
UC Santa Barbara
UC Santa Barbara Electronic Theses and Dissertations

Title
Integrating Marine Reserves into Data-poor Fisheries Management: Challenges and 
Opportunities

Permalink
https://escholarship.org/uc/item/05k235mr

Author
Valencia, Sarah R.

Publication Date
2017
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/05k235mr
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA 

Santa Barbara 

 

 

Integrating Marine Reserves into Data-poor Fisheries Management:  

Challenges and Opportunities 

 

 

A dissertation submitted in partial satisfaction of the 

requirements for the degree Doctor of Philosophy 

in Environmental Science and Management 

 

by 

 

Sarah R. Valencia 

 

Committee in charge: 

Professor Hunter S. Lenihan, Chair 

Dean Steven D.  Gaines 

Professor André E. Punt 

December 2017  



 

The dissertation of Sarah R. Valencia is approved. 

 

  ____________________________________________  
 Steven D. Gaines 

 

  ____________________________________________  
 André E. Punt 

 

  ____________________________________________  
 Hunter Lenihan, Committee Chair 

 

 

Dec 2017  



 

 iii 

 

Integrating Marine Reserves into Data-poor Fisheries Management:  

Challenges and Opportunities 

 

Copyright © 2017 

by 

Sarah R. Valencia  



 

 iv 

ACKNOWLEDGEMENTS 

 

My primary advisor Hunter Lenihan was unwavering in his encouragement and support, 

as were committee members Steve Gaines and Andre Punt. Jeremy Prince, Bruce Kendall, 

Rick Starr, and Dean Wendt also provided invaluable guidance. I received considerable 

assistance from labmates Jono Wilson, Matt Kay, Shannon Hannah, and Tal Ben-Horin, 

who were all extremely influential in my development as a fisheries scientist, and who were 

the best co-workers I have ever had. In addition, there were a number of collaborators 

outside my lab that I was lucky enough to work with and learn from during my time at 

UCSB, including Crow White, Mary Collins, Becca Selden, Ashley Larsen, Jorge Conejo, 

Adrian Hordyk, and Dan Ovando. Thanks also to Amanda Wasserman, my undergraduate 

research assistant, who was a pleasure to mentor.  

 

In addition to the academic community, I owe a deep gratitude to a number of people 

who helped me to understand what is at stake when making decisions about natural 

resources. These include Chris Voss, Jim Marshall, and Alicia Bonnette of the California 

Abalone Association. I also am appreciative of time spent with Sarah Rathbone and Charlie 

Graham, and the many stimulating conversations we have had about the future of 

California’s fisheries. Finally, many thanks to Kristine Barsky and Tom Barnes at the 

California Department of Fish and Wildlife, who gave my education a practical dimension. 

  



 

 v 

VITA OF SARAH R. VALENCIA 
August 2017 

EDUCATION 

PhD, Environmental Science and Management, UC Santa Barbara, August 2017 
BA, Integrative Biology, UC Berkeley, May 2004 

 
PUBLICATIONS  

Dowling, N.A., J.R. Wilson, M.B. Rudd, E.A. Babcock, M. Caillaux, J. Cope, D. 
Dougherty, R. Fujita, T. Gedamke, M. Gleason, N. Gutierrez, A. Hordyk, G.W. 
Maina, P.J. Mous, D. Ovando, A.M. Parma, J. Prince, C. Revenga, J. Rude, C. 
Szuwalski, S. Valencia, and S. Victor. 2016. FishPath: A Decision Support System 
for Assessing and Managing Data- and Capacity-Limited Fisheries. In: T.J. Quinn II, 
J.L. Armstrong, M.R. Baker, J. Heifetz, and D. Witherell (eds.), Assessing and 
Managing Data-Limited Fish Stocks. Alaska Sea Grant, University of Alaska 
Fairbanks.  

Selden, RL, Valencia, SR, Cornejo-Donoso, J, TE, Larsen, AE., Wasserman, A.A. (2016) 
How sustainable are MSC-certified fisheries? Marine Policy 64: 102-115. 

Hordyk, A, Ono, K, Valencia, SR, Loneragan, N and Prince, JD. (2014) A novel length-
based empirical estimation method of spawning potential ratio (SPR), and tests of its 
performance, for small-scale, data-poor fisheries. ICES Journal of Marine Science 
72(1): 217-231. 

Prince, JD, Hordyk, A, Valencia, SR, Loneragan, N, Sainsbury, K. (2014) Revisiting the 
concept of Beverton-Holt Life History Invariants with the aim of informing data-
poor fisheries assessments. ICES Journal of Marine Science 72(1): 194-203. 

Wilson, JR, Valencia SR, Kay MC, & Lenihan HS. 2013. Integration of no-take marine 
reserves in the assessment of data-limited fisheries. Conservation Letters. 

Gutiérrez, NL, Valencia, SR, Branch, TA, et al. 2012. Eco-label conveys reliable 
information on stock health to seafood consumers. PLoS ONE 7(8).  

 
AWARDS  

2010  Henry Luce Foundation Environmental Science to Solutions Fellowship 
2009   National Science Foundation Graduate Research Fellowship 
2009  Seaspace Graduate Student Scholarship 
2008   UCSB Graduate Student Division Doctoral Scholars Fellowship 



 

 vi 

ABSTRACT 

 

Integrating Marine Reserves into Data-poor Fisheries Management:  

Challenges and Opportunities 

 

by 

 

Sarah R. Valencia 

 

 Recent studies have demonstrated that data from marine reserves can benefit 

fisheries management. Marine reserves may improve assessments by acting as a reference 

area when protected populations approach unfished conditions. This forms the theoretical 

basis for the recent development of assessment techniques that utilize data from inside 

marine reserves to assess fished populations out of reserves, and that better inform the 

selection of management control rules.  

 

 In this dissertation I examine how no-take marine reserves impact our ability to 

assess the status of data-poor fisheries. In my second chapter I review the evolution in 

scientific thinking on how reserves have been integrated into fisheries management, and 

describe the emerging research on how reserves may be used as reference areas for the 

assessment and management of fish stocks. I also examine how the characteristics of marine 

reserves designed for use as reference areas compare with those used to meet the more 
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traditional goals of conservation or fishery enhancement, and suggest some avenues of 

future research in this vein.  

 

In my third chapter, I demonstrate how a recently developed data-poor stock assessment 

method, the Length-based Spawning Potential Ratio estimator relies heavily on correctly 

assuming biological parameters such as growth and natural mortality, and show how this 

method can be extended to include information from MPAs to estimate these parameters 

when this biological information is unavailable.  

 

In my fourth chapter, I compare the performance of a suite of MPA-based data-poor 

methods, both in the short and long term under a range of different kinds of uncertainty. The 

results indicate that all assessment methods are sensitive to the time since MPA creation, 

historical fishing pressure, and movement, but that the methods that rely on length data are 

more robust to these conditions than those that rely on CPUE data. When paired with a 

control rule, all of the assessment methods performed reasonably well, suggesting that 

MPA-based assessment techniques may provide a viable option for the management of 

sedentary data-poor stocks. 
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I. General Introduction 
 

Fisheries science ultimately revolves around two questions: How many fish are in the 

ocean, and how many can we sustainably remove? In pursuit of the answers, fishery 

scientists have devised increasingly complex statistical models to better capture ecological 

systems (Cochrane 1999, Hilborn 2003). These models were primarily designed to address 

industrial scale fisheries, and rely on time series of catch and effort data collected both 

directly from the fishery and from independent survey programs. Yet up to 90% of the 

world’s fisheries remain unassessed, and many are artisanal or small-scale in size, thus 

making the application of large-scale fishery strategies unrealistic (FAO 2012).  

 

 There are myriad obstacles to using traditional assessment approaches for small 

scale, data-deficient fisheries. Historical data required for conventional assessments are 

lacking in most small-scale fisheries. Furthermore, small-scale fisheries are also low-value, 

precluding the implementation of expensive data collection programs. Some fisheries violate 

the assumptions of homogeneity made by conventional stock assessments due to their multi-

gear, multi-species, or spatially structured dynamics (Mahon 1997). Without necessary data 

there is no way to measure the impact of fishing on fish populations or set sustainable 

targets and limits for these data-poor fisheries.  
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 Managers have historically taken two courses of action in dealing with fisheries that 

are incompatible with application of conventional stock assessments. First they have 

drastically reduced catches to a fraction of historically stable levels (Restrepo and Powers 

1999). Although this may promote recovery in overfished stocks, there are generally socio-

economic costs to these reductions due to lost catch and revenue. The second option has 

been to create no-take marine reserves as insurance against management failures caused by 

insufficient data (Lauck et al. 1998, Holland 2002, Roberts et al. 2005). Marine reserves 

represent an appealing option for managers because they are simple, straightforward to 

enforce, and can have both conservation and fisheries benefits (Guénette et al. 1998, 

Hastings 1999, Gerber et al. 2003). In response, more than 6,000 marine reserves, covering 

an estimated 3.27% of ocean waters, have been implemented around the world Boonzaier 

and Pauly 2015). 

 

 Empirical studies have shown that both the abundance and biomass of fish increases 

within marine reserves (Halpern and Warner 2002, Halpern 2003, Lester et al. 2009), and 

spillover from marine reserves has been detected in catches of some fisheries (Goñi et al. 

2006, 2010). However, marine reserves provide limited protection for highly mobile species, 

and do not protect fish in areas open to fishing (Walters et al. 2007), and thus must be paired 

with fisheries management measures outside of reserves (Hilborn et al. 2004). The shift 

towards spatial management via the creation of reserves complicates stock assessments 

because traditional stock assessment methods assume a homogeneously distributed 

population (Punt and Methot 2004). This dissertation explores these questions to provide 
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insights into the conditions under which reserves may provide otherwise unavailable 

information for use in assessing data-poor stocks. 

 

 This research relies on simulation modeling using a Management Strategy 

Evaluation (MSE) framework (Smith 1994, Lane and Stephenson 1998, Butterworth 2007, 

Butterworth et al. 2010). MSE is a simulation technique that models the entire adaptive 

management process. The framework consists of a) an operating model, which simulates the 

underlying biological and economic characteristics of the fishery and generates data from 

that fishery based on a sampling protocol, and b) a management model, composed of an 

assessment model to analyze the generated data and a control rule to set harvest or effort 

levels based on the assessment results. The procedure uses Monte Carlo simulation to 

explore tradeoffs between alternative management strategies under various uncertainties 

through time. First, I examine the accuracy of each assessment method to understand the 

ability of the reserve to act as a reference area under different conditions in Chapter 4. I then 

evaluate the ability of management strategies that include the tested assessment methods to 

a) maximize yield, b) maximize stability for the fishing industry, and c) achieve a target 

biomass while avoiding limit reference points over a 20-year period. This analysis provides 

insight into the value of optimized control rules, which can help to achieve management 

objectives even when the assessment method itself is inaccurate. 

 

 The use of marine reserves as a source of information for the assessment and 

management of small-scale or data-poor fisheries is an area in need of further research, as 

MPAs have important implications for small-scale fisheries management. This work 
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represents the first direct comparison of the ability of MPA-based assessment methods to 

achieve management objectives. By some accounts, these “small-scale” fisheries land half of 

the world’s catch and employ more than 90% of the world’s 35 million fishermen (FAO 

2012). Given their characteristics it is unlikely that conventional assessments will ever be a 

viable option. With the projected human population increases over the next 100 years, these 

fisheries are likely to face even more pressure to meet seafood demand in developed 

countries and food security needs in developing ones (Smith et al. 2010). The development 

of effective monitoring and assessment methods for these fisheries remains one of the major 

challenges confronting fisheries management today (FAO 2012). 
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II. Integrating Marine Protected Areas into Fisheries Management: A 
new perspective 

 

Abstract 

Marine Protected Areas (MPA) can benefit fisheries, but also present a number of 

challenges for traditional fisheries management approaches. Here I review the theoretical 

benefits of MPAs to fisheries management and examine the empirical literature to assess 

when and under what conditions those benefits have materialized. I also discuss the 

challenges MPAs present to stock assessments and the emerging science surrounding the 

use of MPAs as reference areas in the assessment and management of fish stocks.  

Recently MPAs have been suggested as a source of new information, which may 

prove useful in the assessment of the status of nearby fished stocks, especially in areas 

where conventional stock assessment methods are impossible due to a lack of historical 

data or high spatial heterogeneity in key stock metrics. Early research on this incipient 

topic indicates that the conditions that make MPAs most successful at meeting 

conservation goals may also make the best reference areas, suggesting that there may be 

less conflict than previously assumed associated with attempting to site MPAs to meet 

both conservation and fishery goals.  
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1. Introduction 

The world’s oceans face many threats, including loss of biodiversity, overfishing, 

habitat destruction, and climate change. While the threats are varied in nature, they are 

unified in their anthropogenic source. In response, there have been increased calls over 

the last three decades to create spaces in the ocean where human impacts are limited or 

removed to the extent possible. This movement has resulted in the establishment of 

>5,000 marine protected areas (MPAs) globally, many of them in connected networks of 

multiple reserves. 

 

MPAs are usually created with two specific objectives: (1) biodiversity and habitat 

protection, either for conservation benefit or for recreational enjoyment, and (2) 

sustainable fisheries management (Gaines et al. 2010a). However, the conditions that 

enhance the capacity for an MPA to contribute to sustainable fisheries may cripple its 

capacity for meeting conservation objectives (Hastings and Botsford 2003, Edgar et al. 

2014). This inherent tradeoff between meeting conservation and extractive goals has been 

a persistent challenge to designing effective MPAs and measuring their performance 

(Gaines et al. 2010b).  

 

There is an extensive literature on the potential and realized benefits of MPAs to 

nearby fisheries. Early studies were based mostly on simulation models due to the lack of 

existing MPAs (see (Guénette et al. 1998) for a comprehensive review). Models predicted 

two main benefits of MPAs on nearby fisheries. First, as with any management strategy 

that increases the number of older fish in the population, MPAs can increase egg 
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production. Second, higher densities of fish accumulating within MPAs may increase 

competition for scarce resources, forcing fish to emigrate from the MPA and 

subsequently increasing catches for nearby fishermen. Empirical evidence of fishery 

enhancement by MPAs is equivocal (Hilborn et al. 2004b), and in areas where there has 

been enhancement (Murawski et al. 2005, Goñi et al. 2006) the underlying causal 

mechanisms are often poorly understood and unpredictable.   

 

The use of MPAs as a fisheries management tool has been controversial despite 

potential benefits. The creation of MPAs has often resulted in less, rather than more, 

yield for fishermen in the short term (Hilborn et al. 2004a, Guenther 2010). Additionally, 

MPAs change the distribution of fishing effort (Murawski et al. 2005) and may condense 

fishing effort into a smaller area, causing crowding and increasing the race to fish 

(Greenstreet et al. 2009). MPAs may not protect against localized depletion outside their 

borders, and are likely to be ineffective at helping fisheries meet socio-economic goals.  

 

A growing consensus indicates that MPAs alone are unable to solve the major 

problems confronting fisheries around the world (Hilborn et al. 2004b). Instead, some 

suggest that MPAs be integrated as part of existing management frameworks (Agardy et 

al. 2011, Mesnildrey et al. 2013). This presents a unique set of challenges to fisheries 

scientists and managers because the creation of MPAs complicates conventional stock 

assessment methods by decreasing the fishery-dependent data available for assessment 

models while also increasing spatial heterogeneity in stocks (Bohnsack 1999, Punt and 

Methot 2004, Field et al. 2006). By contrast, MPAs present new opportunities for 
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fisheries management by acting as reference areas and sources of biological information 

(Bohnsack 1999, Garrison et al. 2011). This provides a realistic and practical way that 

MPAs may benefit nearby fisheries, especially in areas where traditional reference data 

such as historical time series are lacking.  

 

Research on the use of MPAs as sources of information for stock assessments and 

management decisions of nearby fisheries is incipient but the emerging science suggests a 

paradigm shift in the scientific community’s thinking on how MPAs can benefit nearby 

fisheries. Here I summarize how the science on the integration of MPAs into fisheries 

management has evolved over the past three decades. There is a need to understand what 

design characteristics are necessary for MPAs to function effectively as sources of 

information for stock assessments if MPAs are to be used effectively in assessment and 

management of fish stocks. This review highlights what is currently known about 

designing MPAs for use as reference areas, and suggests avenues of future research on 

this topic.  

2. The early years: Using MPAs to fuel nearby fisheries 

The idea of closing areas to fishing as a means of fueling fishing grounds was first 

proposed in 1912, to little effect (Roberts 2012). Beverton and Holt (1957) explored 

spatial closures as a potential fishing mortality control using an equilibrium yield-per-

recruit model, but found that closed areas only resulted in increased yields when the 

fishing mortality was very high. Due to the high cost of information necessary to properly 

site closed areas, Beverton and Holt favored other controls such as effort and gear 

restrictions for the management of fisheries (Beverton and Holt 1957). As our 
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understanding of the environmental and ecosystem impacts of fishing increased, 

however, there has been greater focus on how and when MPAs might be used as a 

management tool to mitigate these impacts. 

 

Much of the early literature on the benefits of MPAs to nearby fisheries relied on 

evaluations of simulated MPAs. These models predicted that the elimination of fishing 

mortality in an area would lead to higher abundances and older, larger fish (Polacheck 

1990, DeMartini 1993, Quinn et al. 1993, Attwood and Bennett 1995), which had the 

potential to boost yields in nearby areas through both density-dependent spillover of 

adults and the export of larvae (Russ 2002). These predicted helped to fuel the wide 

spread adoption of MPAs as a spatial management tool in coastal areas. 

 

The effects of removing fishing from an area can take many years to accumulate, and 

the majority of MPAs have been implemented within the last 15 years. Despite this, some 

rapid responses have been observed (Halpern and Warner 2002, Gell and Roberts 2003). 

Empirical studies have examined biomass changes within MPAs, mainly through 

increases in the size and/or density of fish, and assessed the effects through comparisons 

to a) reference areas outside MPAs, b) data collected prior to MPA implementation, or c) 

both, in a Before-After-Control-Impact (BACI) design (Alcala 1988, Attwood and 

Bennett 1995, Francini-Filho and Moura 2008, Kay et al. 2012). Studies using meta-

analyses have found that the elimination of fishing in MPAs results in increased biomass, 

density, species richness, and size of some organisms within MPA borders, although 
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there has been considerable variation in responses across sites and taxonomic groups 

(Halpern 2003, Lester et al. 2009, Claudet et al. 2010). 

These studies clearly demonstrate that removing fishing mortality results in more 

and/or larger fish. It has been much more difficult to ascertain whether higher biomasses 

inside MPAs translates to fisheries benefits outside their borders (Badalamenti et al. 

2000, Willis et al. 2003). In this section I summarize the theory underpinning the three 

direct methods by which MPAs can benefit fisheries, and the empirical evidence for each.  

 

2.1 Increased catches via spillover  

Spillover of adult fish occurs when a population of fish protected in an MPA grows 

large enough to cause emigration to surrounding fished areas as fish compete for limited 

resources. Spillover is most likely when the rate of emigration from the MPA is low, but 

constant or occurs in pulses, such that the MPA provides some refuge from fishing but a 

certain proportion of the population exits the MPA. This may happen when a species 

exhibits home range behavior (Moffitt et al. 2009), or when high densities inside the 

MPA increase competition for scarce resources, causing some individuals to leave the 

MPA in search of food or shelter. Gell and Roberts (2003) reviewed a number of studies 

demonstrating dramatic increases in abundance within MPAs. There has been less 

evidence that these rapid biomass increases result in higher catches in nearby fisheries, 

but a few empirical studies have documented larger fish or higher catch rates 

(McClanahan and Mangi 2000, Roberts 2001, Murawski et al. 2005, Goñi et al. 2006). In 

one review, spillover was detected in 12 of the 14 studies included in the review, but 

primarily at distances less than 1km from the MPA border, suggesting that when spillover 



 

 14 

does occur its effects are highly localized (Halpern et al. 2010). Spillover of most 

demersal or benthic species requires benthic habitat corridors extending from inside the 

MPAs to fished areas (Kay and Wilson 2012). Additionally, the ability of spillover to 

increase yields may be undermined by a density-dependent somatic growth reduction of 

fish within MPA borders (Gårdmark et al. 2005). 

