478 

Fisheries within a permit portfolio can be substitutes or complements of one another, and 479 

this impacts revenue patterns at different levels of aggregation. Crab and salmon are 480 

complements of one another. This means that in a poor crab year, fishers may benefit from the 481 

salmon season later in the year, and vice versa, though the extent of this depends on the 482 

synchrony between the populations. However, the only alternative to participating in an 483 

unprofitable fishery is not to fish. Because the groundfish fishery operates year-round, it can act 484 

as both a complement and a substitute. This means that more access to groundfish increases 485 

variability of groundfish revenue, because it is more heavily utilized in poor salmon and crab 486 
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years in our model, but the same mechanism stabilizes revenue across the fleet. Whether 487 

fisheries can actually act as substitutes in poor years depends on factors beyond just season 488 

timing, such as catch limits, and vessels may also prioritize complementary fishing portfolios 489 

because permits and gear are expensive investments that they seek to fully utilize (Richerson and 490 

Holland 2017). 491 

 Managers are faced with a tradeoff between maximizing profitability and minimizing 492 

interannual variability because increasing access tends to lead to both less variability and less 493 

revenue for individuals, (Silver and Stoll 2019). Empirical work has demonstrated that less 494 

diverse fishing portfolios are associated with both increased revenue and decreased revenue 495 

stability (Anderson et al. 2017, Ward et al. 2018). Limiting access through programs such as 496 

catch shares also ends the race to fish, reducing year-to-year variability of revenue within a 497 

fishery and leading to safer working conditions, both possible management goals (Pfeiffer and 498 

Gratz 2016, Birkenbach et al. 2017, Holland et al. 2017). Situations with competing goals where 499 

“win-wins” are not possible are common across fields of natural resource management (Karp et 500 

al. 2015). The resilience and stability of ecosystem services and the total utility derived from 501 

those services are often at odds (Janssen and Anderies 2007). Multi-objective optimization can 502 

provide a useful framework that allows managers to embrace the tradeoff between profitability 503 

and stability rather than focus on a single aim (Mendoza and Martins 2006, Sanchirico et al. 504 

2008). 505 

 Our stylized model of three key fisheries in the California Current makes many 506 

assumptions that could potentially influence our results. As such, the model should not be used 507 

for tactical management. First, we assume that participation in the fishery is stable and that the 508 

lowest efficiency vessels are making no net economic profits on average. If instead vessels are 509 
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exiting the fishery (i.e., no longer paying fixed costs) during poor periods and entering during 510 

strong periods, this could magnify variability in aggregated revenue, though it could improve 511 

overall efficiency if exiting individuals have alternative productive employment outside the 512 

fishery. Second, we assume specialist and generalist vessels have the same average variable 513 

costs, whereas theoretically one may expect specialists to fish more efficiently than generalists as 514 

they invest in more specialized capital. This would dampen the differences in mean revenue 515 

aggregated over the fleet and the species that were observed across access scenarios. Third, we 516 

assumed a demand function only for crab. Prices for groundfish and salmon may also depend on 517 

landings, though they generally show a weaker relationship than crab, where prices tend to rise 518 

substantially as the season progresses and catches decline (Pacific States Marine Fisheries 519 

Commission 2020). In general, we would expect downward sloping demand to mitigate the 520 

impacts of recruitment fluctuations on revenues since catch declines are offset by higher prices. 521 

Finally, our set of simulated fisheries may also not be representative of other fishery systems in 522 

important ways. For example, groundfish in our model were sensitive to overexploitation, but did 523 

not remain profitable to target at low biomass.  524 

 Results from our bioeconomic model highlight potential avenues for future empirical and 525 

theoretical research. A relatively recent body of work has empirically documented changes in 526 

access to fishing rights, fishing portfolio diversity, and revenue stability (e.g., Kasperski and 527 

Holland 2013, Holland and Kasperski 2016, Anderson et al. 2017, Cline et al. 2017, Holland et 528 

al. 2017, Ward et al. 2018), but theoretical modeling studies such as this one that ground the 529 

work in mechanisms and generate more nuanced hypotheses are lagging. There are several areas 530 

of empirical and theoretical research that would complement the work presented here. More 531 

empirical studies simultaneously quantifying how average profitability and efficiency as well as 532 