 

2.2 Increased productivity via larval export 

The second way that MPAs can contribute directly to fisheries yields is through 

increased spawning biomass. Protection from fishing results in higher abundances and/or 

sizes of fish, which in turn results in higher egg production (Hastings 1999). The 

maintenance of unfished size and age structures in fish populations may also boost 

fecundity and subsequent recruitment because older, larger females can produce larvae 

that are more robust to starvation, increasing the probability of successful settlement in 

some species (Berkeley et al. 2004). In fact, some studies have predicted that the 

increased larval production may offset reductions in yields from MPA creation (Halpern 

et al. 2004). Modeled predictions indicate that fishery yields and profits are highest when 

MPAs are configured to maximize larval export to fished areas. This occurs when 

multiple, interconnected MPAs are as small as is practically possible to maximize the 

ratio of MPA borders to the area protected (Hastings and Botsford 2003), and assumes 

that local retention of larvae is sufficient to maintain MPA populations (Berumen et al. 

2012) while still allowing for transport to other areas (Warner and Swearer 2000).  
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The models used in these studies assumed sedentary adults, post-dispersal density 

dependence, and a dispersal probability that was mediated by the distance from the 

release site. These simplifying assumptions have important implications for the results of 

these studies. If the species managed is sessile rather than sedentary, there will be no 

spillover across the MPA boundary, but highly mobile species will move outside the 

closed area and be exposed to fishing mortality. Also, larval dispersal patterns must 

transport larvae to areas where recruitment is less than the maximum possible, and prior 

to any density-dependent effects that might negate the benefits negate benefits within the 

closed areas (Parrish 1998). Thus, marine reserves can increase yields only in fisheries in 

which fishing has reduced recruitment, and if the above conditions are met [14–17].  

 

A large number of theoretical studies have predicted the conditions necessary for 

larval export from MPAs to enhance nearby fished populations. but empirical evidence of 

this phenomenon is limited, in part because the parentage of a fish recruiting to the 

fishery is difficult to establish (Bohnsack 1999). Additionally, the proportional increase 

in recruitment at each individual site outside an MPA is typically small, particularly for 

species with long larval dispersal distances, making it very difficult to detect in field 

studies (Pelc et al. 2010). Halpern and Warner (2003) attributed the lack of empirical 

evidence to a dearth of MPAs of sufficient size to see measurable results, but pointed to 

increases in scallop yields near the Georges Bank trawl closures as evidence of a fishery 

buoyed by larval export.  
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Most studies have examined the potential larval contributions of MPAs to nearby 

fisheries using a combination of age or size-based egg-per-recruit models and larval 

transport models (Tetreault and Ambrose 2007). Pelc et al. (2010) summarized studies of 

sessile, broadcast-spawning invertebrates from eight sites where recruitment increased or 

where gradients were observed near MPA borders, suggesting larval export from these 

MPAs. Additionally, Harrison et al. (2012) used spatially-specific genetic markers to 

assign juvenile fish as having been spawned within specific MPAs, and found that up to 

half of recruits in a fished area originated from a MPA covering 28% of the total habitat. 

Of course, reserves tend to be strategically placed to protect areas that are perceived to be 

valuable, often because they provide habitat for a wide variety of fish and invertebrate 

species, and it is possible that this higher than expected productivity was a feature of this 

area prior to the establishment of the reserve. Without a study that measured pre-MPA 

productivity, it is unknown whether the observed effect was due entirely to the closure. 

 

2.3 Reduced fishing mortality 

Spatial closures, whether temporary or permanent, have long been recognized as a 

mechanism to reduce overall fishing mortality (Beverton and Holt 1957). Spatial closures 

are functionally similar to raising the age at first capture or reducing effort (Botsford et 

al. 2003), although they may provide additional benefits over more traditional methods 

because they can prevent incidental habitat damage or the take of vulnerable bycatch 

species if strategically placed. The capacity for MPAs to reduce the effective fishing 

mortality depends on the mobility of the target stock as well as the placement of the MPA 

relative to the location of fishing effort. In fish stocks that are migratory or have large 



 

 17 

home ranges relative to the MPA, but are targeted by spatially-distributed fishing effort, a 

strategically-placed MPA can provide a refuge from fishing for a portion of the fish’s life 

history, which reduces mortality, enhances reproductive potential, or conserves the 

population through positive influence on another demographic process. However, if 

fishing effort is concentrated into a small space, even a large MPA will not reduce fishery 

mortality if it is not placed where the majority of catches occur. MPAs are generally 

assumed to effectively reduce the fishing effort on sedentary stocks, but may actually 

increase mortality outside of the MPA due to the concentration of existing fishing effort 

into the remaining space (Guenther 2010).  

 

Large spatial closures have been used on both the east and west coasts of the U.S. to 

reduce the fishing mortality rate on valuable species and promote stock rebuilding 

(Holland 2000, Murawski et al. 2000, Field et al. 2006). MPAs may be a promising 

means of controlling fishing mortality in developing countries that lack the management 

structures necessary to enforce gear or effort restrictions. In fisheries with many landing 

sites spread out over a long coastline, one or more no-take zones are easier to enforce 

than conventional gear, effort, or catch restrictions. It has been suggested that even blue-

water pelagic habitats can benefit from protection from fishing when placed in strategic 

areas to target areas of high biodieversity (such as seamounts) or demographic 

importance (such as spawning grounds; Norse et al. 2005). However, open ocean MPAs 

are unlikely to see the biomass accumulation normally associated with a successful MPA.  
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3. The indirect benefits of MPAs on fisheries 

MPAs were gradually implemented in larger numbers during the late 1990s and early 

2000s. During this time, scientists considered how MPAs, both individually and in 

networks, functioned as part of holistic marine systems (Bohnsack 1999, Gell and 

Roberts 2003, Bohnsack et al. 2004). Much of the literature in this vein examined the 

auxiliary benefits MPAs have on fisheries via the preservation of ecosystem function. 

This section summarizes these benefits. 

 

3.1 Insurance against management failures  

MPAs can provide a buffer against management miscalculations (Allison et al. 1998, 

Lauck et al. 1998). Because estimates of sustainable catch limits are based on predictions 

about the average productivity of a stock, there is always the potential to set limits too 

high during periods of environmental stress, which can reduce recruitment success or 

increase natural mortality (Roberts et al. 2005). In such cases, protected populations 

could potentially serve as recovery centers if they provide spillover. MPAs may also 

dampen variability in recruitment from year to year by keeping spawning biomass at 

higher levels, increasing population resilience to overfishing and buffering against 

decreases in reproductive success or increases in mortality (Guénette et al. 1998). 

Theoretical studies suggest MPAs may also reduce year-to-year variation in catch size, an 

important economic benefit for fishing communities (Sladek Nowlis and Roberts 1999). 

Therefore MPAs offer a way for managers to be precautionary, especially in fisheries 

with little or no data available (Bohnsack 1999). 
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3.2 Protection of natural size and age structures 

MPAs provide benefits that other types of conventional management such as catch 

limits or gear modifications do not, such as protecting the natural age structure of the 

stock (Bohnsack 1999, Roberts et al. 2005). Conventional management tends to require 

gear modifications that make fishing more, rather than less, selective because fishing 

mortality is focused intensively on specific age or size classes (frequently the largest fish, 

though not always (Reddy et al. 2013). While successful gear modifications direct fishing 

towards mature rather than immature age classes, recent work has shown that highly 

selective fishing can have detrimental ecological impacts (Zhou et al. 2010, Rochet et al. 

2011, Garcia et al. 2012, Worm and Lenihan 2014). Large or old female fish, such as 

those found in MPAs, may produce far more and often larger eggs than smaller mature 

females, and their larvae grow faster and appear better able to withstand starvation 

(Berkeley et al. 2004, Hixon et al. 2014). Evidence also suggests that a truncation in the 

size structure of a stock can decrease stability in population dynamics due to 

demographic changes (Berkeley et al. 2004, Hsieh et al. 2010). MPAs can provide 

protection against these impacts by extending the age structure of the protected portion of 

the stock to unfished levels. 

 

3.3 Preserving genetic variation 

Protecting natural age structures may also preserve genetic variation in fish stocks in 

addition to boosting the egg production of a population (Bohnsack 1999). A number of 

studies have documented the effects of intensive fishing on the selection of specific 

heritable traits in the population (Ricker 1981, Quinn and Adams 1996, Drake et al. 
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1997). In particular, size-selective fishing can select for faster growth rates, younger age 

at first maturity, smaller maximum sizes, and behavioral changes (Worm and Lenihan 

2014). Over multiple generations of intensive fishing the alleles associated with other 

traits may be lost from the population. MPAs can help maintain the genetic diversity of a 

stock by providing refuges from fishing.    

4. MPAs and integrated management systems: The challenges of implementation 

Early studies lauded the benefits of MPAs to fisheries (Roberts and Polunin 1993), 

but by the mid-2000s there were calls for caution in applying MPAs as a panacea for the 

perceived failures of fisheries management (Sainsbury and Sumaila 2003, Willis et al. 

2003, Hilborn et al. 2004b, Kaiser 2005). Multiple studies had shown that the ability of 

MPAs to benefit fisheries required 1) the presence of specific habitat and life history 

characteristics, 2) the source-sink dynamics between closed and open areas, and 3) 

properly siting MPAs to take advantage of these conditions, all of which were difficult to 

know with any certainty. In addition, MPAs that met all of these characteristics could 

provide little assistance in meeting the socio-economic goals of fisheries management 

(Smith and Wilen 2003).  

 

There was an increased examination of the merits of MPAs within the context of 

existing fisheries management. For example, Hilborn et al. (2006) used a modeled MPA 

to demonstrate that the implementation of a MPA in a fishery already regulated by a 

catch limit required a reduction in the catch limit to avoid overexploitation of the 

resource outside the MPA borders, and McGilliard et al. (2008) extended this analysis to 

include the effects of larval dispersal distance. Botsford et al. (2009) expanded the theory 
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of MPAs to include not only movement of fish and larvae between areas but fishermen as 

well (Botsford et al. 2009). These studies considered MPAs as one potential action 

available in the fisheries management toolbox. 

 

These papers marked a shift toward viewing MPAs as part of integrated fishery 

management systems (Agardy et al. 2003). The addition of MPAs to seascapes with 

existing regulatory procedures for fisheries management, however, highlighted the many 

challenges scientists faced when tasked when creating these integrated approaches. The 

next section provides an overview of the ways in which the addition of no take MPAs to 

seascapes has complicated existing fisheries management systems. 

 

4.1 Reduction in fishery-dependent data available to stock assessments 

Stock assessments have traditionally relied heavily on fishery-dependent data, which 

are collected directly from fishing activities. Fishery-independent data streams are also 

frequently incorporated into stock assessments, but fishery-dependent data have the 

advantage of being relatively inexpensive to collect, and directly measure the impact of 

fishing in terms of both location and age classes targeted. As a result, the creation of 

MPAs may result in less data available to stock assessment methods, or for large closed 

areas to go unsampled (Bohnsack 1999). The most commonly used type of fishery-

dependent data in assessments is catch-per-unit-effort (CPUE) data. The fishery CPUE, 

which reflects abundance in fished areas, will not reflect any potential increasing 

abundance of sedentary species within MPAs, and may be lower after MPA creation due 

to the concentration of fishing effort in the remaining open space. For species with 
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limited mobility, spillover may result in a concentrated fishing effort along the border of 

the MPA as fishermen “fish the line” (Murawski et al. 2005; but see Guenther et al. 

[2015] for alternative fishing responses). If data are spatially aggregated over the entire 

management range, the inflated catch rates near the borders of MPAs may mask declines 

in catch rates in other areas (McGilliard et al. 2015), leading to biased assessments 

(Maunder et al. 2006). 

 

Bohnsack et al. (1999) suggested interference with fishery-dependent data gathering 

might be alleviated through greater fishery-independent sampling. Traditional means of 

fishery-independent sampling, which often rely on trawl gear, may be destructive and 

thus disallowed inside MPAs. In these situations, MPAs will require a change in 

sampling design, making direct comparisons with historical data difficult or impossible. 

Sampling within the MPA, which can offer the best available method to obtain samples 

of age structure, age-length and age-weight relationships that are unbiased by years of 

selective fishing pressure, may also not be allowed in no-take zones as managers try to 

limit all anthropogenic sources of mortality. This may necessitate a move towards length-

based sampling methods inside MPAs such as low mortality catch-and-release methods 

(Bartholomew and Bohnsack 2005), or the use of underwater stereo-video, as well as a 

shift towards length-based assessment models (Bohnsack 1999). 

 

4.2 Spatial heterogeneity in stock assessments 

Stock assessments traditionally assume that the stock in question is homogeneously 

distributed over the management area or targeted with uniform fishing intensity. MPAs 
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violate this assumption (Bohnsack 1999), creating patches of high biomass inside their 

borders, and potentially leading to stock depletion outside (Hilborn et al. 2006). As such, 

MPAs and their effects on the spatial distribution of both fish and fishermen may 

introduce biases in stock assessments, as in the case where the diffusion of older fish 

outside the boundaries of the reserve can cause underestimations of the fishing mortaltity 

rate and over estimations of the population size (Punt and Methot 2004, McGilliard et al. 

2015). This can lead to misspecification of catch or effort limits. 

 

Solutions include a greater use of spatially-specific modeling, but this may require 

data collection on a finer scale (Bohnsack 1999, Holland 2002). Punt and Methot (2004) 

showed that conducting a single assessment with fishery-dependent and fishery-

independent CPUE data aggregated over a simulated stock’s range resulted in 

underestimates of spawning stock biomass in the presence of a no take MPA. The 

magnitude of bias increased with the number of years since MPA implementation as 

biomass builds up inside the closed areas (Punt and Methot 2004). Conducting separate 

assessments of the open and closed areas resolved this underestimation, but required 

separate data streams for the fished and unfished areas (Punt and Methot 2004). The 

additional data required for spatial assessments increases the cost of monitoring and 

assessment programs. Spatial models also require an understanding of the connectivity 

between the various spatial patches, information that is rarely known with much 

certainty. Punt and Methot (2004) found that spatially-specific assessments overestimated 

biomass when movement rates between areas were high.  
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4.3 Accounting for populations inside MPAs 

Field et al. (2006) raised the question of whether the populations within MPAs should 

be considered “on the table” or “off the table” when assessing depletion levels and setting 

harvest limits. Given the mandates to rebuild populations, there is an incentive for 

managers to count protected biomass in stock assessments to demonstrate increased stock 

health (Field et al. 2006). Many regulatory bodies have overcome opposition to MPAs 

via promises of healthier spawning stocks and increased yields, and so there may be 

pressure from the fishing industry to count the fraction of population in MPAs as part of 

the total stock when setting catches. Including protected fish when calculating catch 

limits based on the total vulnerable biomass can lead to unsustainable fishing mortality 

rates in the fish region because in reality only a portion of the stock is targeted (Hilborn 

et al. 2004b, 2006). This conflict was evident in a study modeling the effect of MPAs on 

the lobster fishery in Victoria, Australia, where catch rates (and thus profits) were 

predicted to remain low under the pre-MPA catch limits, despite the fact that MPAs 

would accelerate total stock recovery due to biomass increases inside the closure 

(Hobday et al. 2005). The effects of overfishing on the vulnerable stock biomass may 

negate the benefits of the MPA population because overfishing reduces the age structure 

of the population, impacting both the yield per recruit and the lifetime spawning output of 

each fish (Greenstreet et al. 2009). Conversely, not taking protected populations into 

account when determining stock status is likely to lead to a reduction in MSY and thus 

catch limits, as well as extend the time period until recovery targets are achieved, both of 

which may have severe economic impacts. Movement and larval dispersal between the 

closed and open populations can alter these predictions. 
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Recently, Lester et al. (2013) called for the use of projection models to predict a 

MPA’s future conservation benefits as a means of “giving credit” to fisheries who are 

seeking sustainability certification. They argued that considering the populations 

protected within MPAs as part of the entire stock might provide incentives for 

stakeholders to support MPA creation and help overcome the barriers to certification 

experienced in many data-poor and developing world countries (Lester and Gaines 2013). 

However, the previously noted feedbacks between MPAs and the fisheries regulations 

outside them make predicting these benefits very difficult without complex spatial 

models. Wilson et al. (2013) proposed a simple mechanism for accounting for the 

spawning biomass within MPAs using spatial Spawning Potential Ratio (SPR) models to 

account for the increased egg production achieved by maintaining an older age structure 

in a proportion of the population. However, this study assumed a common larval pool 

between the closed and open areas, and that the population abundance was proportional 

to the area in the closed and open regions that prior to MPA establishment. Currently 

there are no clearly established rules of thumb for accounting for the contributions of 

MPAs to nearby fished areas. 

 

4.4 Economic effects of MPAs on fisheries 

Implementation of MPAs is likely to come with potential benefits balanced by costs 

(Sumaila and Charles 2002). While MPAs can buffer fish populations against decline, 

they are rarely able to address the socio-economic objectives that make up the other half 

of the definition of “sustainable fisheries”. The creation of an MPA almost always results 



 

 26 

in a decrease in catch unless the population is over-exploited prior to the MPA (Beverton 

and Holt 1957, Hannesson 2002). Yamazaki et al. (2015) examined the effects of 

combining a MPA with a harvest control rule to rebuild an overfished stock, and found 

that a small MPA (10% of fishing grounds) improved the rebuilding timeline, the net 

present value of the fishery, and average catches when paired with the optimal harvest 

control rule, but that tradeoffs between these performance statistics were introduced when 

either the MPA was larger or the harvest control rule was sub-optimal.  However, model 

results suggest MPAs may produce more stable catches (Hannesson 2002, Sladek Nowlis 

and Roberts 1999), which is highly valued by many fishing communities.   

 

Most MPA modeling has assumed open access conditions, but Lester et al. (2016) 

examined the impact of MPAs when combined with Territorial User Rights Fisheries 

(TURFS) and found that it this combination did not eliminate the tradeoff between 

conservation and fisheries goals unless the overfishing was occurring, echoing the 

findings seen in open access systems. However, Sanchirico and Wilen (2002) applied a 

spatial bioeconomic model to examine how MPAs affect fishermen in limited entry 

fisheries and found that both biomass and license price increased when the fishery was 

operating at or near open access effort levels prior to the creation of the MPA. In general, 

though, MPAs result in a decrease in the sustainable catch level (Hilborn et al. 2006, 

McGilliard and Hilborn 2008).  

 

Over the short term, fishery profits may decline at a rate greater than the proportion of 

area removed from the fishery. Often the most biologically productive areas are set aside 
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for protection, but this can undermine performance if the goal is to simultaneously 

improve both the economic and biological conditions in the fishery (Sanchirico and 

Wilen 2002). MPAs can result in a concentration of effort into the remaining open areas, 

reducing catch rates and exacerbating competition. In addition, the catch rates may 

decrease in the short term due to fishermen having to relearn how and where to fish when 

they are displaced from favored fishing grounds (Guenther et al. 2015). Fishers may also 

have to travel farther to access fishing grounds with high catch rates, increasing their 

costs and altering the distribution of fishing effort (Smith and Wilen 2003). Such short-

term losses present an obstacle to stakeholder support for MPAs as well as to managers 

looking to maximize the socio-economic benefits of fisheries.  

 

4.5 Informational and management needs of MPAs 

MPAs have generally been characterized as a management tool with low 

informational requirements relative to traditional fisheries management. As such, they 

have been suggested for use in fisheries with complex spatial structure, minimal 

centralized management, and/or low capacity for data collection. Such fisheries are 

difficult to assess using conventional methods because of spatial heterogeneity in stocks, 

lack of data, low economic value, or having an artisanal or otherwise diffuse social 

structure (Bohnsack 1999, Orensanz et al. 2005). MPAs have been suggested as a simple 

management solution in such fisheries because spatial closures protect spawning grounds 

(Roberts and Polunin 1993). In fact, the first MPAs implemented to meet fishery 

management goals were designed to support catches in places with complex, multi-

species, and multi-gear fisheries with limited management capacity (Alcala 1988).  
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MPAs may appear to be a simple solution in data- or management-limited arenas, but 

their long-term efficacy may be undermined by the lack of information and enforcement 

capacity. The amount of information required to properly site an MPA to meet particular 

goals (whether fisheries enhancement or conservation) is high. Improper siting of MPAs 

can result in a lack of benefits to the surrounding area, undermining community support 

for the MPA (Agardy et al. 2011). In many places, particularly in developing countries, 

there is no top-down management entity to enforce a spatial closure, and MPAs often 

must depend on community support and self-policing to be effective. A lack of 

enforcement can further erode MPA benefits. 

5. New opportunities for fisheries and MPAs: using reserves in stock assessments 

A recent shift in the MPA literature suggests a new path for the integration of MPAs 

in to fisheries management. A nascent but growing body of research has explored the 

potential benefits of MPAs to fisheries management as a source of information that can 

be used to better assess and manage nearby fisheries. This section describes the work that 

has been done in this arena. 

 

5.1 MPAs as fisheries reference areas 

The addition of MPAs to the seascape adds a new class of ecological indicators that 

may be highly informative. As the stocks protected within MPA borders approach 

carrying capacity they may provide robust estimates of unfished stock density (Bohnsack 

et al. 2004), an important reference point in the assessment and management of fish 

stocks. Stock assessments estimate the size of a fish stock by looking for contrast 
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between data collected from a time when the stock was lightly fished and recently 

collected data. The larger the contrast between these two data streams, the easier it is to 

estimate the current stock size. However, many fisheries, especially small scale or 

artisanal fisheries in the developing world, lack historical time series necessary for this 

comparison. MPAs represent an opportunity for the assessment of data-poor fisheries by 

acting as a reference area with which to estimate unfished biomass (Bohnsack 1998). 

However, this is only true if MPAs are placed randomly on the seascape, which is rarely 

the case. Instead, MPAs are often placed in areas with high conservation value, and thus 

may have higher carrying capacities than unprotected areas. This may lead to an 

overestimate of unfished stock size. MPAs are subject to the same environmental 

fluctuations and non-fishing anthropogenic effects as nearby fished areas so represent 

contemporary rather than theoretical unfished conditions. Because of this, they provide 

important control sites that can provide both an understanding of anthropogenic versus 

natural disturbances as well as a buffer against the uncertainty caused by shifting 

baselines (Bohnsack 1999).  

 

5.2 MPA-based control rules 

Harvest control rules are used to set or update harvest levels in response to fishery 

performance. A few harvest control rules have been developed to use MPAs as reference 

areas in setting sustainable catch or effort limits (Wilson et al. 2010, Babcock and 

MacCall 2011, McGilliard et al. 2011, Wilson et al. 2013). The Density Ratio Control 

Rule (DRCR) uses a survey-based estimate of the ratio of the density of fish outside an 

MPA to that inside it (Babcock and MacCall 2011, McGilliard et al. 2011). It relies on 
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the assumption that the density inside the MPA is the best available representation of the 

stock at unfished conditions (McGilliard et al. 2011), and can be used to assess fisheries 

that lack estimates of virgin stock size. The DRCR is a proxy for overall depletion levels 

that incorporates contemporary environmental conditions and their potential effects on 

stock size (Babcock and MacCall 2011). It uses a linear control rule to determine 

magnitude of change in effort or catch in each year to reach the target ratio.  

 

A MPA-based decision tree process developed by Wilson et al. (2010) extended a 

size- and CPUE-based decision tree used to identify catch limits (Prince et al. 2011) 

through the inclusion of MPA data rather than historical information to determine a 

target. This method provides a framework to compare a number of simple indicators, 

such as the magnitude and rates of change in the catch of small, medium, and large fish in 

the catch, against MPA-based indicators. Fishing pressure is then iteratively adjusted as 

needed to achieve predetermines target ratios between outside and inside the MPA 

(Wilson et al. 2010). An evaluation of this model using MSE found that it consistently 

improved total catches while meeting management objectives for biomass and spawning 

potential ratio (Wilson et al. 2010). 

 

5.3 Estimation of biological parameters 

MPAs may provide a way to estimate biological parameters that are unbiased by the 

effects of fishing (Bohnsack 1999). Fishing mortality that is very high, or consistent over 

many years, can bias estimates of biological parameters in manifold ways. Fishing can 

alter the age at first maturity by selecting for fish that mature prior to recruiting to the 
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fishery. Fishing frequently removes the largest individuals from the population, which 

can skew estimates of the maximum average size, the asymptotic parameter in the von 

Bertalanffy growth function. In fitting asymptotic growth functions to size-at-age data the 

growth rate will co-vary with the asymptotic length, so that an under-estimation of 

asymptotic length will result in an over-estimation of the growth rate (Knight 1968). 

MPAs remove the truncated age and size structures associated with heavy fishing 

pressure. This may provide an opportunity to estimate biological rates such as growth and 

natural mortality rates in unfished conditions. 

 

Perhaps the arena in which MPAs can add the most value to the estimation of 

biological parameters is in the estimation of natural mortality, which is notoriously 

difficult to infer due to the fact that it is frequently confounded by fishing mortality 

(Jamieson and Levings 2001, Kenchington 2014). Garrison et al. (2011) showed that 

application of a statistical catch-at-age model (Methot and Wetzel 2013) to data from a 

MPA allowed for accurate estimation of natural mortality provided there was no 

movement between fished and unfished areas, or if movement rates were known. A 

recent study (Wilson et al. 2013) demonstrated the application of a bounded mortality 

estimator (Ehrhardt and Ault 1992) to length data inside and outside a MPA to estimate 

the total mortality experienced by the fish in each location. The mortality inside the MPA 

was assumed to be the natural mortality, and the difference between the mortalities was 

used to estimate the fishing mortality and SPR of the fished portion of the stock. Another 

size-based method, the Length-based spawning potential ratio estimator, which has been 

shown to be sensitive to assumed parameter values (Hordyk et al. 2015), has been 
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extended to include information from MPA monitoring in order to improve the accuracy 

of assumed parameter values (Chapter 3). MPAs provide an opportunity to obtain more 

accurate estimates of these parameters, especially in data poor systems that lack 

information dating back to the development of the fishery (Kay and Wilson 2012).  

6. Designing MPAs for use in stock assessments: what we know and what we need to 

learn 

There have been several studies providing guidelines on how to design MPAs that 

meet conversation vs. fishery enhancement goals (Roberts 2001, Allison et al. 2003, 

Gerber et al. 2003, Hastings and Botsford 2003, Halpern and Warner 2003, Gaines et al. 

2010b). The advice provided differs based on the stated goal of the MPA. For example, 

Hastings and Botsford (2003) examined the optimal arrangement of MPAs and found that 

they should be placed in a network of small MPAs to maximize spillover and larval 

export if the goal is fisheries enhancement, but that MPAs should be as large as possible 

to maximize conservation objectives (i.e. increase adult biomass). Additionally, while 

Ballantine (1997a,b) suggested that MPAs should be designed with the entire ecosystem 

in mind, MPAs designed for fishery enhancement usually focus on maximizing responses 

in high value target species, such as in the case of the Georges Bank closures (Murawski 

et al. 2000). These conflicting guidelines exemplify the tradeoffs inherent in designing 

MPAs to meet conservation versus extractive objectives. 

 

6.1 Resolving the conflict between fisheries enhancement and conservation goals 

Some authors have attempted to overcome this conflict in design recommendations. 

Halpern and Warner (2003) suggested that a single general network design of moderate 
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size and variable spacing could balance within-reserve (conservation) and between-

reserve (fishery) responses, meeting the goals of most stakeholders. Gaines et al. (2010) 

proposed guidelines to reduce or eliminate these tradeoffs across MPA networks by 

acknowledging the economic costs and benefits that various MPA designs have, and 

encouraging MPA designs to consider joint conservation and harvest goals via a network 

of MPAs. However, these recommendations still acknowledge direct tradeoffs. 

 

With this in mind, the use of MPAs as reference areas (as summarized in section five) 

for fisheries management presents an appealing alternative. Early research on this topic 

suggests that many of the MPA characteristics necessary to support conservation goals 

also facilitate the creation of a suitable reference area for fisheries. The ability to use 

MPAs as a reference requires that 1) the MPA be in place for enough time for the 

population to reach approximate carrying capacity, 2) the population within is completely 

protected from fishing mortality, and 3) the protected area is representative of nearby 

fished areas in terms of productivity and habitat availability. MPA reference areas are 

most likely to perform well when the MPA is has been in place for at least the mean 

generation time of the fish stock being assessed (Wilson et al. 2010, 2013). In addition, 

the MPA must be well enforced, be larger than the home range of the target species, and 

have limited connectivity between the fished and unfished areas, so that the fishing 

mortality experienced inside the MPA is minimized or eliminated. Finally, the MPA must 

be similar to nearby fished areas, ensuring that all fished habitats are adequately 

represented. Note that this may require the sites of MPAs to be chosen randomly so that 

they adequately reflect the spatial variation of the fishing grounds. 
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These characteristics are similar to those found to be crucial to the ability of MPAs to 

meet conservation goals in a recent meta-analysis of 87 existing MPAs from around the 

world. Edgar et al. (2014) found that the conservation benefits of MPAs, which they 

defined as significant increases in total biomass and diversity of fish species compared to 

fished reference sites, increased when the following five key factors were present: 1) no 

take allowed, 2) well enforced, 3) old 4) large, and 5) lacking continuous habitat along its 

borders resulting in isolation from fished populations. While the first three are important 

to the success of MPAs regardless of their stated purpose, characteristics four and five 

support the findings of Hastings and Botsford (2003), and highlight the direct tradeoff 

inherent between MPAs designed to fuel nearby fisheries and those designed for biomass 

build ups within its borders. However, new research on the utility of MPAs for the 

assessment of fish stocks may resolve this tradeoff between using MPAs to support 

conservation and fishery goals. 

 

6.2 MPAs as reference sites: Assessing the knowledge gaps 

While there are several lessons that can be gleaned from the existing literature on the 

design of MPAs to maximize conservation benefits, future research is needed to better 

understand the opportunities and limitations associated with using MPAs as reference 

areas for stock assessments. Table 1 is an extension of the table presented in Gaines et al. 

(2010) describing the differences in the design attributes of areas considered for inclusion 

in MPAs created with fisheries and conservation goals in mind, and includes a column 

describing what is known about the design attributes of MPAs used as fishery reference 
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sites, and what remains unknown. All MPAs must be persistent and self-sustaining, 

regardless of their intended goal. High population growth rates will decrease the time 

frame over which population responses occur under protection from fishing. While this is 

not a crucial determinant of success, it increases the speed with which benefits accrue, 

which is useful regardless of whether those benefits support population growth for 

conservation, increased spillover for fishery enhancement, or the achievement of local 

carrying capacity for assessment purposes. While high carrying capacity areas support 

conservation and fishery enhancement goals, it is unknown how the carrying capacity 

will affect performance as a reference area. Ideally the reference area should have a 

density at carrying capacity that is representative of the surrounding fished areas. While 

MPA sites should be larval sources to support both conservation and fishery enhancement 

goals, it in unknown whether being a larval source impacts an area’s ability to act as a 

reference site.  

 

Areas that are heavily exploited offer the most benefit for both conservation and 

fishery enhancement goals, but it is unknown how current exploitation rate impacts 

performance as a reference site. Heavy exploitation may increase the time required to 

reach carrying capacity, and may fundamentally alter ecological processes, making these 

areas unsuitable as proxies for unfished conditions. The cost of harvesting an area is also 

a consideration when deciding where to site MPAs. While the inclusion of costly areas in 

MPAs designed for fishery enhancement depend on whether the goal is to minimize cost 

or to maximize profit (Gaines et al. 2010b), costly areas are often targeted only after less 

costly areas have been fished out, or if the revenue gained from fishing is very high. 
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Gaines et al. (2010) suggested that high cost areas be considered for inclusion in 

conservation-oriented MPAs, despite the fact that these areas might be less exploited, as a 

way of lessening the economic impact on fishers. It is unknown whether high cost areas 

should be included in MPAs designed to be reference sites, and will likely depend on 

how representative they are of fished sites, as well as their accessibility for data 

collection. Additionally, areas that are high in cost to fish may also be high in cost to 

enforce (Halpern and Warner 2003). While all MPAs require consistent enforcement to 

be successful regardless of what they were designed for, any fishing mortality inside the 

reserve could be highly detrimental to a reserve’s use as a proxy for unfished conditions, 

and could result in overly aggressive harvest targets and limits throughout the fishery. 

 

MPAs designed for fishery enhancement must increase the value of the catch outside 

the reserves through larger and/or more abundant fish to be successful. This requires that 

the MPA be large enough relative to the home range of the fish such that the fish inside 

the MPA are protected from mortality, but have permeable borders with continuous 

habitat. However, while this may increase catches via spillover, the additional fishing 

mortality along the MPA border impacts the population structure inside the marine 

reserve, as was demonstrated by Kay et al. (2012) who found that fishing mortality on 

lobsters moving in and out of MPAs impacted lobster size structures within the MPA. As 

a result, many MPAs designed with conservation goals in mind have distinct habitat 

edges. Kay et al. (2012) advocated sampling in the middle of MPAs to avoid these edge 

effects, but any mortality from external sources experienced inside the reserve could bias 

stock assessments based on MPA data. 
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6.3 Future research needs 

As demonstrated in Table 1, there is much we do not yet know about how the 

attributes of various marine spaces will influence their performance as reference sites. 

However, what is currently known suggests that MPAs designed for conservation may be 

compatible for use in stock assessments. In the following section I identify additional key 

issues relevant to the use of MPAs as reference sites that remain largely unexplored.  

 

6.3.1 Movement 

Movement of fish presents a challenge for the use of MPAs as reference areas. While 

Garrison et al. (2011) found that the ability to accurately estimate natural mortality rates 

was negatively influenced by movement across MPA borders, the bias was eliminated if 

the rate of movement was accurately known and accounted for in the model. However, 

movement rates are rarely known with any accuracy, especially in the data poor species 

that might benefit most from including reference MPAs in their management. 

Additionally, movement rates may vary between sexes and across life stages (Martell et 

al. 2000), or be facilitated by site-specific ecological characteristics (Kay and Wilson 

2012). There is some evidence that MPAs may facilitate movement as stocks build up 

within closed areas, and the resulting competition for scarce resources drives individuals 

to seek less crowded habitat outside the MPA. More research is needed to quantify the 

sensitivity of stock assessment data from MPAs under different rates and types of 

movements.  
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6.3.2 Issues of scale and reserve spacing 

The few studies that have examined the potential for use of MPAs as management 

reference areas have generally modeled single, large (~20% coverage) MPAs directly 

adjacent to fishing grounds (Wilson et al. 2010, McGilliard et al. 2011, Wilson et al. 

2013). It is unknown over what distances MPAs can function as representative 

comparisons, and whether the current recommendations for size (10-20km), spacing 

(20km apart to allow for widely dispersing propagules to settle; (Shanks et al. 2003), and 

inclusion of biogeographic zones (20% or greater) will also apply for reserves designed 

for use in stock assessments. Additionally, while it is appealing to think about MPAs 

functioning as proxies for unfished biomass, current stock assessments are largely 

unequipped to deal with temporal or spatial variation in estimates of unfished conditions, 

which is likely to occur in a network of MPAs.  

 

6.3.3 Trophic level, response to protection, and time to carrying capacity  

Responses to protection under an MPA can be slow, complex and species-specific 

(Barrett et al. 2007). Large, long-lived species that require many years to reach maturity 

are likely to respond much less quickly than small, fast-growing species (Russ and Alcala 

2004). The intensity of exploitation of the species before protection, as well as trophic 

level and species interactions, will also play a role in determining response (Polacheck 

1990, Baskett et al. 2007). Additionally, while responses in terms of increased size and 

abundance may be rapid for some species (especially those heavily targeted by fishing 

prior to MPA creation) it will be difficult to know when unfished conditions (in terms of 

abundance or population age structure) have been sufficiently met, especially in the face 
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on temporal environmental fluctuations. Research is needed to determine the time frame 

over which MPAs become useful references areas for different species, as well as to 

evaluate how using data from within MPAs prior to achievement of full carrying capacity 

impacts assessments and harvest recommendations. 

 

6.3.4 Costs of data collection inside MPAs 

The consideration of reserves as a reference area for the assessment of nearby fished 

stocks requires an understanding of the costs incurred in conducting fishery-independent 

sampling within MPAs, which is more costly than fishery-dependent sampling. These 

data streams will need to be paired with data collected using a similar protocol outside 

the reserves for comparison. The value of reserve-based reference points in stocks 

assessments needs to be evaluated, especially in comparison with iterative, data-driven 

fishery-dependent indicators, which have also been proposed for use in data-poor 

fisheries that lack reference points (Hilborn 2002).  

 

7. Conclusion 

Studies have shown that MPAs on their own are unlikely to result in productive, well-

managed fisheries, and must be integrated into comprehensive marine management 

systems. New research suggests that MPAs may provide an informational opportunity for 

the improved management of stocks because they can be used as reference areas to 

measure the impacts of fishing when historical data are lacking. While the ability of 

MPAs to enhance fisheries relies on maximizing connectivity between the open and 

closed areas through many porous borders (Hastings and Botsford 2003), early research 
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suggests that MPAs provide the most reliable reference areas when MPAs are large, old, 

and isolated from nearby fished areas. Interestingly, this echoes the characteristics 

necessary for MPAs to maximize conservation benefits. More research is needed to 

further understanding along this exciting frontier, but this suggests that MPAs sited with 

conservation goals in mind can still be very valuable to fisheries management, especially 

to data poor fisheries that lack historical data streams. 
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Tables 

Table 1. Attributes of the area in question, and the decision to protect it within a 
reserve, given the objective of conservation, fishery enhancement, of use as a stock 
assessment reference area. “Y” means yes, “N” means no, and “U” means unknown. 

Area 
Attribute 

  Include Area In MPA? 

  Conservation Fishery 
Enhancement 

Fishery 
Reference Area 

Persistent 
 

Y Y Y 
High population growth rate Y Y Y 
High carrying capacity Y Y U 
Larval source 

 
Y Y U 

 
Heavily exploited prior to 
implementation Y Y U 
Costly to Harvest Y Depends U 
Has distinct habitat edge N Y N 
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III. Evaluating the contribution of biological information from marine 

protected areas to data-limited stock assessments 

Abstract 

Data-limited assessment methods have been proposed for the management of 

fisheries that lack the historical catch and survey information needed for conventional 

stock-assessment-based management. Many data-limited assessment methods rely 

heavily on biological parameter estimates, which may be biased by heavy fishing and 

constrained by the lack of historical data. No-take Marine Protected Areas (MPAs), 

which are closed to all types of fishing, can restore fished populations to their unfished 

size and age structures. It has been suggested that MPAs can improve stock assessment 

methods by providing low-cost estimates of necessary biological parameters in fisheries 

that lack these data, but methods incorporating MPA-based estimates into assessments 

and management have not been implemented. I simulated fisheries for three model 

nearshore finfish species: gopher rockfish, blue rockfish, and lingcod, to evaluate the 

effect of incorporating information obtained from a no-take MPA on biological processes 

into a data-limited stock assessment. The MPA-based estimation procedure returned 

robust results even when key biological parameter values were incorrectly assumed. In a 

simulated case study, in which all of the necessary parameters were unknown, the MPA-

based assessment method provided robust estimates of fishing mortality and spawning 

potential ratio, and outperformed the status-quo data-limited assessment method for 

species with low to moderate variability in length-at-age. Results of this study have 

important implications for the use of MPAs as reference areas for fisheries management. 
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1. Introduction 

Successful fisheries management requires an understanding of how much 

reproductive capacity must be protected to sustain long-term catches. Stock assessment 

models often require a substantial amount of biological and fisheries data that can only be 

acquired with adequate financial investment, stable monitoring programs, and scientific 

expertise. As such, data-rich stock assessments are out of reach for most of the world’s 

fisheries, which in fact are cash strapped and data-limited, making it difficult to 

implement management strategies (Berkes 2003). 

 

Data-limited fisheries present a significant challenge to achieving goals of sustainable 

management. The FAO Code of Conduct for Responsible Fisheries emphasizes that a 

lack of data should not prevent the immediate adoption of management measures (FAO 

2012). The need to calculate sustainable yields for data-limited fisheries has been 

heightened in first world countries as well: recent legislation in the U.S.A. requires the 

determination of annual catch limits, whether adequate supporting data exists or not 

(MacCall 2009). Therefore, efforts have increased to develop assessment methods that 

require less data, rely on data-based indicators rather than model-derived reference 

points, and that link the intensity of exploitation to the level of uncertainty (Essington 

2001, Hilborn 2002). 

 

Assessment strategies have been developed in recent years to utilize what little 

information is available in data-limited fisheries including historical time series of 

catches (MacCall 2009, Dick and MacCall 2011, Martell and Froese 2012, Costello et al. 
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2012, Kleisner et al. 2013), information borrowed from data-rich stocks (Jensen 1996, 

Punt et al. 2011, Jiao et al. 2011), or catch-composition data (Froese 2004, Cope and Punt 

2009, Wilson et al. 2010). Size-based methods may be the most promising for fisheries 

that have no historical data available. The size composition of a catch is relatively 

inexpensive to collect and can be obtained from sampling during a single fishing season. 