25 
 

revenue stability have changed for individuals as fishing portfolios have grown less diversified 533 

will help managers more explicitly grapple with potential tradeoffs they face between conflicting 534 

objectives of sustainability, profitability, stability and equity. Comparative studies across 535 

systems or time periods that vary with respect to synchrony among populations, differences in 536 

life history, and the relative dominance of any fishery in total revenue can empirically test the 537 

patterns we demonstrated because all three influenced the type of stabilizing benefits a given 538 

portfolio provided. This study also opens up new theoretical directions.  A similar approach 539 

could be used to study the impact of shifting timing of fishing seasons as climate change disrupts 540 

traditional phenology, plankton dynamics, and distributions, and previously complementary 541 

seasons begin overlapping (Moore et al. 2020, Santora et al. 2020). Modeling a wider range of 542 

life histories could also better illustrate how the environmental filtering patterns across life 543 

histories influences the stabilizing benefits of various fishing portfolios. Finally, expanding this 544 

model to include other key fisheries in the California Current and more realistically grounding 545 

the recruitment dynamics and synchrony can allow us to learn how best to manage fishing access 546 

under current and changing environmental conditions, and provide useful advice for decision-547 

makers. 548 
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Table 1  Indexes and simulated variables 

Symbol Description Equation 
Numbers 

Indexes   
y Year index  
w Week index  
s Species (population) index  
v Vessel index  
Variables   
Rs,y Recruitment 1, 9 
εs,y Log of recruitment deviation 2, 16 
Ns,y,w Abundance  1, 6  
Bs,y,w Biomass  3, 5, 8 
Sy Total survival (groundfish only) 7 
Cs,y,w Catch 4 
cs,v Variable cost to fish for one week 14 
rs,y,w Revenue 12 
Iv,s,y,w Indicator variable for whether vessel v 

fishes for species s 
15 

 
  



Table 2  Parameters. For fixed costs (crab and salmon 
Symbol Description Value 
�̃�𝑐𝑠𝑠 Annual fixed costs Crab: 0.0025, salmon: 0.0001, 

groundfish: tuned internally (see 
supplement) 

cs Average variable cost to fish for one 
week 

Crab: tuned internally, salmon: tuned 
internally, groundfish: 0.00002 (see 
supplement) 

σc Standard deviation of log(c) 0.149, CV = 0.15  
ρc Correlation of variable costs for a 

vessel 
0.7 

qs Catchability  Crab: 0.0005, salmon: 0.00005, 
groundfish: tuned internally (see 
supplement) 

Ps,y,w Price per unit biomass Salmon: 1, groundfish: 1, crab: see 
text   

σR,s Standard deviation of log(R) 0.555 (all 3 species), CV = 0.6 
ρR,i,j Correlation of εy,i and εy,j (log-

recruitment deviations) 
-0.5, 0, 0.5 (baseline = 0) 

ϕs Recruitment autocorrelation 
parameter 

0.3 (all 3 species) 

k Age at recruitment (groundfish only) 4 
ωk,s Weight at recruitment (k subscript 

for weight at age k, applies to 
groundfish only)  

1 (all 3 species) 

𝑅𝑅�𝑠𝑠 Average recruitment (crab and 
salmon) 

1 (both species)  

R0 Unfished recruitment (groundfish 
only) 

0.5  

B0 Unfished biomass (groundfish only) Equation 7 
h Stock-recruit steepness 

(“resilience”) (groundfish only) 
0.6 * 

M Natural mortality rate (groundfish 
only) 

0.07 yr-1 * 

α, β Intercept, slope, respectively, of 
Ford-Walford plot (i.e., weight at 
age vs. age – 1) (groundfish only) 

0.459, 0.736 * 

κ Growth-survival constant Equation 8 
*Johnson et al. (2015) 
  



Table 3  Access scenarios 
Permit portfolio Easy access vessel 

count 
Medium access 
vessel count 
(baseline) 

Hard access vessel 
count 

Crab only 25 67 109 
Salmon only 25 67 109 
Groundfish only 25 67 109 
Crab-salmon 109 67 25 
Crab-groundfish 109 67 25 
Crab-salmon-groundfish 109 67 25 
Total number of vessels 402 402 402 

 

  



Table 4  Summary of fishery-wide revenue patterns. First two columns are mean and coefficient 
of variation over time of revenue summed across all vessels, averaged across simulations. The 
gini index is also averaged across simulations.  
 