Size-based assessment methods for fisheries are not new (Beverton and Holt 1956, Pauly 

and Morgan 1987, Ehrhardt and Ault 1992), but recent emphasis on the role of 

unassessed or unmanaged stocks in global overfishing (Patrick et al. 2010, Le Quesne 

and Jennings 2011, Worm and Branch 2012, Hilborn and Ovando 2014) has spurred 

development of data-limited stock assessment methods that utilize size-related data 

(Froese 2004, Klaer et al. 2012, Babcock et al. 2013, Wilson et al. 2013, Hordyk et al. 

2015).  

 

Size-based methods have relatively few data requirements, but rely heavily on 

underlying assumptions about the biology of the species. For example, size-based 

methods often use information about basic biological processes to convert observed 

length compositions to theoretical age compositions. Thus, they are sensitive to assumed 

values of growth rates, maximum sizes, and natural mortality (Cope and Punt 2009, 

Babcock et al. 2013, Hordyk et al. 2015). Tag-and-recapture methods can be used to 

estimate both growth and natural mortality, but such studies require lightly fished stocks, 

large sample sizes, and multiple years of data collection (Hoenig et al. 1998, Pine et al. 

2003). Otoliths can be collected for length-at-age information, but the truncation of age-

structures by heavy fishing can bias both growth and natural mortality estimates 
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(Mulligan and Leaman 1992). More frequently, assessment scientists rely on analytically 

or empirically derived relationships to estimate unknown parameters from known ones 

(Jensen 1996). Sometimes biological parameters are borrowed from a well-studied stock, 

either of the same species or a closely related congener. The uncertainty associated with 

these parameter estimates is rarely accounted for in data-limited assessments.  

 

Assumptions about biological processes are also used to set the target and limit 

reference points necessary to implement stock assessment outcomes (Brooks et al. 2010, 

Edwards et al. 2012, Moore et al. 2013). Status evaluations can range from susceptibility 

analyses based on life history traits (Patrick et al. 2010, Le Quesne and Jennings 2011) to 

more formal biological representations of a population. One of the most commonly used 

reference points is the Spawning Potential Ratio (SPR) of a stock. SPR describes the 

proportion of unfished egg production retained at a given fishing level, providing a 

prediction of how the reproductive capacity of a stock might respond to harvest 

(Sissenwine and Shepherd 1987, Goodyear 1993). SPR models require estimates of 

natural mortality, fishing mortality, maturity, and fecundity (Goodyear 1990). Fecundity 

and maturity ogives are relatively simple to obtain via biological studies, but natural 

mortality is notoriously difficult to estimate, even in data-rich stocks, because it is often 

confounded with fishing mortality (Vetter 1988, Pascual and Iribarne 1993). Weight is 

often used as a proxy for fecundity (Myers et al. 1999), and so a growth function is also 

required. Biased biological parameters may compromise the ability to calculate 

meaningful reference points and to accurately measure the performance of stocks against 

these reference points. 
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No-take marine protected areas (MPAs) provide an opportunity to improve the 

assessment of stocks that lack accurate estimates of these important biological parameters 

(Wilson et al. 2013). MPAs have been implemented around the world to conserve 

biodiversity and provide a buffer against management failures for marine resources 

(Gaines et al. 2010). Some have suggested that MPAs provide unfished reference areas 

that increase our understanding of fishing impacts via contrast (Edwards et al. 2012), and 

a few assessment methods have been based on this principle (Wilson et al. 2010, Babcock 

and MacCall 2011, McGilliard et al. 2011). Additionally, MPAs provide an opportunity 

to better estimate life-history parameters (Field et al. 2006). Well-enforced MPAs can 

help return protected portions of populations to unfished size and age structures, which 

can improve precision in estimates of maximum or asymptotic size. Additionally, MPAs 

show promise for improving empirical estimates of natural mortality (Garrison et al. 

2011, Kay and Wilson 2012, Wilson et al. 2013).  

 

Here I test whether MPA-derived estimates of biological parameters, specifically 

growth and natural mortality, improve the accuracy of a size-based assessment method 

for three model fisheries that lack historical data. I show that incorporation of MPA data 

increases the precision and accuracy of stock status estimates  relative to traditional data 

poor approaches for sedentary target species with low to moderate variation in growth, 

and provides equivalent performance in species with high variation in growth. This work 

illustrates the potential for MPAs to improve the management of fisheries that lack 

historical data, and lends support for the experimental use of MPAs in fisheries 

assessment. 
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2. Methods 

I assessed the performance of a recently developed length-based, data-limited 

assessment method known as the Length-based Spawning Potential Ratio, or LBSPR 

(Hordyk et al. 2015), both with and without biological estimates from MPA data. In 

common with many size-based methods, the LBSPR requires information about growth 

and natural mortality, and thus provides a vehicle for exploring the contributions of 

information from a single year of data from MPAs to the assessment of data-limited 

fisheries. To assess performance of the LBSPR both with and without MPA-derived 

estimates of biological parameters under a wide spectrum of realistic conditions and 

constraints, I simulated fisheries of three model species that represented a broad range of 

life history types found in nearshore temperate environments. I assessed the status of each 

fishery across seven uncertainty scenarios. In each scenario, I used two procedures to 

estimate biological parameters (Table 1), and compared the accuracy and precision of the 

estimates of fishing mortality (F) and Spawning Potential Ratio (SPR) between the two. 

The specific details of LBSPR, fish species, two procedures for estimating biological 

parameters, and seven uncertainty scenarios are provided in the following sections. 

 

2.1 LBSPR estimator 

The LBSPR estimation procedure centers on the fact that, when scaled to the average 

maximum size, the theoretical unfished size distribution is determined by the ratio of the 

natural mortality (M) to the von Bertalanffy growth rate (k). The LBSPR model requires 

assumptions about the M/k ratio, the average maximum size (L∞), and the variability in 
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the maximum size (CVL∞), as well as length-composition data from a fishery. The third 

parameter in the von Bertalanffy growth function, t0, was assumed to equal zero, 

following (Hordyk et al. 2015). The estimation procedure converts the observed and 

predicted length compositions to age compositions, and uses the maximum likelihood to 

estimate the fishing mortality (F) and Spawning Potential Ratio (SPR) of the stock, as 

well as the two parameters of a logistic function that describes the selectivity (Hordyk et 

al. 2015).  

 

2.2 Model fish species 

I used an operating model to simulate the population dynamics of three fish 

populations resembling species commonly found in California’s nearshore groundfish 

fishery, specifically gopher rockfish (Sebastes carnatus), blue rockfish (Sebastes 

mystinus) and lingcod (Ophiodon elongatus). The equations used in the operating and 

sampling models can be found in the Appendix. Parameters used to describe the biology 

of each species are found in Table 1. Because of their differences in productivity, M/k 

ratios, and variation in both length-at-age and recruitment, the three species represent 

distinct life history strategies. Blue rockfish is a low productivity species with a relatively 

large size at first maturity (72% of L∞), and so is vulnerable to overfishing (Key et al. 

2008). Lingcod is a highly productive species that achieves a relatively large maximum 

size (126.7 cm) and exhibits high variation in length-at-age. The home ranges of adult 

blue rockfish, gopher rockfish, and lingcod differ in scale, but all are non-migratory 

species that inhabit nearshore rocky reefs (Key et al. 2005, 2008, Jagielo and Wallace 

2005). I assumed no movement relative to the size of the MPA for the analyses. The 
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model did not specifically capture ontogenetic movement patterns, such as the offshore 

movement exhibited by lingcod (Martell et al. 2000), but does account for the relative 

differences in emigration probability between species (Walters et al. 2007). Recruitment 

followed a Beverton-Holt stock recruitment function. I assumed larval movement follows 

a common pool dispersal model for all three species. The effects of these assumptions are 

discussed later. 

 

2.3 Simulation Procedures 

A semi-realistic nearshore groundfish fishery with 25 consecutive habitat patches was 

simulated for each species to examine the contributions of MPA information to the 

performance of data-limited assessment techniques. The entire population began at an 

unfished equilibrium, and fishing was simulated for 30 years at a low (F = M) fishing 

pressure. A second high fishing pressure situation (F=3M) was also modeled to explore 

how performance depends on  historical fishing pressure. In year 31, a MPA was created 

in 20% of the habitat (i.e., five consecutive habitat patches). I assumed the MPA to be no-

take and well enforced, with no illegal fishing. The total fishing effort remained 

unchanged, and was concentrated within all non-MPA patches.  

 

Simulated data collection was initiated 20 years after the MPA was created, in which 

1,000 lengths were sampled from the catch (see Appendix). Mortality estimates from 

MPAs have been shown to be biased in the years immediately following the creation of 

the an MPA (Wilson et al. 2013), because mortality estimators assume constant mortality 

rates over a cohort’s lifetime and the sudden cessation of fishing mortality violates that 
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assumption. In theory, it is necessary to allow the fish inside the MPA to achieve an 

unfished age structure before sampling to ensure accurate mortality estimates (but see 

Wilson et al. 2013). The time required to achieve unfished conditions will vary 

depending on the life history of the species. To avoid this potential bias the simulated 

populations were sampled and assessed 20 years after the MPA was established.  

 

The biological parameters necessary to fit the LBSPR model (L∞, k, M, and CVL∞) 

must be estimated externally and provided to the model. I compared how different 

procedures for obtaining these parameters affected the performance of the LBSPR 

assessment across seven different uncertainty scenarios (Table 2; described below). In 

situations where no biological studies exist for a particular stock, parameters values are 

frequently borrowed from well-studied stocks of the same species or genus. To recreate 

this method, the LBSPR model was fit to the fishery-dependent length composition data 

using assumed values of L∞, k, and M, and estimates of F and SPR were produced. I refer 

to this assessment procedure as the Data Limited-LBSPR (DL-LBSPR). 

 

In the second assessment procedure, an additional fishery-independent data collection 

protocol was simulated, in which the 1,000 lengths were sampled from inside the MPA. 

400 of these lengths were aged in the simulated sampling protocol to provide length-at-

age data (see Appendix). A von Bertalanffy growth function was fit to the length-at-age 

data, and L∞, k,and t0 were estimated. An age-length key was also created from these 

data, and was used to convert the remaining length composition data from inside the 

MPA to age composition data. A catch curve was fit to the logged age frequency data to 
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estimate the total mortality inside the MPA, which I assumed equaled M (sensu Kay et al. 

2012). Only those cohorts that had been protected from fishing throughout their entire 

lives were included, thus eliminating older age classes that experienced fishing mortality 

prior to MPA protection. The LBSPR model was then fit to the fishery-dependent length 

composition using the estimated values of M and the von Bertalanffy growth parameters 

to produce estimates of F and SPR. I refer to this MPA-based assessment procedure as 

the MPA-LBSPR.  

 

I assumed the CVL∞ was known without error for all the assessment procedures. An 

exploration of sensitivities of the LB-SPR showed that while the estimate of F is 

somewhat sensitive to this CVL∞  for low M/k species, the estimate of SPR is insensitive 

to this parameter. Accuracy of the LBSPR can be improved by knowledge of the size at 

first maturity (Hordyk et al. 2015). While biological parameters are never known exactly, 

maturity-at-length studies are one of the easiest and least expensive studies to conduct, 

and so I assumed that the lengths at 50% and 95% maturity were available for all three 

model species.  

 

2.4 Seven Uncertainty Scenarios 

The accuracy and precision of F and SPR estimates from both assessment procedures 

were examined across six uncertainty scenarios (Table 2). Each scenario consisted of 100 

trials; in each simulated trial the population was fished for 30 years before an MPA was 

established, data were collected 20 years after MPA implementation, and both assessment 
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procedures were applied for each species. Each species was subjected to the same 

randomly generated sampling error across scenarios.  

 

In scenario 1, all of the parameters were assumed correctly and recruitment was 

deterministic to explore the performance of each assessment procedure under ideal 

(although non-realistic) conditions. The assumed parameters were passed to the DL-

LBSPR, and the MPA-LBSPR used the length and age data from the MPA to estimate 

these parameters. As a result, I expected the DL-LBSPR to outperform the MPA-LBSPR 

under ideal conditions. In scenarios 2-4, the values of L∞, k, and M were misspecified. 

For each trial the assumed value of the parameter of interest was randomly drawn from a 

uniform distribution centered around the true parameter value used in the operating 

model (Table 2). The assumed values of M and k were distributed within ±30% of the 

true value. This range of uncertainty was somewhat arbitrary, but illustrated a situation 

where biological information was borrowed from a related species, and so was similar to 

the true value. A smaller uncertainty range of  ±20% was used for the assumed values of 

L∞ because extremely low assumed values of L∞ may be smaller than the estimated length 

of selectivity, resulting in high rates of non-convergence of the LBSPR fitting routine. 

Recruitment was deterministic for scenarios 2, 3, and 4.  

 

Scenarios 5 and 6 provided an opportunity to quantify how non-equilibrium 

conditions affected the performance of both procedures. The LBSPR estimation model 

fits a logistic selectivity curve to a length composition, and recruitment pulses might 

interfere with the assessment model’s ability to fit accurate selectivity curves (Hordyk et 
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al 2014). All parameters in scenario 5 were known correctly (however, these parameters 

were still estimated in the MPA-LBSPR procedure), but recruitment was stochastic with 

log-normally distributed recruitment deviations. Scenario 6 was similar except that 

recruitment deviations were autocorrelated.  

 

2.5 Simulated case study: assessing the contribution of MPA data 

Scenario 7 was intended to mimic a real world situation for a data-limited fishery in 

which multiple kinds of uncertainty operate in concert (stochastic recruitment and 

unknown biological parameters). No borrowed parameter values were available for the 

DL-LBSPR, and so it was necessary modify the DL-LBSPR by creating a simulated 

parameter estimation procedure that mimics the approach commonly taken when life 

history parameters must be estimated but no MPA data is available. In scenario 7, I 

modeled identical fishery-independent sampling protocols to collect 1,000 length and 400 

age samples from both inside and outside the MPA. The MPA-LBSPR method was 

applied as previously described, with growth parameters and natural mortality estimated 

from length-at-age data from inside the MPA. The parameters used in the DL-LBSPR 

method were estimated from the data collected outside the MPA as follows: a von 

Bertalanffy growth function was fit to the age-at-length data, and M was estimated by 

assuming the Beverton-Holt Life History Invariant M/k to be equal to 1.5 (Jensen 1996), 

a commonly used relationship for estimating natural mortality (Kenchington 2014). Note 

that, of the three species tested here, this assumption is closest to the true value for 

lingcod, which has a M/k ratio of 1.63 (Table 1). F and SPR were then estimated 

following the usual LBSPR fitting procedure. 
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2.6 Performance metrics 

For each trial in each scenario, I computed the relative error in the parameters of 

management interest, namely, F and expected equilibrium SPR at that F. Relative error 

(RE) is defined as the standardized difference between the estimated (𝜃) and the true (𝜃) 

values of a given parameter:  

𝑅𝐸 =
𝜃 − 𝜃
𝜃  

I examined the distribution of RE for both F and SPR for each species in each 

scenario, with positive mean relative error (MRE) values indicating an overestimation of 

the quantity of interest, and negative values indicating an underestimation. The RE was 

also used to calculate the mean absolute relative error (MARE) by averaging the absolute 

value of the RE from each trial for a given scenario. The MARE described the total 

deviation of the estimated parameter from the true value in terms of both bias and 

variance, regardless of direction, providing an overall measure of estimation 

performance. An increase in MARE indicated decreasing estimation ability for given 

procedure and scenario combination.  

3. Results 

3.1 Scenario 1: Perfect information 

Scenario 1 tested the performance of the MPA-LBSPR and DL-LBSPR procedures 

under ideal conditions (correctly assumed biological parameters and deterministic 

recruitment). Both procedures estimated F with similar levels of bias for gopher and blue 

rockfish when perfect biological information was used. The MRE in F for both 
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procedures was <3% for both species (Table 3). For lingcod the MRE in F was 3.1% 

when the DL-LBSPR was used, and 12.9% when the MPA-LBSPR was used. This 

consistent overestimation of F in lingcod, the species with the highest variation in length 

at age (Table 1), led to an underestimation of SPR. The MARE in F was higher for the 

MPA-LBSPR than for the DL-LBSPR for all three species when the biological 

parameters were provided to the DL-LBSPR without error. 

Conditions modeled in scenario 1 (perfect information, no recruitment variability) are 

unlikely to be encountered in the real world, yet this scenario provided a useful standard 

against which to compare the performance of each procedure when additional types of 

error were added. In the following sections, scenario 1 is included as benchmark to 

illustrate the change in performance when misspecification of error (scenarios 2-4) or 

recruitment variability (scenarios 5 and 6) is added.    

 

3.2 Scenarios 2-4: Misspecification of Biological Parameters 

Figure 1 shows the RE in F resulting from misspecification of the parameters M, 𝐿! 

and k for both the DL-LBSPR procedure and the MPA-LBSPR procedure. The RE was 

smoothed using non-parametric local regression (LOESS). Misspecification in M 

(scenario 2) was negatively related to the RE in the DL-LBSPR estimates of F (Figure 

2a), while misspecification in 𝐿! and k were both positively related to the DL-LBSPR 

procedure’s estimates of F (Figure 2b and 2c). Thus, assuming that M is lower than the 

true value results in an underestimation of F, but assuming that 𝐿! or k is lower than the 

true value results in an overestimation of F. This trend was reversed in gopher rockfish 

when 𝐿! was severely underestimated because gopher rockfish has a low true 𝐿! relative 
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to its size at selectivity (Table 1). When 𝐿! was assumed to be very low, the LBSPR 

model interpreted the large number of fish near the assumed maximum size as the 

product of an F near or equal to zero, as seen in the bend of the solid trend line in Figure 

2b. As expected, the MPA-LBSPR was insensitive to the assumed error in all three 

parameters (Figure 1d-f). The MARE associated with the MPA-LBSPR estimates 

remained constant across Scenarios 1-4, while it increased substantially for the DL-

LBSPR. 

 

The assumed parameters were used in both the assessment model to estimate F and 

the spawning biomass per recruit model used to calculate the SPR retained at that F. 

Figure 2 shows the distribution of SPR estimates from both assessment procedures for all 

three species when the biological parameters were known perfectly (scenario 1) and when 

M, 𝐿! or k were assumed with error (scenarios 2-4). When the biological parameters 

were assumed correctly, unbiased and extremely precise estimates of SPR were generated 

by the DL-LBSPR procedure for all three species (Figure 2a-c, scenario 1). However, 

misspecification in the biological parameters increased the variance in SPR estimates 

substantially (Figure 2a-c, scenarios 2-4). Error in the assumed value of 𝐿! had a larger 

effect on the estimated SPR for blue and gopher rockfish than for lingcod at both low and 

high fishing pressures. Error in the assumed value of M had the smallest effect on error in 

the estimated SPR.  

 

The error in the empirically obtained estimates of M, L_∞ and k contributed to the 

higher variance observed in the MPA-LBSPR than the DL-LBSPR in scenario 1 (Figure 



 

 67 

2a and 2d). Because the same data was generated for each trial across scenarios the 

variance in estimated SPR remained constant regardless of the error in assumed 

parameters. The MPA-LBSPR yielded more precise estimates of SPR across scenarios 2-

4 than the DL-LBSPR. 

 

3.3 Scenarios 5 and 6: Non-equilibrium conditions 

Figure 3 shows how the addition of stochastic (scenario 5) and autocorrelated 

(scenario 6) recruitment variability affected the performance of both the DL-LBSPR and 

MPA-LBSPR. In the deterministic model (scenario 1; Figure 3a-c) the estimated size at 

full selectivity (sel95) is underestimated for all three species using the MPA-LBSPR 

method. However, there was little bias in the estimation of F and SPR using both 

procedures for gopher and blue rockfish, though the variance in both parameters was 

lower when the DL-LBSPR had perfect biological information available (Table 3). The 

MPA-LBSPR method overestimated F and underestimated SPR for lingcod when the 

fishing pressure was low. 

 

When stochastic recruitment was introduced (scenario 5; Figure 3d-f), both 

assessment procedures showed the same patterns in their estimates of selectivity 

parameters as in the deterministic scenario. The MARE in F increased for both 

procedures, achieving similar values for all three species scenario 5 (Table 3). The 

estimates of both F and SPR were unbiased for gopher and blue rockfish, but the MPA-

LBSPR overestimated F and underestimated SPR for lingcod under low  F conditions. 

The MARE in F increased when autocorrelation was present (Table 3), however, SPR 
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estimates remained unbiased with low variance for gopher and blue rockfish. The MARE 

for lingcod more than doubled when autocorrelation was present, suggesting that 

autocorrelation severely impacts the precision of the estimator. 

 

3.4 Scenario 7: Simulated case study  

When all of the parameters were unknown, the modified DL-LBSPR estimates of 

growth parameters were relatively accurate for gopher and blue rockfish, despite being fit 

to data from a moderately fished site (Figure 4a-b). However, estimates varied more for 

lingcod (Figure 4c). The DL-LBSPR consistently overestimated M for both gopher and 

blue rockfish, though estimates for lingcod were more accurate (Figure 4a-c). This was 

due to the fact that the true M/k ratio used in the underlying operating model for lingcod 

was 1.63, compared to 0.8 for gopher rockfish and 1.07 for blue rockfish. Thus the DL-

LBSPR approach of estimating M by assuming M/k to equal 1.5 resulted in a 

(coincidentally) more accurate estimate of M for lingcod than for the other two species. 

For both gopher and blue rockfish, the modified DL-LBSPR procedure resulted in an 

extreme underestimation of F and an overestimation of SPR (Figure 4). Despite relatively 

accurate estimations of M, 𝐿! and k for lingcod, F was overestimated and SPR was 

underestimated due to the high variation in length-at-age in larger individuals. By 

contrast, the MPA-LBSPR method returned unbiased estimates of F and SPR for gopher 

and blue rockfish, with equal or lower error than the modified DL-LBSPR (Figure 4). 

Both the DL-LBSPR and the MPA-LBSPR procedures displayed similar levels of 

accuracy for lingcod in the low fishing pressure scenarios. 
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3.5 High Fishing Mortality 

The performance of the DL-LBSPR and MPA-LBSPR procedures across all seven 

scenarios followed the same general patterns described in the preceding sections when 

gopher and blue rockfish were fished at high fishing mortalities (Table 4; Figures 5-8). In 

general, both assessment procedures underestimate F for gopher rockfish and 

overestimate F for blue rockfish and lingcod (Figures 1 and 5). However, the bias seen in 

estimated F and SPR when lingcod was fished at F=M disappeared at high fishing 

mortalities. This is due to the fact that the largest fish in the population, which exhibit the 

highest variation in length-at-age, have been effectively eliminated from the size structure 

when F=3M. As a result, the MPA-LBSPR was much more accurate for lingcod under 

high F conditions. While the error in estimated F is distributed around zero for all of the 

misspecification scenarios, the MARE is large for all three species in scenario 3 (Table 4). 

 

Figure 6 shows the RE in SPR for scenarios 1-4 when F is high. As in the low F set, 

the DL-LBSPR performs better when provided perfect information (scenario 1), but the 

MPA-LBSPR consistently performs better when biological parameters are misspecified 

(scenarios 2-4). While in the low F scenarios lingcod’s estimates of SPR were equally 

affected by error in 𝐿! and k, k has a larger effect in the high F scenarios (Figure 6). 

Under deterministic conditions (scenarios 1-4) the MPA-LBSPR estimates F with a MRE 

of ≤5% of the true F for all three species, indicating that at higher fishing mortalities the 

variability in length at age, which increases with size, may be less problematic for the 

LBSPR fitting routine (Table 4). 
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Model performance under variable recruitment was similar for gopher and blue 

rockfish in the high F set (Figure 7) as it was in the low F set (Figure3). Stochastic 

recruitment results in very little bias in estimates of F by the MPA-LBSPR, with MRE 

<5% for all three species in scenario 5 (Table 4). Estimates of SPR produced by the 

MPA-LBSPR procedure are substantially less variable than those produced by the DL-

LBSPR in scenario 5 (Figure 7). However, autocorrelated recruitment has a larger effect 

on the performance of the MPA-LBSPR than on the DL-LBSPR, especially for lingcod. 

 

The performance of both procedures in the simulated case study at high F is shown in 

Figure 4. The performance of the modified DL-LBSPR in the simulated case study 

(scenario 7) was similar at both low and high F for gopher and blue rockfish, but the 

biological parameter estimates were substantially more variable for lingcod under the 

high F conditions. There was an increased tendency for the modified DL-LBSPR 

procedure to over estimate L∞ and under estimate k across all three species. The MPA-

LBSPR was able to estimate L∞ and k accurately and consistently at high F for all 

species. The MPA-LBSPR had lower bias than in the low F scenarios while maintaining 

similar levels of variance for gopher and blue rockfish. The MPA-LBSPR was both more 

accurate and more precise for lingcod at high F.  

 

4. Discussion 

MPA-derived estimates of biological parameters improved the accuracy of SPR 

estimates when these parameters were unknown or misspecified. The MPA-LBSPR 

produced more accurate estimates for gopher and blue rockfish than for lingcod when 
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fished at a low F because the higher 𝐶𝑉!! value in lingcod introduced greater error when 

lengths were converted to ages. There was a tendency for both the DL-LBSPR and the 

MPA-LBSPR methods to overestimate fishing mortality and underestimate the SPR for 

lingcod at low fishing pressures indicating that this method, regardless of how the 

biological parameters were estimated, may be less appropriate for species with highly 

variable growth. However, the bias present for this species was both moderately low 

(SPR is underestimated by an average of 12% in scenarios 1-4, and 26% in scenario 7) 

and precautionary, and would therefore generate more conservative management 

decisions. The bias was reduced when fishing mortality was high due to the elimination 

of the largest (and most variable in terms of length at age) from the population.  

 

The analysis conducted in scenario 7 tested the MPA-LBSPR under realistic 

conditions for data-limited fisheries. The method performed as well as the DL-LBSPR 

procedure for lingcod at low fishing levels, and outperformed the DL-LBSPR procedure 

for all other combinations of species and fishing pressures. The DL-LBSPR procedure 

likely performed well for lingcod because the assumption that M=1.5k is close to the true 

underlying M/k ratio of 1.63 for this species. In a review of 29 natural mortality 

estimators that have been proposed for data limited fisheries, Kenchington (2014) found 

that Jensen’s relationship yielded inaccurate mortality estimates both for species that 

exhibit deterministic growth (low M relative to k) and for those that never reach their 

asymptotic lengths (high M relative to k). Prince et al. (2014) came to a similar 

conclusion based on a meta-analysis of empirically-estimated M/k ratios across 123 

marine species. The use of relationships to derive natural mortality estimates for fish 
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species has probably led to undetected biases in a wide range of assessment models, both 

data-rich and data-limited. Had another mortality estimator been chosen the modified 

DL-LBSPR method might have performed poorly for lingcod.   

 

MPAs appear useful for improving natural mortality estimates for both data-limited 

and data-rich stocks of nearshore, sedentary species, but that value may depend on the 

amount of movement a target species exhibits. This study assumed negligible movement 

between closed and open patches for illustrative purposes. However, increased movement 

rates between fished and protected areas compromises the ability of populations inside 

MPAs to reach unfished size structures. As a result, low movement between patches, 

especially in the face of high fishing pressure, may cause assessors to overestimate stock 

status. This would impact an MPA-based assessment for lingcod which, despite having 

relatively small mean home ranges, occasionally move >20km, compared with observed 

movements of <0.2km for blue rockfish and <2km for gopher rockfish (Lea et al. 1999, 

Jorgensen et al. 2006). The size of the MPA relative the scale of movement will 

determine the effectiveness of MPAs as reference areas. While few fish species are 

completely sedentary, Kay and Wilson (2012) showed that it was possible to limit the 

biasing effects of movement on mortality estimates for lobster by sampling as far from 

the edges of the MPA as possible. Further research is needed to understand how 

movement between closed and open areas affects both the utility of information from 

inside MPAs to accurately estimate biological parameters and the LBSPR method’s 

ability to estimate F. 
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I assumed that MPAs were a) completely no-take and well enforced, b) large relative 

to the adult home range of the species in question, and c) established long enough to 

allow the population inside the MPA to approach its unfished size and age structure. Real 

world MPAs are most likely to meet this criteria in developed countries (Edgar et al. 

2014). However, the potential for MPAs to improve fisheries management via the 

estimation of biological parameters may provide an incentive for the creation of new 

MPAs and the maintenance of existing ones. Incorporation of MPAs into data-limited 

assessments may be particularly applicable in settings such as California, where a number 

of nearshore species remain unassessed. The presence of a network of no-take MPAs 

there may allow for the rapid assessment of these species that lack historical data . 

However, this analysis assumed that data collection began 20 years after the MPA was 

established in order to allow the age and size structure to approach unfished conditions. 

Many MPAs worldwide have only been established in the last few years, which suggests 

that methods that rely on MPAs as reference areas, while promising, may not be 

applicable for some time.  

 

These results contribute to the nascent field of MPA-based fisheries management, 

specifically for small-scale, data-limited fisheries which, by some estimates, land up to 

50% of the worlds catch (FAO 2012). It is likely that the cost of data required to assess 

these fisheries using conventional methods exceeds the value of these fisheries (Orensanz 

et al. 2005). Unfortunately, fishery-independent sampling is generally costly, even for a 

study with limited sample sizes such as is described here, and aging data is even more 

difficult to obtain. It may not be cost-effective to integrate MPAs into the management of 
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species that are considered low value or at low risk of overfishing (Johannes 1998). For 

higher value fisheries, however, pairing life history parameters estimated from MPAs 

with data-limited assessment such as the LBSPR method has the potential to improve 

estimates of fishing mortality using data that can be collected in a single fishing year. Of 

course, using an SPR-based estimation model assumes that the stock meets equilibrium 

conditions. While stocks are never in equilibrium, this method is most applicable to 

stocks with relatively stable dynamics from year to year. Basing management on single 

year snap-shots of data is always risky, but if such a method is required, the MPA-

LBSPR provides a fairly robust option.   
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Tables 

Table 1.  Biological parameters used in operating model for each species. 
 

Category Symbol  Gopher 
rockfish 

Blue  
rockfish 

Lingcod 

Natural 

Mortality 

M 0.2 0.12 0.18 

Growth 𝐿! 31.2 cm 40.02 cm 126.6 cm 

 k 0.186 0.15 0.11 

 𝑡! 0 0 0 

 𝐶𝑉!! 0.05 0.1 0.15 

Weight 𝑤! 1.299e-5 0.0158 1.76e-3 

 𝑤! 3.077 2.988 3.3978 

Fecundity 𝑓! 1.559 1.559  3.026e-4 

 𝑓! 3.179 3.179 3 

Maturity 𝑚𝑎!" 17.7 cm 29 cm 55.7 cm 

 𝑚𝑎!" 21 cm 35 cm 75 cm 

Steepness h 0.65 0.58 0.8 

Recruitment 
variation 

𝜎! 0.5 0.7  0.8 

Autocorrelation 𝜌 0.5 0.5 0.7 

Selectivity 𝑣!" 20 cm 18 cm 40 cm 

 𝑣!" 24 cm 22 cm 50 cm 

M/k Ratio -- 1.07 0.8 1.63 
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Table 2. Uncertainty scenarios explored in simulation. 
 

Scenario  Parameter Assumptions Recruitment 
(1)  Perfect 
Information 

All parameters are assumed to be known 
correctly 
 

Deterministic 

(2)  Error in 
assumed M 

𝑀!""#$%& is uniformly distributed to be 
within ±30% 𝑀!"#$ 
 

Deterministic 

(3) Error in 
assumed 𝑳 ∞ 

𝐿∞ !""#$%& is uniformly distributed to be 
within ±20% 𝐿∞ !"#$ 
 

Deterministic 

(4) Error in 
assumed k 

𝑘!""#$%& is uniformly distributed to be 
within ±30% 𝑘!"#$ 
 

Deterministic 

(5) Stochastic 
recruitment 

All parameters are assumed to be known 
correctly 
 

Stochastic 

(6) Auto-
correlated 
recruitment 
 

All parameters are assumed to be known 
correctly 
 

Auto-correlated 

(7) Simulated 
Case Study 

𝑀, 𝐿∞, and 𝑘 are estimated according to 
procedure outlined in methods 
 

Stochastic 
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Table 3. Mean relative error (MRE) and mean absolute relative error (MARE) in 
estimated F/M when fishing pressure is low (F=M). 

 
Scenario Gopher rockfish Blue rockfish Lingcod 

 MRE MARE MRE MARE MRE MARE 
(1) Perfect Information 

DL-LBSPR -0.023 0.059 -0.002 0.040 0.031 0.041 
MPA-LBSPR -0.022 0.122 -0.027 0.100 0.129 0.164 

(2) Error in assumed M 
DL-LBSPR 0.005 0.302 0.013 0.246 0.073 0.243 

MPA-LBSPR -0.022 0.122 -0.027 0.100 0.129 0.164 

(3) Error in assumed 𝐿! 
DL-LBSPR -0.101 0.960 -0.054 0.743 0.012 0.327 

MPA-LBSPR -0.022 0.122 -0.027 0.100 0.129 0.164 

(4) Error in assumed k 
DL-LBSPR -0.025 0.263 -0.054 0.247 -0.023 0.250 

MPA-LBSPR -0.022 0.122 -0.027 0.100 0.129 0.164 

(5) Stochastic Recruitment 
DL-LBSPR -0.086 0.264 -0.042 0.150 0.111 0.295 

MPA-LBSPR 0.040 0.287 -0.075 0.182 0.378 0.530 

(6) Auto-correlated Recruitment 
DL-LBSPR 0.264 0.526 0.082 0.328 0.302 0.507 

MPA-LBSPR 0.098 0.573 -0.025 0.429 0.150 0.964 

(7) Case Study 
DL-LBSPR -0.636 0.663 -0.898 0.898 0.577 0.639 

MPA-LBSPR 0.040 0.287 -0.075 0.182 0.378 0.530 
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Table 4. Mean relative error (MRE) and mean absolute relative error (MARE) in 
estimated F/M when fishing pressure is high (F=3M). 

Scenario Gopher rockfish Blue rockfish Lingcod 
 MRE MARE MRE MARE MRE MARE 

(1) Perfect Information 

DL-LBSPR -0.023 0.058 0.053 
 

0.054 
 

0.106 
 

0.106 
 

MPA-LBSPR -0.039 
 

0.107 
 

0.025 
 

0.069 
 

0.046 
 

0.096 
 

(2) Error in assumed M 
DL-LBSPR 0.002 0.165 

 
0.065 

 
0.184 

 
0.142 

 
0.175 

 
MPA-LBSPR -0.039 

 
0.107 

 
0.025 

 
0.069 

 
0.046 

 
0.096 

 

(3) Error in assumed 𝐿! 
DL-LBSPR -0.075 

 
0.489 

 
-0.012 

 
0.409 

 
0.082 

 
0.197 

 
MPA-LBSPR -0.039 

 
0.107 

 
0.025 

 
0.069 

 
0.046 

 
0.096 

 

(4) Error in assumed k 
DL-LBSPR -0.060 

 
0.204 

 
0.017 

 
0.163 

 
0.073 

 
0.205 

 
MPA-LBSPR -0.039 

 
0.107 

 
0.025 

 
0.069 

 
0.046 

 
0.096 

 

(5) Stochastic Recruitment 
DL-LBSPR -0.020 

 
0.261 

 
0.025 

 
0.151 

 
0.252 

 
0.290 

 
MPA-LBSPR -0.002 

 
0.315 

 
-0.041 

 
0.193 

 
-0.025 

 
0.302 

 

(6) Auto-correlated Recruitment 
DL-LBSPR 0.075 

 
0.350 

 
0.107 

 
0.254 

 
0.212 

 
0.340 

 
MPA-LBSPR 0.108 

 
0.464 

 
0.084 

 
0.349 

 
-0.193 

 
0.636 

 

(7) Case Study 
DL-LBSPR -0.249 

 
0.380 

 
-0.394 

 
0.428 

 
0.670 

 
0.900 

 
MPA-LBSPR -0.002 

 
0.315 

 
-0.041 

 
0.193 

 
-0.025 

 
0.302 
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Figures 

 

Figure 1. Relative error in F/M estimate for each species in response to assumed 
parameter values at low fishing pressure (F=M) when assessed using the DL-LBSPR 
(top, panels a-c) and MPA-LBSPR (bottom; panels d-f) procedures. 
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Figure 2. Relative error in estimated SPR for scenarios 1-4 at low fishing pressure (F=M) 
when assessed using the DL-LBSPR (top; panels a-c) and MPA-LBSPR (bottom; panels 
d-f) procedures. 
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Figure 3. A comparison of accuracy and precision in the DL-LBSPR method (in white) 
and the MPA-LBSPR method (in grey) for each species under scenarios 1 (no 
stochasticity), 5 (stochastic recruitment) and 6 (auto-correlated recruitment) when fishing 
pressure is low (F=M). 
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Figure 4. The estimated parameters resulting from the simulated case study under low 
fishing pressure (F=M). In the top panel (a-c), growth parameters are estimated using 
length-at-age data sampled from a fished site, M is assumed to equal 1.5k, and F and SPR 
are estimated using the DL-LBSPR method. In the bottom panel (d-f), growth parameters 
are estimated using length-at-age data sampled from a no-take MPA, and M, F and SPR 
are estimated using the MPA-LBSPR procedure. 
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Figure 5. Relative error in F/M estimate for each species in response to assumed 
parameter values at high fishing pressure (F=3M) when assessed using the DL-LBSPR 
(top, panels a-c) and MPA-LBSPR (bottom; panels d-f) procedures. 
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Figure 6. Relative error in estimated SPR for scenarios 1-4 at high fishing pressure 
(F=3M) when assessed using the DL-LBSPR (top; panels a-c) and MPA-LBSPR 
(bottom; panels d-f) procedures. 
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Figure 7. A comparison of accuracy and precision in the DL-LBSPR method (in white) 
and the MPA-LBSPR method (in grey) for each species under scenarios 1 (no 
stochasticity), 5 (stochastic recruitment) and 6 (auto-correlated recruitment) when fishing 
pressure is high (F=3M). 
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Figure 8. The estimated parameters resulting from the simulated case study under high 
fishing pressure (F=3M). In the top panel (a-c), growth parameters are estimated using 
length-at-age data sampled from a fished site, M is assumed to equal 1.5k, and F and SPR 
are estimated using the DL-LBSPR method. In the bottom panel (d-f), growth parameters 
are estimated using length-at-age data sampled from a no-take MPA, and M, F and SPR 
are estimated using the MPA-LBSPR procedure. 
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IV. Integrating marine reserves into data-poor fisheries management: a 

comparison of reserve-based harvest strategies 

Abstract  

While MPAs can complicate conventional fisheries management by increasing the spatial 

heterogeneity in stock dynamics, recently developed harvest strategies take advantage of this 

heterogeneity by using MPAs as reference areas to better understand stock status. However, the 

accuracy of MPA-based harvest strategies, their capacity to safeguard against overfishing, and 

their general utility in fishery management has not been adequately tested. I examined the 

performance of four harvest strategies that require data from inside and outside MPAs for both 

short (<5 yrs) and long (20 yrs) temporal scales. For three model species, I ran six scenarios 

combining different levels of historical exploitation and movement behavior, with the objective 

of assessing the ability of MPA-based harvest strategies to prevent overfishing while maintaining 

high harvest levels under commonly occurring uncertainties in nearshore, spatially-explicit 

fisheries. All assessment methods were highly sensitive to time since MPA creation, historical 

fishing pressure, and movement. The size-based methods were generally more robust than the 

CPUE-based methods. When paired with a realistic control rule, all methods performed 

reasonably well for all three species. Results suggest that MPAs may improve the management 

of sedentary data-poor stocks, but that past fishing pressure and time since MPA implementation 

must be considered when using MPAs as reference areas.  
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1. Introduction 

Up to 50% of the worlds catch is landed by what Orensanz et al. (2005) labeled S-fisheries, 

those that target small-scale, spatially-structured, and sedentary stocks (FAO 2012). S-fisheries 

are usually data-poor and frequently the cost of data required to assess stock status using 

conventional data-rich methods exceeds their value. The majority of S-fisheries are artisanal and 

located in the southern hemisphere, where they play a major role in the economies and food 

security of developing countries (Berkes 2003). The set of factors described here present serious 

challenges for setting sustainable catch levels for half the world’s fisheries.  