 
Mean 
revenue 

Revenue 
CV 

Gini 
index 

Access    
   Easy Access 1.56 0.38 0.15 
   Even Access 1.59 0.37 0.27 
   Hard Access 1.66 0.38 0.39 
Synchrony   
   Asynchronous 1.59 0.33 0.27 
   Independent 1.59 0.37 0.27 
   Synchronous 1.59 0.42 0.27 
Synchrony & Access   
   Asynchronous easy access 1.56 0.33 0.15 
   Synchronous easy access 1.56 0.43 0.15 
   Asynchronous hard access 1.66 0.34 0.39 
   Synchronous hard access 1.66 0.41 0.39 

   
  



 
 

 
Fig. 1  Distribution of mean (averaged over time) and coefficient of variation of revenue for each 
species for the synchrony scenarios. Note common x-axis scales for CV but variable scales for 
mean.  
  



Fig. 2  Distribution of mean and coefficient of variation for individual vessels holding six 
possible permit portfolios for synchrony scenarios. Mean and CV are calculated over time for 
each vessel in each simulation, and then averaged across vessels within a simulation. 
Distributions show variability across simulations. Note common x-axis scales for CV but 
variable scales for mean.  
  



Fig. 3  Benefit to revenue stability of a diversified fishing portfolio over being a crab specialist 
by synchrony scenario. Portfolio benefit is the revenue CV of the crab specialists at a given 
quantile divided by the revenue CV of the diversified portfolio at the same quantile. Quantiles 
are calculated across all vessels in all simulations. Points are at the 2.5th, 25th, 50th, 75th, and 
97.5th percentiles.  
  



 
Fig. 4  Distribution of mean (averaged over time) and coefficient of variation of revenue for each 
species for the access scenarios. Note common x-axis scales for CV but variable scales for mean.  



Fig. 5  Distribution of mean and coefficient of variation for individual vessels holding six 
possible permit portfolios for access scenarios. Mean and CV are calculated over time for each 
vessel in each simulation, and then averaged across vessels within a simulation. Distributions 
show variability across simulations. Note common x-axis scales for CV but variable scales for 
mean.  
  



 
Fig. 6  Catch dynamics through the year of the three species under the three different access 
scenarios for one simulation. Recruitment is the same across access scenarios. Colored lines are 
five years representing a range of crab recruitment strength. 



 
Fig. 7  Distribution of revenue CV of all vessels in all simulations across access scenarios. 
Smaller low variability mode is due to groundfish specialists. 
 



Tuning fishery parameters 

We parameterized fixed costs, variable costs, and catchability to ensure total costs in a year with 

average recruitment would be equal to total revenue for a marginal fisher who might be 

considering entry into the fishery. We based the calculations on a fleet consisting of the same 

number of vessels as held permits for the fishery in the baseline “medium access” scenario 

(Table 3, described in “Scenarios” section). We considered an inefficient marginal vessel to have 

a weekly variable cost at the upper 95th percentile of the variable cost distribution. For the tuning 

only, we assigned vessel-specific variable costs based on quantiles of the lognormal distribution 

to avoid Monte Carlo error. That is, rather than randomly simulating the variable costs for each 

vessel, vessel 1 had a cost at the 1/(number of vessels+1) quantile of the distribution, vessel 2 at 

the 2/(number of vessels+1) quantile, etc. The profitability constraint for species s can be 

expressed mathematically as: 

−�̃�𝑐𝑠𝑠 + �(𝑟𝑟𝑠𝑠,𝑦𝑦∗,𝑤𝑤 − 𝑐𝑐𝑠𝑠,𝑣𝑣∗)
𝑤𝑤

𝐼𝐼𝑣𝑣∗,𝑠𝑠,𝑦𝑦∗,𝑤𝑤 = 0 

where εs,y* equals zero (average recruitment), and v* is the marginal vessel described above. 

For crab and salmon, we manually adjusted qs and �̃�𝑐𝑠𝑠 to achieve an acceptable annual 

ratio of variable costs to fixed costs for an average fisher (40% of total costs are variable for 

crab, 89% for salmon) and acceptable patterns of depletion over the year (Fig. 6, center column). 