 

No take marine protected areas (MPAs) have been proposed as a solution to manage or 

rebuild S-fisheries and buffer against perceived management failures. However, the creation of 

large MPAs introduce or increase spatial and temporal heterogeneity in stock size, abundance, 

and distribution, factors that create significant problems for traditional stock assessment-based 

management (Holland 2002), which aggregate data across space and assume homogeneity in fish 

distributions and population dynamics (Field et al. 2006). Additionally, traditional assessment 

approaches assume evenly distributed fishing mortality, an assumption that is hard to support in 

seascapes with MPAs, where empirical studies indicate that mortality is often clustered near 

reserve borders as fishermen “fish the line” (Murawski et al. 2005). The establishment of MPAs 

may also mean less abundant fishery-dependent data, upon which conventional stock 

assessments rely heavily (Bohnsack 1999). These factors interact to substantially complicate the 

integration of MPAs into existing stock assessment modeling and management (Punt and Methot 

2004, Field et al. 2006). 
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Recently developed harvest strategies take advantage of spatio-temporal heterogeneity by 

using MPAs as reference areas with which to compare the impacts of fishing. These include a 

reserve-based decision tree (Wilson et al. 2010), a density ratio control rule (Babcock and 

MacCall 2011, McGilliard et al. 2011), a length-based spawning potential ratio estimator that 

uses MPA data to estimate critical biological parameters (Chapter 3), and a bounded catch curve 

estimator that compares mortality inside and outside MPAs (Wilson et al. 2013). This body of 

research suggests that MPAs provide information that can improve the management of small-

scale or data-poor fisheries that lack the historical data required in stock assessments. 

Nevertheless, MPA-based approaches require different data inputs and estimate different 

reference points, so it is not yet clear which method may be most appropriate for a given fishery. 

To date, no formal evaluation of their performance under a standardized suite of commonly 

encountered uncertainties has been conducted.  

 

In the last 10 years a network of MPAs have been established in California’s waters, and the 

state is currently exploring the utility using of MPA-based harvest strategies to make 

management decisions for some of its near-shore data-poor fish stocks (e.g., Wilson et al. 2013). 

Here I use a bio-economic simulation model based on three species commonly landed in 

recreational and commercial fisheries in central California, to assess the ability of four MPA-

based assessment methods to meet common management goals for data-poor stocks. In 

California, the current method of managing data-poor fisheries is to set catches at 50% of 

historically stable catch levels (Restrepo et al. 1998). As such, I compare the performance of the 

MPA-based methods to the Restrepo method, which requires no other data besides recent 

historical catches but severely reduces catches. The objective of this research is to provide 
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quantitative advice to managers about the tradeoffs between alternative methods under various 

conditions, as well as to further our understanding of MPAs as tools in the management of S-

Fisheries. 

 

2. Methods  

A simulation model was used to evaluate how historical fishing pressure, stochastic 

recruitment, movement between fished and unfished areas, and time since reserve creation 

affected the performance of MPA-based stock harvest strategies. Harvest strategies include a 

data collection protocol, an assessment method to determine current stock status, and a control 

rule. A control rule is a function that describes the relationship between a stock status variable 

(usually abundance, depletion, or fishing mortality) and a management variable (usually fishing 

effort or catch) that will achieve predefined management objectives (Restrepo et al. 1998). 

Control rules represent agreed-upon actions in response to a given set of data, thus allowing 

managers to rapidly respond to changes as they arise. 

 

I evaluated two aspects of harvest strategy performance. First, I assessed their ability to 

accurately estimate either fishing mortality or depletion level, depending on the assessment 

tested (Table 1), all under a constant effort harvest policy. Sometimes well-designed harvest 

strategies can achieve management objectives when estimates of stock status variables are 

inaccurate or imprecise (Dowling et al. 2015). This occurs when the estimated value falls within 

a range that triggers the control rule to adjust fishing intensity in the necessary direction. 

Therefore, in a second approach, I assessed the capacity of each harvest strategy to maximize 

catches while preventing stock declines, regardless of their accuracy in estimating stock status. 
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2.1 Simulation framework 

Management Strategy Evaluation (MSE) is a commonly used and robust method for testing 

harvest strategies. Although there is no guarantee that a given strategy will perform in nature as 

it does virtually, simulation can identify strategies that do not perform well under probable 

uncertainties. MSE requires the specification of an operating model and a management model. 

The operating model used here consisted of a spatially-explicit population model that was used 

to represent the “true” underlying system. Data were generated using the operating model and 

provided to the management model, where the data were assessed and compared against targets, 

and a control rule was applied to determine harvest levels in the following time step (Figure 1). 

Each model run consisted of three phases. After a 100-year “burn in” period to allow the 

population to achieve unfished equilibrium, a 30-year historical fishing period was executed in 

which the stock was targeted at a constant fishing effort. After 30 years, a MPA was established 

in 20% of the available habitat. Twenty percent was used because it is often the lower bound of 

recommended target proportions of coastal area set aside in MPAs to prevent overfishing or 

preserve marine biodiversity (Gaines et al. 2010, Fox et al. 2011, Toonen et al. 2013). The 

fishery was then managed for 25 years under a data-poor scenario in which one of the candidate 

data-poor harvest strategies was applied every five years (Figure 2). Each run was repeated 100 

times to explore how recruitment variation and sampling error impacts harvest strategy 

performance.  

 

Two types of test procedures were run. The first was an analysis that gauged the accuracy of 

the stock status estimate returned by each assessment method and the second was a dynamic 



 

 97 

analysis that examined management performance (i.e., maximizing harvest while preventing 

stock decline; Table 2). In the accuracy analysis, data were collected and assessed every five 

years but fishing effort remained constant for the entire 25-year assessment period, and stock 

status estimates from each assessment model were compared with the true values generated in 

the underlying operating model. In the dynamic analysis, each of the candidate harvest strategies 

(defined as a data collection protocol, assessment method, and control rule to update fishing 

pressure) was applied every five years. The long-term performance of each harvest strategy was 

evaluated based on its ability achieve a target biomass, prevent declines below a critical 

threshold, maximize catches, and maintain stable catches. Each simulation was composed of a 

test procedure, species, assessment type, and simulation scenario (Table 2), each of which is 

described in further detail below. 

 

2.2 Operating model 

The operating model consisted of an age-structured population model occupying 25 

consecutive habitat patches. The equations governing the population dynamics are shown in the 

Appendix. I simulated the population dynamics of three demersal species commonly found in 

central California’s nearshore groundfish fishery, specifically blue rockfish (Sebastes mystinus), 

gopher rockfish (Sebastes carnatus), and lingcod (Ophiodon elogatus). These three species were 

chosen to represent a slow (blue rockfish), medium (gopher rockfish), and fast (lingcod) life 

history type. That is, blue rockfish demonstrate slow growth, late maturation, and low 

productivity relative to the other two species, while lingcod display rapid growth, early 

maturation, and relatively high productivity. Gopher rockfish display intermediate values for 

these three life history parameters. The parameter values used to represent the life histories were 
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obtained from the most recent stock assessments for each species (Key et al. 2005, 2008, Jagielo 

and Wallace 2005), and are shown in Table 3. 

 

The home ranges of adult blue rockfish, gopher rockfish, and lingcod differ in scale, but all 

are non-migratory species that inhabit nearshore rocky reefs (Key et al. 2005, 2008, Jagielo and 

Wallace 2005). The performance of reserves is highly sensitive to the movement of adult fish 

relative to the size of the reserve, because reserves provide less protection from fishing to species 

with higher movement rates (Grüss et al. 2011). Reserve-based assessment methods that rely on 

contrasts between fished and unfished areas to estimate stock status are also likely to be 

impacted by movement rates. I parameterized fish movement so that individuals had a 95% 

probability of staying within the specified number of consecutive patches during each time step 

(Table 2). In other words, a fish with a range of 3 patches had a 5% probability of moving 2 

patches or more in either direction in a single time step. In the assessment accuracy test 

procedure, I ran simulations with and without movement to understand how movement affected 

the ability of each method to estimate quantities of interest. For the management strategy test 

procedures, I simulated movement for each species to understand how these procedures were 

likely to perform under real world conditions. 

 

Recruitment followed a stochastic Beverton-Holt stock recruitment function, in which 

recruitment deviations were parameterized using a log-normally distributed error term (σr). 

Gopher rockfish was assumed to have the lowest variability in year-to-year recruitment, while 

lingcod was assumed to be the most variable (Jagielo and Wallace 2005). Larval movement 

followed a common pool dispersal model for all three species. Fishing effort was allocated in 
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proportion to the vulnerable biomass available in each patch in each year, conditional of the 

patch being open to fishing. The effects of these assumptions are discussed later. 

 

2.3 Model starting conditions 

It was necessary to a priori choose the number of recruits produced by each simulated 

unfished population (defined as R0) because the number of recruits produced at all other 

population sizes is a function of R0 and the steepness (h) of the population. Steepness is defined 

as the proportion of R0 produced when the population is at 20% of unfished spawning stock 

biomass, and is a metric that describes the productivity of the stock in response to fishing, with 

higher steepness values indicating a higher number of recruits produced at 20% of the unfished 

biomass (B0). Steepness values for the each species were extracted from their most recent stock 

assessments (Key et al. 2005, 2008, Jagielo and Wallace 2005), but the number of recruits 

produced at unfished levels is unknown. I chose a value of R0 that would result in a catch level 

(i.e., landings) in years 30-35 of the model run that was similar to the average landings produced 

in the central coast region of California between 2002 and 2007 (based on commercial landings 

data, CPFV vessel logs, and the California Recreation Fisheries Survey; Table 3). While the 

performance of each assessment method and harvest strategy is not dependent on the value of R0,, 

this allowed the results to be comparable to real world data. 

 

2.4 Simulated data collection 

A simulated yearly fishery-independent sampling program was initiated five years after the 

creation of the MPA to generate the size frequency and/or CPUE data required to run each 

assessment model (see Appendix). The survey employed the same selectivity as the fishery. One 
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patch in the center of the MPA was sampled to minimize the edge effects related to movement 

across the reserve borders (Kay and Wilson 2012), and the data from this patch was classified as 

“inside” the MPA. One patch at a distance of 10 patches from the MPA border was sampled to 

represent the conditions “outside” the reserve. The model was set up such that the all 25 patches 

formed a closed loop, with the patch number 1 being adjacent to both patch numner 2 and patcvh 

number 25. Because of this, it did not matter on which side of the MPA the sampling occurred. 

The survey was simulated using a survey effort level that was <2% of the fishing effort (actual 

percentages varied because fishing effort was scaled in each scenario to keep F equal to either 

natural mortality or three times natural mortality for each species). I assumed that the survey 

catch weight was sampled without observation error, while the ages and lengths were sampled 

following the procedure in the Appendix. 

  

The MPA-LBSPR and bounded mortality estimators also required additional sampling with a 

gear that sampled juvenile fish. Fish were sampled using this simulated protocol, in which the 

selectivity of the gear allowed for uniform sampling of the population above a very small size 

(such as a net with a very small mesh). These fish were aged and sized following the procedure 

describes in the Appendix, and for the rest age data was sampled from a probabilistic age-length 

key (Hilborn and Walters 1992). A von Bertalanffy growth function was also fit to the length-at-

age data, and L∞, k, and t0 were estimated. A regression-based catch curve was fit to the logged 

age frequency data to estimate the total mortality inside the MPA, which I assumed equaled 

natural mortality (sensu Kay and Wilson 2012). Only those cohorts that had been protected from 

fishing throughout their entire lives were included, thus eliminating older age classes that 



 

 101 

experienced fishing mortality prior to MPA protection. The estimates of these biological 

parameters were provided to the MPA-LBSPR and Bounded mortality methods (Table 2).  

 

2.5 Data-poor harvest strategies tested 

Five data-poor harvest strategies were chosen to be tested in both the accuracy and 

management performance simulations, including four reserve-based assessment models/control 

rules and the Restrepo et al. (1998) rule of setting catches at 50% of historical averages. The data 

requirements of each are shown in Table 4. Harvest control rules adjusted fishing effort every 

five years after MPA implementation. In comparing the long-term performance of these 

methods, it is necessary to ensure that the yearly and cumulative performance of each harvest 

strategy is not driven solely by the choice of unresponsive (or overly responsive) control rules. 

While truly optimal values for control rule parameters are always unknown due to fundamental 

environmental uncertainties (Lauck et al. 1998), for each control rule I determined 

parameterizations that would maximize catches over the 20 year time horizon while minimizing 

the probability of stock collapse (𝑆𝐵!!"" < 0.1𝑆𝑆𝐵!). The parameters optimized in each harvest 

strategy are described in detail in the following sections. 

 

2.5.1. MPA-Length based spawning potential ratio (MPA-LBSPR) 

The first harvest strategy tested was the MPA-LBSPR. This method was adapted from the 

Hordyk et al.’s (2014) Length-Based Spawning Potential Ratio, which estimates the ratio of the 

fishing mortality (F) to the natural mortality (M) using size frequency data and estimates of 

biological parameters. The MPA-LBSPR uses size and age data collected from within a MPA to 

estimate the necessary biological parameters (see Chapter 3). A von Bertalanffy growth function 
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was fit to 1,000 simulated samples of paired size and age frequency data to estimate the 

maximum asymptotic size and growth rate, as well as to create a probabilistic age-length key to 

convert the size data collected inside the MPA to an age frequency. The CV of the length at age 

was assumed to be known. A linear regression catch curve was then fit to the logged age 

frequency to estimate the total mortality inside the MPA (assumed to be M). The estimates of M 

and k were then used to fit the LBSPR model to the length frequency data collected outside the 

MPA to estimate the F/M, and with estimates of M and the growth parameters, it was possible to 

calculate F as well as the spawning potential ratio (SPR) of the stock. I compared the estimated F 

with the true F in the operating model to assess the accuracy of this assessment method. 

 

 The MPA-LBSPR assessment method was paired with a simple slope to target control 

rule of the following form:  

  

𝐸!"#$ = 𝐸!"##(1+ 𝑉) (1) 

  

where the current fishing effort (𝐸!"##) was adjusted by V to determine the fishing effort in the 

following year (𝐸!"#$). V is calculated in the following manner: 

  

𝑉 = 𝜁!!" ≤ 𝐴𝜙! + 𝐵𝜙! ≤ 𝜁!"# (2) 

  

where A is the magnitude of change in the mean SPR {𝑆𝑃𝑅) over the last five years, and B is the 

distance between the SPR in the current year and the target SPR. 𝜙!and 𝜙! describe the 

responsiveness of the control rule to A and B, and were optimized to maximize the catch over 20 
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years while minimizing the probability that the population fell below 0.1B0. V was constrained 

between a minimum change of 2.5% and a maximum change of 20%. This means that if the 

recommended change in fishing effort was These constraints were present in all of the control 

rules tested to limit the quantity and magnitude of the prescribed changes in effort during each 

harvest strategy time step.  

 

2.5.2. MPA-based bounded mortality estimator 

The second method tested was a bounded MPA-based mortality estimator (Wilson et al. 

2013). This method uses a similar process as described above to develop an age-length key to 

convert lengths to ages, and to fit a regression-based catch curve to logged age frequency data 

from both inside and outside the MPA. The age frequency from inside the reserve was bounded 

to reflect the time since the MPA was created, ensuring that the individuals included in the data 

set have never been subjected to fishing mortality. The mortality estimate inside the MPA was 

assumed to be M, while the mortality estimate outside was assumed to be composed of both F 

and M. F was then estimated by subtracting the mortality estimate obtained from inside the MPA 

from the mortality estimate obtained outside the MPA. This was used, along with M and growth 

parameters, to estimate the current SPR of the stock. I compared the estimated F with the true F 

to assess the performance of this assessment model in the accuracy analyses. 

In the management performance analyses, the MPA-based bounded mortality estimator was 

paired with control rule of the same functional form as that used for the MPA-LBSPR. The 

responsiveness parameters (𝜙! and 𝜙!) were optimized in the same manner as the MPA-LBSPR 

but have different values because of the different assessment method.  
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2.5.3 Density Ratio 

The density ratio (DR) provides an estimate of the abundance of fish outside the MPA 

relative to the abundance inside (Babcock and MacCall 2011, McGilliard et al. 2011). 

Traditionally, stock assessments estimate unfished abundance using data extending back to the 

early development of the fishery as a means of assessing the current depletion level of the stock. 

However, many data-poor stocks lack the necessary historical data. The density ratio provides an 

indicator of stock status by assuming that the density inside an MPA is the best available 

representation of unfished abundance (McGilliard et al. 2011). In addition, the density inside an 

MPA is subject to the same fluctuations in environmental conditions as the fished portion of the 

stock, making it potentially more useful under climate change than comparisons to historical 

abundances. The density ratio was calculated using the survey CPUE (in kg). To assess the 

accuracy of this metric, I compared the observed density ratio to the true ratio between the 

current and unfished abundance (also known as the depletion level). The closed patches were 

excluded from this calculation to better measure fishing impacts. 

In the management performance analysis, I used a modified version of the control rule 

described in (McGilliard et al. 2011), which was a linear slope-to-target function of the form: 

𝐸!"#$ = 𝐸!"##(1+ 𝑉) (3) 

𝑉 = 𝜋(𝜌 −  𝜌!"#$) (4) 

where 𝜌 was the weighted density ratio in the last five years, 𝜌!"#$ was the target density, and 𝜋 

was the slope of the control rule. The weighted density ratio was calculated in the following way: 

𝜌 =
𝜌!(𝜔!)!

!!!

𝜔!!
!!!

 (5) 
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where π and ω were optimized to maximize the catch over 20 years under limited uncertainty 

while minimizing the probability that the population fell below 0.1SSB0. 

 

2.5.4 MPA-based Decision Tree 

The MPA-based decision tree (Dtree) uses size structure and CPUE as a proxy for the SPR of 

the stock (Wilson et al. 2010). Information derived from the size structure of the catch outside 

relative to the size structure inside the MPA was used to adjust catch iteratively over time to 

meet a target SPR. The idea is based on the suggestion that sustainable management requires 

adequate representation of three size-classes in the harvest: recently recruited small fish, medium 

or prime sized fish, and large fish of advanced age. The MPA was used as a proxy for the 

unfished composition of these size groups, allowing for the use of dynamic rather than static 

reference points that can incorporate spatial and temporal variation. While the decision tree has 

multiple levels, it is designed to maintain the stock at a target level of SPR, in which the MPA 

stands as a proxy for unfished conditions. In practice, this involves calculating the proportion of 

prime fish outside the MPA necessary to achieve a percentage of the spawning potential inside 

the reserve. The Dtree assesses size-based catch rates and compares them to the expected catch 

composition if the stock was at a target level of SPR. In the model, this is done by using size-at-

age information, fecundity ogives, and an estimate of M to calculate the expected size 

distribution of the stock at the target SPR. This was used to estimate the size-based catch rates 

corresponding with the target SPR level. In the accuracy analysis, I compared the estimated SPR 

from the observed ratio with the CPUEprime with the true SPR of the stock. 

Harvest levels were set using the control rule as described in (Wilson et al. 2010), which 

takes the following form: 
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𝑉 =  
𝐶𝑃𝑈𝐸!"# − λ!"#$𝐶𝑃𝑈𝐸!"

𝑑  (6) 

𝐸!"!# = 𝐸!"## 1+ Λ𝑉  (7) 

  

where 𝐸!"!#was the initial effort prescribed in level 1, 𝐸!"##was the fishing effort expended in the 

current year, 𝜆!"#$ was the target ratio between the CPUE of prime individuals inside and out 

necessary to achieve the desired SPR, d was the desired time period over which the target should 

be achieved, and Λ was the responsiveness factor. The decision tree control rule allows for a 

phase-in period that modifies the target ratio if less than the mean generation time (MGT) has 

passed since MPA implementation such that 𝑉 becomes: 

  

𝑉 = 1−
1− 𝜆!"#$
𝑀𝐺𝑇 (𝑦!"## − 𝑦!!"!#$!) (8) 

 

The initial effort was then modified by the subsequent levels of the decision tree as described 

in Wilson et al. (2010) to determine 𝐸!"#$, subject to the minimum and maximum change 

allowed in each year. The MGT for each species was estimated using FishBase in order to 

simulate real world management conditions. Λ and d were optimized to maximize the catch over 

20 years under limited uncertainty while minimizing the probability that the population fell 

below 0.1SSB0. 

 

2.6 Uncertainty Scenarios 
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I examined the assessment accuracy under six uncertainty scenarios. In the base scenario 

historical fishing pressure was low (F=M), recruitment was deterministic, and there was no 

movement of adult fish relative to the reserve. The alternative uncertainty scenarios tested 

assessment method accuracy under various combinations of fish movement, high historical 

fishing pressure (F=3M), and stochastic recruitment (Table 5).  

 

2.7 Performance metrics 

2.7.1 Accuracy of assessment methods 

Each assessment model makes different assumptions about the system, and estimates 

different summary statistics to describe the current status of the stock, making direct 

comparisons of accuracy across models difficult. While the density ratio is a proxy for the ratio 

of the current spawning stock biomass to the unfished spawning stock biomass, the other three 

MPA-based methods are used to estimate the static SPR, which is defined as the equilibrium 

spawning biomass per recruit given a particular F and selectivity ogive, divided by the spawning 

biomass per recruit that would be obtained in an unexploited stock. To create a standardized 

error statistic across the four models I calculated the relative error (RE), which is defined as the 

standardized difference between the estimated (𝜃) and the true (𝜃) values of a given parameter:  

  

𝑅𝐸 =
𝜃 − 𝜃
𝜃  (9) 

 

The relative error was used to compare the accuracy and precision of each method across the 

different species and uncertainty scenarios. 
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2.7.2 Achievement of management objectives  

In the management performance tests each management strategy was evaluated based on five 

metrics that reflect common management goals in fisheries. These were the: 1) median spawning 

stock biomass (SSB) in the final year of the simulation relative to the target SSB, 2) the 

probability that the population dropped below its overfished limit reference point between the 

first year the management strategies were implemented and the last year of the simulations (a 20-

year time horizon), 3) the probability that the population dropped below a collapse reference 

point of 10% of unfished SSB, 4) the average catch over the 20 years the management strategies 

were employed, and 5) the average coefficient of variation in the catch, which reflects the 

stability in catches from year to year.  

 

All of the MPA-based control rules adjusted fishing effort in relation to the distance of the 

current estimates from a target (SPRtarg or SSBtarg). Targets for SSB, as well as the overfished 

limit, were taken from the most recent stock assessments. For comparison it was necessary to set 

consistent targets across all methods. I used the steepness of each species to calculate the 

equilibrium SSB that would yield a SPR = 0.45 for lingcod and SPR=0.5 for gopher and blue 

rockfish for use as a target in the density ratio (Key et al. 2005, 2008, Jagielo and Wallace 2005). 

 

3. Results 

3.1. Evaluating accuracy of assessment methods under a constant effort harvest policy 

This section details the accuracy of MPA-based assessments under constant fishing pressure 

over a 25-year time horizon. At five year intervals after MPA implementation, each assessment 
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method was evaluated based on whether it accurately estimated the current stock status in terms 

of either the SPR or depletion of the stock.  

 

3.1.1 Accuracy under deterministic conditions (Uncertainty Scenarios 1 and 2) 

I evaluated the ability of MPA-based assessment methods to accurately estimate stock status 

metrics under minimal uncertainty (deterministic recruitment, no movement) to understand their 

performance under ideal conditions. Figure 3 shows the results of these accuracy evaluations at 

5, 10, 15, 20, and 25 years after MPA creation under low (left panels) or high (right panels) 

fishing mortality. The relative error illustrates each method’s ability to estimate a specific status 

indicator: namely, the size-based methods’ (MPA-LBSPR and Bounded) abilities to estimate F, 

the DR’s ability to estimate stock depletion, and the Dtree’s ability to estimate SPR. The 

estimation error across all assessment methods was greatest within 10-15 years of the creation of 

the MPA regardless of species, but decreased substantially as the population inside the MPA 

approached unfished abundance and age structure. Under a low fishing pressure (Figure 3; left 

panels), the two size-based methods underestimated the fishing mortality for all three species in 

the years soon after MPA creation. The MPA-LBSPR used age and size data from inside the 

MPA to estimate growth and natural mortality parameters. The lack of large fish in the early 

years of the MPA resulted in an overestimation of the natural mortality and a bias in the growth 

parameters (Valencia et al. in prep), and so F was underestimated in the 10 years after the MPA 

was established (Figure 3). The Bounded method estimated the difference in mortality inside and 

outside the MPA as a proxy for F. Despite bounding the data inside the MPA to account for the 

time since MPA implementation, M was overestimated inside the MPA soon after MPA 
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establishment, resulting in a negative bias in F. This negative bias was eliminated within 10 

years for lingcod and within 15 years for gopher and blue rockfish. 

 

Conversely, the two CPUE-based methods (DR and Dtree) overestimated the SPR and 

depletion levels in the early years of the MPA. During those years the population inside the MPA 

has not yet recovered to unfished conditions, and catch rates inside and outside were similar. The 

DR had a consistently higher RE. The DR uses the CPUE as a proxy for the spawning stock 

depletion level (McGilliard et al. 2011), while the Dtree uses the CPUE of prime-sized fish only 

in its first level as a proxy for SPR (Prince et al. 2011). While the MPA was still recovering from 

the effects of fishing, the largest fish, which contributed the most weight per fish to the CPUE, 

were the last to recover to unfished levels, Therefore the Dtree’s use of the prime CPUE reduced 

the bias seen in the early years of the MPA. The bias in both methods declined over time, and the 

RE for each approached zero.  

 

Blue rockfish are more susceptible to fishing than both gopher rockfish and lingcod due to a 

lower productivity (Key et al. 2008). The resulting bias in the CPUE-based methods was higher 

for blue rockfish soon after MPA implementation than for the two other species, was exacerbated 

by high historical fishing, and took longer to resolve. The bias associated with the DR under high 

historical fishing remained high even 25 years after MPA implementation. This was in part due 

to the slow life history of the blue rockfish, but also to the DR’s implicit assumption that the fish 

selected by the survey gear were mature. Blue rockfish mature at a relatively large size, and thus 

many immature fish were included in the CPUE indicator, resulting in an overestimation of the 

true spawning stock biomass level relative to unfished. 
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The RE was extremely high in the early years of the MPA under a high historical F (Figure 

3; right panel). In general, all of the methods followed the same patterns described in the low 

fishing scenario, although a longer time frame was required before the methods returned accurate 

results. The CPUE-based methods were especially sensitive to a high historical fishing pressure, 

with the DR and Dtree exhibiting a relative bias 2-6 times higher than in the low fishing 

scenario. This suggests that these methods are not suitable for use in the early years after MPA 

creation under high historical fishing pressure. While the bias associated with the size-based 

methods at five years post-MPA was 1-2 times greater in the high fishing scenario than in the 

low one, the bias was the same for both fishing scenarios after 15 years.  

 

3.1.2 Accuracy under stochastic recruitment (Uncertainty Scenarios 3 and 4) 

I examined the relative error in depletion (DR) and SPR (all other methods) over 100 

stochastic simulations (Figure 4). SPR was used in this analysis rather than F because the 

transition from a fished to an unfished state after MPA implementation biases F and depletion in 

different directions, making cross comparison difficult. An underestimation of F causes an 

overestimation of SPR, and SPR is a more comprehensive measure of overall stock health than F 

alone because it accounts for the biology of the species.  

 

With stochastic recruitment, similar trends are seen in the accuracy of each MPA-based 

assessment method (Figure 4). At five years after MPA creation, all of the methods were highly 

biased with wide distributions, but improved in accuracy and precision over time, with the 

median RE decreasing towards zero. The high fishing scenario (Figure 4; grey boxes) returned 
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estimates with a wide distribution after 5 years but trended towards a median RE of zero over 

time.  

 

At 5 years post-MPA, both the MPA-LBSPR and the Bounded estimator were very unstable, 

frequently converging to an SPR estimate of 1 due to the limited data available and skewing the 

SPR distributions (Figure 4). However, both estimation routines stabilized after 15 years. The 

MPA-LBSPR performed better under high F, with more accurate median estimates and an 

increase in precision for all three species as more time passed.  

 

The CPUE-based methods were extremely biased at 5 years post-MPA (Figure 4) just as they 

were in the deterministic scenarios. High fishing exacerbated this, with the DR returning 

depletion estimates up to 19 times higher than the true depletion level for blue rockfish and up to 

14 times higher for the other species. This bias was largely eliminated after 25 years for gopher 

rockfish and lingcod. The distribution of error for both methods was wider for lingcod than for 

gopher rockfish due to lingcod’s higher recruitment variability (Table 2). The bias seen in the 

deterministic scenarios when the DR was applied to blue rockfish persisted after 25 years under 

stochastic recruitment, and was higher in the high fishing scenario. 

 

3.1.3 Effects of movement on accuracy (Uncertainty scenarios 5 and 6) 

Figure 5 shows the RE for uncertainty scenarios 5 and 6, which included stochastic 

recruitment, as well as the movement of fish between patches. In the simulation model, blue 

rockfish was parameterized to have the lowest movement rate, while lingcod had the highest 

(Table 2). For blue rockfish, movement had minimal impact on the accuracy and precision of the 
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both the size-based methods the low fishing scenario (Figure 5; top row, white boxes) but 

resulted in a positive bias in the median SPR estimate, as well as a wider distribution of estimates 

in the high fishing scenario (Figure 5; top row, grey boxes), even after 25 years. The movement 

rate in the blue rockfish simulations had a negligible performance of the DR, which was already 

heavily biased, but did have a slight impact on the Dtree performance. This impact was most 

notable in the high fishing scenario, in which the Dtree’s estimates of SPR had a higher 

variability than in the scenarios with no movement. These trends were magnified in the results 

for gopher rockfish (Figure 5; middle row) and lingcod (Figure 5; bottom row). For both species, 

biases caused by movement were evident in both the low and high fishing scenarios. The size-

based methods were more sensitive to movement than the CPUE-based methods, and movement 

combined with high fishing resulted in broader distributions of RE. This suggests that as the 

movement rate between fished and unfished area increase, both the accuracy and the precision of 

the reserve-based methods declines, and an overestimation of stock status is likely. 

 

3.2 Assessing the long-term performance of MPA-based harvest strategies. 

This section details the performance of MPA-based assessments when they were combined 

with dynamic harvest control rules to update fishing effort every five years over a 20-year time 

horizon. For comparison, the MPA-based assessments were evaluated against a status quo data 

poor management approach of setting catches at 50% of recent historical averages (referred to as 

the Restrepo approach). The robustness of each harvest strategy was tested under four 

uncertainty scenarios (scenarios 2-6 in Table 5) for each of the three species. Performance was 

evaluated against five criteria of management importance, including their ability to reach a target 
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biomass, their ability to avoid becoming overfished or collapsed, their ability to maximize 

catches, and the stability of those catches, and is described in the following sections.  

 

3.2.1 Ability to achieve target biomass 

The median trajectories for each species over the evaluation time period are shown in Figures 

6-8. After being fished for 50 years at F=M, the three species had median depletion levels 

ranging from 28-33%SSB0 (Figures 6-8; left panels), while after being fished at F=3M the 

median depletion levels ranged from 4-6%SSB0 (Figures 6-8; right panels).  In year 50 an MPA 

was implemented in 20% of the available habitat, spurring an increase in median spawning 

biomass across all three species. At year 55, and every 5 years until year 75, each of the 

candidate harvest control rules was implemented, and effects on the median biomass under each 

uncertainty scenario was quantified (Figures 6-8). In all of the scenarios, the Restrepo rule 

resulted in a rapid increased in biomass, regardless of movement rates. When historical fishing 

was low, the resulting increase surpassed the target biomass within a few years, and increased to 

a final median SSB of all three stocks at 74-90% of unfished biomass. When historical fishing 

was high, stocks recovered to median SSBs at 34-77% of unfished biomass. 

For blue rockfish under low historical fishing pressure with no movement between patches 

(Figure 6a), the MPA-LBSPR and Bounded estimator came closer to the target over the 

simulated time period than the DR and Dtree. The size-based methods continued to approach the 

target biomass over the simulation time horizon, although neither achieved the target, while the 

CPUE-based methods resulted in a slight decline in the SSB. Similar trends were observed under 

low historical fishing pressure and movement (Figure 6c), with the CPUE-based methods 

resulting in a small decline in SSB. Under high historical fishing pressure, all four MPA-based 
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methods saw minimal population growth over the first 10 years, but increased in the second 10 

years. The stock experienced the most recovery when managed using the Dtree harvest strategy, 

both with and without movement present (Figure 6b, d). 

For gopher rockfish under low historical fishing pressure with no movement between patches 

(Figure 7a), all of the MPA-based methods achieved the target SSB within the simulation time 

horizon. The median SSB remained close to the target SSB under both the MPA-LBSPR and the 

DR, while both the Bounded and Dtree overshot the target. Movement delayed the time until 

each harvest strategy achieved the target (Figure 7c). The CPUE-based methods resulted in the 

most robust stock recovery in the high historical fishing scenarios, both with and without 

movement, although recover was faster in the scenario without movement (Figure 7b, d). 

For lingcod under low historical fishing pressure with no movement between patches (Figure 

8a), only the Bounded estimator achieved the target SSB. Under the Dtree the median SSB 

flattened out in the final years of the simulation time horizon while both the DR and MPA-

LBSPR approached the target. When fish moved between patches, all of the harvest strategies 

caused the stock to begin to decline prior to reaching the target SSB, although the bounded 

estimator came the closest (Figure 8c). Under high historical fishing effort and no movement, the 

CPUE-based methods resulted in rapid biomass increases, while the size-based methods 

increased more slowly (Figure 8b). With movement, the recovery trajectories were dampened, 

and both the MPA-LBSPR and Bounded estimators resulted in stagnation (Figure 8d).  

 

3.2.2 Probability of triggering limit reference points  

In addition to achieving target reference points, successful harvest strategies should minimize 

the probability of triggering limit reference points. I examined the probability of each stock 
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dipping below either the overfished threshold or the collapse threshold in any given year when 

managed under each harvest strategy. Under low historical fishing, all five harvest strategies had 

<10% probability of the stock being overfished, regardless of the presence of movement (Table 

6). However, the risk of each stock being overfished increased because under high historical 

fishing pressure all three species were at 4-6% of unfished SSB after 55 years of fishing. Only 

the Restrepo rule had a moderate (25-75%) risk of being overfished across all three species. 

Lingcod, with its higher productivity, had a moderate risk of being overfished under all harvest 

strategies when no movement between patches was present, but the risk increased substantially 

(>75%) for the MPA-LBSPR, Bounded, and DR when movement was present. The risk of being 

overfished was high for both blue and gopher rockfish under all of the MPA-based harvest 

strategies. 

The probability of each stock being classified as “collapsed” (SSBcurr < 10%SSB0) is shown 

in Table 7. Under low historical fishing pressure, all of the stocks had zero probability of being 

collapsed, with and without movement. The risk of collapse was substantially higher under high 

historical fishing pressure, which is not surprising given that all three species started the testing 

time period in a collapsed state. However, the risk of being in a collapsed state was low under the 

Restrepo rule for all three species despite the history of high fishing mortality, and for lingcod 

when there was no movement present. The risk of collapse was moderate for blue and gopher 

rockfish when managed under the MPA-based harvest strategies. 

 

3.2.4 Average catch and variability in catches 

Figure 9 shows the distribution of the average catches over the final 10 years of the 

simulation time horizon for each species and each uncertainty scenario. I chose to examine the 
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final 10 years so that methods that promoted stock growth in the early years of the simulation 

time horizon via foregone catches would not be penalized. The Restrepo method resulted in the 

lowest catch levels across all species. Catches in the low historical fishing scenarios were higher 

than those in the high historical fishing scenarios (Figure 9). While the movement rates of blue 

rockfish were too low to increase catches, the movement scenarios generally resulted in higher 

catches for the gopher rockfish and lingcod stocks as spillover propelled fish across the MPA 

border. The harvest strategies that increased stock size the most generally resulted in the high 

median catches in each uncertainty scenario. 

The mean CV provides a metric of how stable catches were from year to year, and are shown 

in Table 8. In general, higher historical fishing pressure increased the variation in catches, while 

the movement dampened the year-to-year variation. Lingcod had high variation in catches than 

either blue or gopher rockfish, probably due to its higher recruitment variability.  

 

4. Discussion 

This is the first direct comparison of a suite of data-poor harvest strategies that use MPAs as 

reference areas for the management of nearby fisheries. While other studies have developed and 

tested assessment methods or harvest strategies that rely on MPA data (Wilson et al. 2010, 

McGilliard et al. 2011, Babcock et al. 2011, Kay et al. 2012, Hordyk et al. 2015), these studies 

have not looked at how the differences in the data they rely on and the assumptions they make 

about the dynamics impact estimation performance under a suite of different conditions. The 

results presented here provide a greater understanding of which factors have the greatest impact 

on the ability of MPAs to accurately function as reference areas for use in stock assessments.  
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The accuracy of the MPA-based assessments was highly sensitive to the amount of time 

elapsed since MPA implementation. In the early years after MPA creation, the population inside 

the MPA is transitioning to an unfished state, which can take many years depending on the life 

span and productivity of the stock. In the early years of this transition, MPA-based assessment 

methods can return highly biased estimates of stock status. CPUE-based methods were more 

sensitive to this bias than size-based methods, suggesting that size recovers faster than 

abundance after MPA implementation. As a result, methods that rely on MPA size composition 

data as a reference may be more reliable while the MPA population is still in transition to an 

unfished state. All of the species modeled in this study were moderately long-lived, but the size-

based assessment methods were accurate by 15 years after MPA establishment under a low 

fishing pressure, indicating that MPAs need not reach a completely unfished state before they 

can be used as reference areas. High historical fishing pressure increased both the bias in the 

early years after MPA implementation, as well as the time until the MPA provided a reference 

area to accurately assess stock status.  

 

Movement increased the error in assessments, a result that was exacerbated under high 

fishing pressure. While animals with minimal movement levels, such as those whose home range 

occasionally carries individuals across MPA borders, are unlikely to heavily bias MPA-based 

stock assessments, moderate movement resulted in an overestimation of stock status. This 

suggests that reference area MPAs are best suited for species with small home ranges. By 

contrast, MPAs should be either very large or sited in such a way as to minimize movement 

across borders for fish with moderate to large home ranges.  
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Movement, recruitment variation, and high fishing pressure all extended the time it took for 

each assessment method to approach an accurate result (Figures 3-5). This is to be expected, 

because all three of those factors have the same effect on the MPA reference data, which is to 

lengthen the time it takes for the population inside the MPA to reach an approximate unfished 

size structure or density. With high histrorical fishing pressure, this is due to the initial size and 

age structure being more truncated and the initial biomass being lower, and thus the population 

takes longer to recover. With high recruitment variability, low recruitment years delay increases 

in density for the population inside the reserve, and thus the assessment methods that rely on 

density are more affected by this variability than the size-based methods.  With movement, some 

fraction of the population is likely to be exposed to fishing mortality in a given time step, This 

suggests an interesting avenue of future research.  

 

It is likely that the bias in estimation under these conditions scales in a predictable way, and 

this could be tested through further simulation work. Secondly, if there is a general result that 

describes the delayed accuracy in estimation performance when using MPA data as a reference 

for unfished conditions, this suggests that there may be some way to correct for the bias 

introduced by these conditions, which might allow for the use of MPAs as a reference are under 

a wider range of  conditions. Additionally, it would be useful to determine which conditions can 

not be corrected for. 

 

While time after MPA implementation, high historical fishing pressure, and movement all 

compromised the MPA’s ability to act as a reference for stock status, in the management 

performance analysis the harvest strategies were generally able to achieve target and avoid limit 
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reference points, except in the case with both high historical fishing and movement, despite 

being applied just five years post-MPA. It is likely that the harvest strategies would have 

performed better they were first applied 15 years post-MPA. The control rule parameters used 

were optimized under limited uncertainty so were able to compensate for the poor performance 

of the assessment methods. This suggests that highly accurate assessments may provide less 

benefit to management than a responsive and well-calibrated control rule. However, optimizing 

control rule parameters is likely to be very difficult in a real world scenario because of the vast 

number of irreducible uncertainties. 

 

The results for this work suggest that, for many species, MPAs can not be reliably used in as 

reference areas in stock assessments until 15+ years have passed. As mentioned previously, the 

size-based methods were accurate faster than the density-based ones, and  the time period might 

be shorter for stocks with shorter life spans (however, the methods that make equilibrium 

assumptions are unlikely to be applicable to short lived species, which often exhibit highly 

variable dynamics from year to year).  In many areas, MPAs have only been implemented in the 

last 5 or so years, so this presents an obstacle to managers who are looking for a data poor 

solution now. Additionally, management agencies might be reluctant to do any kind of sampling 

within MPAs that might result in mortality,  This might be a viable option for nearshore MPAs in 

shallow waters where discards have a high chance of survival.  

 

This analysis of reserve-based control rules indicated that no single harvest strategy 

performed best across all of the scenarios I explored. This suggests that managers have many 

options when considering implementing a harvest strategy based on one of the four MPA-based 
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data poor methods tested in this study, and that the best choice will likely depend on the life 

history characteristics of the stock, time since MPA creation, and the monitoring resources of the 

managing agency.   

 

The Restrepo method is a commonly employed management strategy in data poor stocks but 

requires a) data on recent historical catches during a stable period, and b) an ability to collect 

timely data on total catches to know when to close the fishery each season if the TAC is reached. 