While the parameterization of catchability and fixed costs was somewhat arbitrary, our primary 

goal was to model a diversity of fisheries that range in capital intensity and depletion patterns, as 

we observe in the CCLME. Although there is substantial heterogeneity among vessels in all three 

fisheries, the crab fishery is relatively more capital intensive (when amortization of vessel and 

permit values are included in fixed costs as we assume here). Crab permits often sell for over 

$500,000 while salmon troll permits sell for $20-30,000 (Dock street Brokers). Vessel prices for 



crab boats are also higher than salmon trollers, and crabbers also make substantial investments in 

pots.  

Tuning the fishery parameters for groundfish was more complex than for crab and 

salmon because the groundfish population dynamics respond to the fishery dynamics. First, we 

solved for catchability so that total yield is equal to that which leads the population to equilibrate 

at 40% of the unfished biomass (the actual management target for most U.S. West Coast 

groundfish species). To calculate this catchability, we projected the fishery for 40 weeks 

assuming 100% participation each week and solved for the catchability that led to the target 

yield. We used 40 weeks since vessels do not actually fish every week of the year in reality, nor 

in our model since some vessels spend part of the year in other fisheries. Next, we manually 

adjusted the mean variable cost (cg) and solved for the fixed cost (�̃�𝑐𝑔𝑔) such that the marginal 

vessel described above had no net profit at the target equilibrium conditions. That is, we 

calculated  

�̃�𝑐𝑔𝑔 = 𝐵𝐵40%𝐻𝐻40%𝑃𝑃𝑔𝑔
# vessels − 𝐹𝐹−1�0.95� log( 𝑐𝑐𝑔𝑔� − 𝜎𝜎𝑐𝑐2 2⁄ ,𝜎𝜎𝑐𝑐) ∗ 40 

In the above equation, the first term is the revenue earned per vessel under equilibrium 

conditions at 40% of unfished biomass and F-1 is the inverse lognormal cumulative density 

function (“qlnorm” in R). The mean variable cost was tuned to achieve an acceptable annual 

ratio of variable to fixed costs for an average vessel in an average year with a population 

equilibrated at 40% of the unfished biomass (66% of total costs are variable assuming 40 weeks 

of fishing). The groundfish fleet is also highly heterogeneous with both small operations fishing 

in state waters and large offshore trawlers, but this assumption of an intermediate ratio of 

variable to total cost is roughly in line with average cost structures of intermediate size trawlers 

participating in the dover sole-thrornyhead-sablefish (DTS) component of the fishery and 



longline and pot vessels that target sablefish (Northwest Fisheries Science Center). As we note in 

the main text, we are not attempting to parameterize these fleets accurately, but qualitatively our 

assumptions about relativity levels of fixed and variable costs are broadly representative of these 

fisheries. 

We conducted two post hoc checks for groundfish to ensure the process described above 

led to reasonable dynamics despite the assumptions made. First, we checked that all vessels 

would actually fish for 40 weeks under the cost structure, as no constraint actively prevented 

vessels from leaving the fishery earlier during the year. We calculated per vessel revenue during 

the 40th week of the year and ensured it was greater than the variable cost for the least cost-

efficient vessel (costs calculated deterministically based on quantiles, note this is different than 

the “marginal” vessel). Second, we visually checked that the fishery was roughly in equilibrium 

and that the groundfish population did not consistently tend to grow or decline considerably 

during simulations that included all three fisheries (Fig. S1).  
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Fig. S1  Time series of week one biomass over 50 years for 50 simulations in baseline 

conditions. The red horizontal line is average biomass across all years in all simulations, and the 

blue line is GAM smoother showing biomass remains roughly stable on average.   



 

Fig. S2  Distribution of mean and coefficient of variation of revenue for each species under 

different synchrony and access scenarios. Note common x-axis scales for CV but variable scales 

for mean. 

  



Fig. S3  Distribution of mean and coefficient of variation for individual vessels holding six 

possible permit portfolios under different synchrony scenarios. Mean and CV are calculated over 

time for each vessel in each simulation, and then averaged across vessels within a simulation. 

Distributions show variability across simulations. Note common x-axis scales for CV but 

variable scales for mean. 