In addition, while catches are stable from year to year, they frequently are very low relative to 

maximum sustainable yields. Alternative harvest strategies such as the MPA-based methods 

explored here may be more appropriate for use in data poor fisheries that lack historical data, or 

that do not land catches in a centralized and easily accessible area. MPAs may provide higher 

yields in these cases. However, the Restrepo rule does have the advantage of requiring no 

fishery-independent monitoring to collect size compositions or indices of abundance inside the 

reserve, which can be costly for management agencies. Future research is needed to examine 

whether the increased costs associated with obtaining data from inside MPAs is warranted by 

gains in management objectives. 
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Tables 

Table 1. Data requirements and estimated status indicators for each of the data-poor methods 
assessed. 
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Table 2. List of all simulation combinations run. Each simulation was composed of one test 
procedure, species, assessment, and scenario. (*) denotes assessment method that was only used 
in Management Performance tests.  
Test Procedure Species Assessment  Scenarios   Number of 

simulation 
combinations 

Accuracy 
Gopher 
rockfish 

MPA-
LBSPR 

Base 
scenario  Accuracy:          72 

Management 
Performance 

Blue 
Rockfish Bounded High fishing 

pressure  
Management 
Performance:     90 

	

Lingcod Density 
Ratio 

Stochastic 
recruitment   

	

 
Decision 
Tree 

Stochastic + 
high fishing   

	

 Restrepo* Movement   

	

  
Movement + 
high fishing   

		       Total  162 
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Table 3.  Biological parameters used in operating model for each species. 

Category Symbol Blue  
rockfish 

 Gopher 
rockfish 

Lingcod 

Natural 
Mortality 
 

M 0.12 0.2 0.18 

Growth 𝐿! 40.02 cm 31.2 cm 126.6 cm 
 k 0.15 0.186 0.11 
 𝑡! 0 0 0 
 
 

𝐶𝑉!! 0.1 0.08 0.15 

Weight 𝑤! 0.0158 1.299e-5 1.76e-3 
 
 

𝑤! 2.988 3.077 3.3978 

Fecundity 𝑓! 1.559 1.559  3.026e-4 
 
 

𝑓! 3.179 3.179 3 

Maturity 𝑚𝑎!" 29 cm 17.7 cm 60 cm 
 
 

𝑚𝑎!" 35 cm 21 cm 85 cm 

Steepness 
 

h 0.58 0.65 0.8 

Recruitment 
variation 
 

𝜎! 0.5 0.5 0.8 

Movement 
range 
 

2𝜎! 1 3 5 

Fishing gear 𝑣!" 26 cm 22 cm 60 cm 
selectivity 
 

𝑣!" 32 cm 26 cm 75 cm 

Survey gear  𝑣𝑏!" 10 cm 10 cm 18 cm 
selectivity 𝑣𝑏!" 12 cm 12 cm 20 cm 

 

 

  



 

 127 

Table 4. Economic information for three model species along the central coast of California. 
Species Total 

Average 
landings (kg) 

Percent 
Commercial 

landings 

Price per 
Kilogram 

Lingcod 
 

60,272 19.6% $3.26 

Gopher 
rockfish 

48,825 37.9% $3.95 

Blue 
rockfish 

27,406 3.5% $15.18 
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Table 5. Description of simulation scenarios. 
 
Scenario  Recruitment Fishing 

Pressure 
Movement 

(1) Base 
scenario 
 

Deterministic Low 
 

No 

(2) High 
fishing 
pressure 
 

Deterministic High No 

(3) Stochastic 
recruitment 
 

Stochastic Low 
 

No 

(4) Stochastic + 
high fishing 
 

Stochastic High 
 

No 

(5) Movement Stochastic Low 
 

Yes 

(6) Movement 
+ high fishing 
 

Stochastic High 
 

Yes 
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Table 6. Probability of being overfished under each harvest strategy in each uncertainty scenario. 
Green indicates P < 0.25, yellow indicates 0.25 ≤ P ≤ 0.75, and red indicates P > 0.75 of being 
overfished. 
 
    No Movement     Movement 

Historical 

Fishing 

Harvest 

Strategy 

Blue 

rockfish 

Gopher 

rockfish Lingcod   

Blue 

rockfish 

Gopher 

rockfish Lingcod 

F=M Restrepo 0.01 0.00 0.01   0.01 0.00 0.01 

 

MPA-LBSPR 0.05 0.00 0.03   0.05 0.00 0.08 

 

Bounded 0.06 0.00 0.02   0.06 0.00 0.03 

 

Density Ratio 0.08 0.00 0.03   0.08 0.00 0.10 

 

Dtree 0.08 0.00 0.04   0.08 0.00 0.10 

         F=3M Restrepo 0.75 0.40 0.26 

 

0.74 0.40 0.27 

 

MPA-LBSPR 1.00 0.86 0.69 

 

1.00 0.95 0.92 

 

Bounded 0.99 0.95 0.71 

 

1.00 1.00 0.94 

 

Density Ratio 1.00 0.76 0.57 

 

1.00 0.85 0.83 

  Dtree 0.98 0.76 0.55   0.98 0.86 0.72 
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Table 7. Probability of being collapsed (SSBcurr < 10%SSB0) under each harvest strategy in 
each uncertainty scenario. Green indicates P ≤ 0.25, yellow indicates 0.25 < P ≤ 0.75, and red 
indicates P > 0.75 of being collapsed. 
 
    No Movement     Movement 

Historical 

Fishing 

Harvest 

Strategy 

Blue 

rockfish 

Gopher 

rockfish Lingcod   

Blue 

rockfish 

Gopher 

rockfish Lingcod 

F=M Restrepo 0.00 0.00 0.00   0.00 0.00 0.00 

 

MPA-LBSPR 0.00 0.00 0.00   0.00 0.00 0.00 

 

Bounded 0.00 0.00 0.00   0.00 0.00 0.00 

 

Density Ratio 0.00 0.00 0.00   0.00 0.00 0.00 

 

Dtree 0.00 0.00 0.00   0.00 0.00 0.00 

         F=3M Restrepo 0.25 0.20 0.11 

 

0.25 0.21 0.12 

 

MPA-LBSPR 0.68 0.39 0.19 

 

0.70 0.53 0.40 

 

Bounded 0.70 0.43 0.19 

 

0.71 0.70 0.43 

 

Density Ratio 0.68 0.35 0.16 

 

0.70 0.41 0.28 

  Dtree 0.51 0.35 0.15   0.52 0.42 0.23 
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Table 8. Average (across simulations) coefficient of variation in catches over 20 year time 

horizon. 

    No Movement     Movement 

Historical 

Fishing 

Harvest 

Strategy 

Blue 

rockfish 

Gopher 

rockfish Lingcod   

Blue 

rockfish 

Gopher 

rockfish Lingcod 

F=M Restrepo 0 0 0   0 0 0 

 

MPA-LBSPR 0.14 0.15 0.24   0.13 0.14 0.23 

 

Bounded 0.14 0.15 0.21   0.15 0.17 0.2 

 

Density Ratio 0.17 0.12 0.22   0.17 0.12 0.23 

 

Dtree 0.17 0.19 0.25   0.17 0.18 0.24 

  

              

F=3M Restrepo 0 0 0   0 0 0 

 

MPA-LBSPR 0.2 0.31 0.34   0.19 0.36 0.31 

 

Bounded 0.22 0.27 0.32   0.21 0.22 0.3 

 

Density Ratio 0.18 0.39 0.4   0.17 0.47 0.36 

  Dtree 0.22 0.39 0.41   0.24 0.46 0.43 
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Figures 

 

 

Figure 1. Flow chart describing sequence of events in accuracy and management 
performance tests. 
  



 

 133 

 

 Figure 2. Timeline describing the sequence of events in each Monte Carlo simulation run. 
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Figure 3. Relative error in the estimation of F (MPA-LBSPR and Bounded) and depletion 
(DR and Dtree) over time in deterministic scenarios. The accuracy under low fishing effort 
is shown in the left panels, and accuracy under high fishing effort is shown on the right.  
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Figure 4. Relative error in estimates of SPR (MPA-LBSPR and Bounded) and depletion (DR 
and Dtree) for each species when no movement is present. The white boxes show the 
distribution at relative error under low historical fishing effort (F=M), and the grey boxes 
show the distribution at relative error under high historical fishing effort (F=3M). 
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Figure 5. Relative error of assessment methods for each species when movement is present. 
The white boxes show the distribution at relative error under low historical fishing effort 
(F=M), and the grey boxes show the distribution at relative error under high historical 
fishing effort (F=3M). 
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Figure 6. Long-term performance of each management strategy for blue rockfish under a) 
F=M and no movement, b) F=3M and no movement, c) F=M and movement, d) F=3M and 
movement. The dashed horizontal line shows the target depletion level for blue rockfish. 
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Figure 7. Long-term performance of each management strategy for Gopher rockfish under a) 
F=M and no movement, b) F=3M and no movement, c) F=M and movement, d) F=3M and 
movement. The dashed horizontal line shows the target depletion level for gopher rockfish. 



 

 140 

 

Figure 8. Long-term performance of each management strategy for Lingcod runder a) F=M 
and no movement, b) F=3M and no movement, c) F=M and movement, d) F=3M and 
movement. The dashed horizontal line shows the target depletion level for lingcod. 
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Figure 9. Distribution of average catch in final 10 years of simulation under low (F=M; 
white) and high (F=3M; grey) historical fishing. The results of the no movement scenarios 
are on the left, and the scenarios with movement on the right.  
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Appendix 

An age-structured, spatially-structured operating model with 25 uniform patches 

was used to test each of the assessment/management procedures described in the 

main text. A burn- in period of 100 years was used to determine equilibrium unfished 

conditions. After that time, the population was fished by a single fleet at a constant 

historical fishing mortality for 30 years. A no take marine protected area (MPA) was 

created in the center five patches (representing 20% of the available habitat) in year 

31. The total fishing effort remained unchanged, but was concentrated into the open 

patches. The section below describes the structure of the operating model in detail.  

Operating Model  

1. Fish Biology  

The length of individual fish at a given age (La) was given by  

 𝐿!~𝑁(𝐿! ,𝜎!!
! ) [1] 

where 𝜎!!
!  was the variance and La was the mean length-at-age as described by the 

von Bertalanffy growth equation: � 

 𝐿! = 𝐿!(1− 𝑒!!(!!!!)) [2] 

𝐿! was the average maximum length, 𝑘 was the growth rate, and 𝑡! was the 

theoretical time at length zero (set to 0). The variance in length-at-age was 

proportional to 𝐿! (Sainsbury 1980): � 
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 𝜎!! = 𝐶𝑉!!𝐿! [3] 

 

 𝜎!!
! = 𝜎!!

! 1− 𝑒!!(!) ! [4] 

 

where 𝜎!!
!  was the variance around the asymptotic length, and 𝐶𝑉!!was the 

coefficient of variation for 𝐿!. The weight (𝑊!) at age a was given by 

 

 𝑊! = 𝑤1𝐿𝑎
𝑤2  [5] 

where 𝑤! and 𝑤! were allometric growth parameters. Fecundity (𝑓!) was based on the 

mean length at age:  

 𝑓! = 𝑓1𝐿𝑎
𝑓2  [6] 

 

where 𝑓! and 𝑓! were fecundity parameters. The probability that an individual was 

mature (𝑚!) was also length-based, and was given by the logistic equation  

 
𝑚! =

1
1 + exp −ln (19) (𝐿𝑎 − 𝜇50)/(𝜇95 − 𝜇50)

 [7] 

 

where 𝜇!" and 𝜇!" were the lengths at which 50% and 95% of fish attained 
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reproductive maturity, respectively.  

2. Abundance  

The number of fish, N, at age a in patch i at time t+1 was given by  

 
𝑁!,!,!!! =

𝑅𝑖,𝑡+1                                                𝑖𝑓 𝑎 = 1
𝑁𝑎−1,𝑖,𝑡𝑒−𝑀/2 − 𝐶𝑎−1,𝑖,𝑡 𝑒−𝑀/2         𝑖𝑓 1 < 𝑎 ≤ 𝐴

 [8] 

 

where 𝑅!,!!! was the number of recruits to patch 𝑖 at time 𝑡 + 1 (see Equations 9-14),  

𝑀 was the instantaneous rate of natural mortality, 𝑁!,!,! was the number of fish at age 

𝑎 at time 𝑡 in patch 𝑖, 𝐶!,!,!was the catch at age 𝑎 in patch 𝑖 at time 𝑡 (see Equation 

18), and 𝐴 was the maximum age. The maximum age was defined as the first age 

class with ≤ 0.1% of 𝑅!, the initial level of recruitment, under unfished conditions.  

3. Egg Dispersal and Recruitment  

Assuming that half the population is female, the number of eggs (𝐸!,!) produced in 

patch 𝑖 at time 𝑡 was given by  

 
𝐸!,! = 0.5𝑁𝑎,𝑖,𝑡𝑓𝑎𝑚𝑎

𝐴

𝑎=1

 
[9] 

 

The eggs produced in each patch joined a common pool, and the total number of 

eggs (𝐸!) at time 𝑡 was given by  
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 𝐸! = 𝐸𝑖,𝑡
𝑖

 [10] 

The eggs then underwent density-dependent mortality following a Beverton-Holt 

stock-recruitment relationship, which allowed for autocorrelation in recruitment 

residuals from year to year:  

 
𝑅! =

𝐸𝑡
𝛼 + 𝛽𝐸𝑡

𝑒𝑥𝑝 𝜖𝑡 −
𝜎𝑅2

2
 [11] 

 

 
𝜖! = 𝜌𝑅𝜖𝑡−1 + 1 − 𝜌𝑅

2𝜏𝑡;  𝜏𝑡~𝑁 0, 𝜎𝑅2  
[12] 

 

where 𝑅𝑡 was the total number of recruits in time 𝑡, 𝜌! was the extent of temporal 

autocorrelation in recruitment, 𝜏!  was the normally distributed error around the mean 

stock–recruitment relationship for year 𝑡, and 𝜎!  was the standard deviation of 𝜏!. 𝛼 

and 𝛽 were parameterized as follows:  

 
𝛼 =

(1 − ℎ)𝐸0
4ℎ𝑅0

 [13] 

 

 
𝛽 =

5ℎ − 1
4ℎ𝑅0

 [14] 
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where 𝐸0 was total number of eggs produced under unfished conditions, 𝑅0 was the 

total number of recruits under unfished conditions, and ℎ was the steepness of the 

population. The steepness is defined as the fraction of unfished recruits that are 

produced when the population produces 20% of 𝐸0. Recruits were distributed equally 

across all patches.  

4. Movement 

Movement of fish in Chapter 4 is described by non-directional diffusion. There is no 

movement beyond the spatial patches of the modeled shoreline, and end cells wrap to 

prevent edge effects. The proportion of fish, 𝑋!,!, that move from patch 𝚤 to 𝑖 is given by  

 
𝑋!,! =

𝑋𝑖,𝑖
𝑋𝑖,𝑖𝑖

 [15] 

 

where  

 
𝑋!,! = exp 

𝚤 − 𝑖 !

2𝜎!!
 [16] 

𝑋!,! is the probability that a fish in cell 𝚤 will move to cell 𝑖.  

5. Fishery Dynamics  

The midyear exploitable biomass in patch 𝑖, 𝑋𝑖, 𝑡, was given by � 
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 𝑋!,! = 𝑁𝑎,𝑖,𝑡𝑒−𝑀/2𝑉𝑎𝑊𝑎
𝑎

 [17] 

 

where age-specific selectivity (𝑉𝑎) followed a logistic curve (Equations 22-23). The 

total effort (𝐸𝑡) was allocated in proportion to the exploitable biomass available in 

each patch open to fishing:  

 
𝐸!,! =

𝐸𝑡   
𝑋𝑖,𝑡
𝑋𝑖,𝑡𝑖

                                     𝑓𝑜𝑟 𝑝𝑎𝑡𝑐ℎ𝑒𝑠 𝑜𝑝𝑒𝑛 𝑡𝑜 𝑓𝑖𝑠ℎ𝑖𝑛𝑔

0                                                   𝑓𝑜𝑟 𝑝𝑎𝑡𝑐ℎ𝑒𝑠 𝑐𝑙𝑜𝑠𝑒𝑑 𝑡𝑜 𝑓𝑖𝑠ℎ𝑖𝑛𝑔
 [18] 

 

�The instantaneous fishing mortality rate (𝐹𝑖, 𝑡) in each patch at time 𝑡 was a 

product of the effort in each patch and a catchability parameter, 𝑞, which was 

constant across patches and from year to year:  

 𝐹!,! = 𝐸𝑖,𝑡𝑞 [19] 

 

Catch in each year was assumed to be known without error. Catch data were 

generated yearly. The catch was taken midyear, and the catch at age (𝐶𝑎, 𝑖, 𝑡) in patch 𝑖 

in time 𝑡 was given by  

 𝐶!,!,! = 𝑁𝑎,𝑖,𝑡𝑒−𝑀/2 1 − 𝑒−𝐹𝑖,𝑡𝑉𝑎  [20] 
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The total catch in weight in year 𝑡 was given by 

 𝐶! = 𝐶!,! = 𝐶!,!,!
!

𝑊!
𝑖

 [21] 

 

6. Selectivity  

The selectivity of the fishing gear on length 𝐿 fish followed a two-parameter 

logistic equation: � 

  

 
𝑠! =

1
1 + exp −ln (19) (𝐿 − 𝑙50)/(𝑙95 − 𝑙50)

 [22] 

 

where 𝑙50 was the length at 50% selectivity and 𝑙95 was the length-at-95%-selectivity. 

Selectivity at length was then converted to selectivity-at-age (𝑉𝑎) for use in the age-

based operating model using the following equation: 

 
𝑉! = 𝑠𝐿

1

2𝜋𝜎𝐿𝑎
𝑒
−(𝐿−𝐿𝑎)
2𝜎𝐿𝑎

2
𝑑𝐿

𝐿=∞

𝐿=0
 [23] 

 

Sampling Model 

Catch (in weight), fishery and survey catch-per-unit effort (CPUE) data, and size- 
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and age-composition data from both surveys and catches were generated for use in 

the various assessment methods tested. Catch data were generated yearly and 

assumed to be known without error. The data collection model assumed that the 

lengths of 𝜂 individuals were randomly sampled from both the fishery catch and the 

survey catch at the end of each year. Age-composition data were assumed to be 

multinomially distributed about the true age composition. Lengths were generated 

based on equation [24], where the probability of an individual at age a being in length 

class g is given by:  

 

 

𝑃!,! =

𝜙
𝑙!!!
! − 𝐿!
𝜎!!

𝑖𝑓 𝑔 = 1

𝜙
𝑙!!!
! − 𝐿!
𝜎!!

− 𝜙
𝑙!
! − 𝐿!
𝜎!!

𝑖𝑓 1 < 𝑔

1 −
𝑙!
! − 𝐿!
𝜎!!

𝑖𝑓 𝑔 = 𝐼

≤ 𝐺 [24] 

 

where 𝜙 is the standard normal cumulative distribution, 𝑙!
! is the lower bound of 

length class g, and G the total number of length classes. The width of the size classes 

was 10 mm, with the upper bound of the maximum size class set to 1.5L∞ (rounded 

to the upper 10 mm).  

The age-length probability matrix was modified for the expected age-length 
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distribution of the catch (𝑃!,!) to account for the selectivity-at-length by multiplying 

the age – length transition matrix by the selectivity at length class g (Sg): 

 𝑝!,! = 𝑃!,!𝑆! [25] 

 

The age-length transition matrix for the catch was standardized, so that the 

probability of an individual in the catch-at-age a being in one of the G length classes 

was 1: 

 𝑃!,! =
𝑝!,!
𝑝!,!!

 [26] 

 

Data from the MPA was generated via a simulated survey. An instantaneous 

mortality rate (𝐽𝑖) was applied in each of the five closed patches with gear that had 

the same selectivity as the fishery. The survey catch- at-age (𝐼𝑎, 𝑖, 𝑡) was given by  

 0                                                                                𝑓𝑜𝑟 𝑝𝑎𝑡𝑐ℎ𝑒𝑠 𝑜𝑝𝑒𝑛 𝑡𝑜 𝑓𝑖𝑠ℎ𝑖𝑛𝑔
𝐼!,!,! = 𝑁!,!,!𝑒!!/! (1− 𝑒 !!!! )                       𝑓𝑜𝑟 𝑝𝑎𝑡𝑐ℎ𝑒𝑠 𝑐𝑙𝑜𝑠𝑒𝑑 𝑡𝑜 𝑓𝑖𝑠ℎ𝑖𝑛𝑔 [27] 

 

The fishery-independent size- and age-compositions were generated from the 

survey catch-at-age following the same procedure outlined above.  

 




