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ABSTRACT 

 Marine protected areas (MPAs) can conserve marine biodiversity and, under 

some circumstances, increase fishery yields. However, despite the importance of pelagic 

apex predators to ecosystem function, few studies have addressed the efficacy of MPAs 

for the conservation of pelagic apex predator species. I analyzed fishery-dependent 

logbook and observer data from the United States (US) Hawaii-based deep-set and 

Atlantic pelagic longline fisheries to assess fishing effort and the catch and size of pelagic 

apex predator species around five different MPAs. The MPAs examined here range in 

size, age, level of protection, and reason for establishment. Only two of the five MPAs 

may be benefiting fisheries for the pelagic apex predator species that I selected: the 

DeSoto Canyon and East Florida Coast MPAs, both in the Atlantic Ocean. The size of 

yellowfin tuna around the DeSoto Canyon MPA borders has increased over time, as has 

fishing effort. In contrast, the size of swordfish has decreased near the boundary of the 

East Florida Coast MPA, although the catch of swordfish has increased. The increase in 

catch of smaller swordfish near the boundary of the East Florida Coast MPA may reflect 

the importance of this nursery habitat for swordfish. These results show promise for the 

use of traditional MPAs for the conservation of pelagic apex predators. In contrast, none 

of the other three MPAs exhibited any indication of increased fishing effort, increased 

catch, or changes in pelagic apex predator size near their boundaries over time. 

Therefore, the characteristics of the DeSoto Canyon and East Florida Coast MPAs may 

provide insight into how to best design new MPAs for pelagic apex predators. Both of 

these MPAs were established with the specific intent of reducing pelagic apex predator 
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bycatch in areas where there were historically high catch rates. Both areas are relatively 

large (> 85,000 km2) and are also closed year-round. MPAs that cover a large area, are 

closed year-round, and are created in locations that are important to pelagic apex 

predators (e.g., nursery areas) and have experienced high catch rates may prove 

promising for the conservation of pelagic apex predators.  
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INTRODUCTION  

Marine protected areas (MPAs) are important management tools in a world where 

humans have impacted almost all marine ecosystems (Halpern et al. 2008). The 

International Union for Conservation of Nature (IUCN) defines an MPA as “any area of 

intertidal or sub-tidal terrain, together with its overlying water and associated flora, 

fauna, historical and cultural features, [that] has been reserved by law or other effective 

means to protect part or all of the enclosed environment” (IUCN 1988). More 

specifically, MPAs are a spatial approach to marine conservation and management, in 

which certain activities are restricted or prohibited within an area. In this dissertation, I 

use the term in a generic sense that includes a variety of management strategies, 

including partial or total protection from fishing (e.g., Hyrenbach et al. 2000). MPAs can 

have different goals, ranging from the restoration of damaged habitat to the protection of 

cultural sites, but the two principal reasons for MPA establishment are the protection of 

biodiversity and maintenance and enhancement of viable fisheries (Kelleher 1999).  

MPAs may conserve biodiversity through a variety of mechanisms. For example, 

if individuals are protected within an MPA for a significant proportion of their lifespan, 

the protected area may act as a refuge or source population, promoting resilience and 

allowing recovery from overexploitation. Populations may also receive protection if 

individuals use an MPA during vulnerable periods of their life history (e.g., spawning 

aggregations). Furthermore, an MPA can provide conservation benefits if it reduces 

incidental impacts, such as bycatch or habitat destruction (Lubchenco et al. 2003). A 
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wide range of empirical studies has demonstrated that the diversity, abundance, and size 

of some marine species are higher within MPAs than in areas outside MPAs. For 

example, Cole et al. (1990) found an increase in the diversity of fish inside MPAs in New 

Zealand when compared to open areas. Buxton and Smale (1989) showed that the 

abundance and size of three exploited sparid species were higher within a South African 

MPA than outside of the MPA, and Williams et al. (2009) demonstrated that MPAs in 

Hawaii had 48% higher density of adult yellow tang (Zebrasoma flavescens) than other 

areas. In a meta-analysis, Selig and Bruno (2010) examined the effects of MPAs on coral 

reefs and found that, on average, coral cover within MPAs remained constant, but 

declined on unprotected reefs.  

The conservation benefit of MPAs is now widely accepted, but for MPAs to 

enhance fisheries, the increase in yield outside the protected zone must offset the losses 

incurred by closing the area to fishing (Hilborn et al. 2004). MPAs can maintain viable 

fisheries through two key mechanisms: larval export and spillover of juveniles or adults.  

Under the larval export hypothesis (Roberts 1997), fish eggs and larvae are 

produced in large numbers within MPA boundaries and are subsequently transported 

outside the MPA. Larval export is difficult to detect due to the high spatial and temporal 

variability of larval survival and settlement (Botsford et al. 2003). Nevertheless, there is 

empirical support of the larval export hypothesis. For example, Beukers-Stewart et al. 

(2005) found that the density of great scallops (Pecten maximus) increased on adjacent 

fishing grounds after the establishment of MPAs in the Irish Sea, and Cudney-Bueno et 
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al. (2009) found rapid fishery enhancement of juveniles of two commercial mollusk 

species (rock scallop, Spondylus calcifer; black murex snail, Hexaplex nigritus) two years 

after the establishment of an MPA network in Mexico.  

Under the spillover hypothesis, density-dependent emigration of juvenile or adult 

fish into fished areas occurs because the abundance and size of the target species 

increases within an MPA (e.g., Russ and Alcala 1996). This hypothesis assumes that 

individuals are motile and that habitats are more or less continuous (Goñi et al. 2011). 

The spillover hypothesis builds from the concept of the ideal free distribution, which 

predicts that animals should move toward areas where density is low relative to available 

resources (Fretwell and Lucas 1969). A positive net transfer of exploitable individuals 

from an MPA into fished areas can provide direct evidence of spillover effects (Russ 

2002). Spillover effects may also be evidenced by spatial or temporal changes in catch 

and effort patterns in fisheries near MPAs (Alcala et al. 2005). For example, a declining 

gradient of catch per unit effort (CPUE) with increasing distance from an MPA boundary 

provides indirect evidence of spillover (e.g., Goni et al. 2006, Forcada et al. 2009). 

Additionally, spillover may be reflected by a greater mean size of species captured in 

waters near an MPA boundary (e.g., Stobart et al. 2009).  

Empirical studies support the spillover hypothesis at local scales (e.g., Russ and 

Alcala 1996, Roberts et al. 2001). For example, McClanahan and Mangi (2000) 

demonstrated the spillover of exploitable fish from the Mombasa Marine Park in Kenya, 

and Abesamis and Russ (2005) found that the density of surgeonfish (Naso vlamingii) 
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increased up to 200-300 m outside an MPA at Apo Island in the Philippines. Recently, 

Goñi et al. (2010) showed that spillover of lobster (Palinurus elephas) from an MPA in 

the Mediterranean Sea contributed 31-43% of the annual local catch, thereby 

demonstrating a direct fishery benefit of spillover from an MPA.  

If fishery enhancement via spillover occurs as a result of an MPA, fishing effort is 

likely to concentrate along the MPA boundaries. This is referred to as “fishing the line” 

(Kellner et al. 2007) and is a response to improved fishing opportunities near MPAs. 

Fishing the line has been well documented in several temperate MPAs. For example, 

Murawski et al. (2005) found that three year-round groundfish closures on Georges Bank 

attracted fishing effort at their boundaries due to increased CPUE. Results are more 

varied with tropical MPAs, with effort aggregated near MPA boundaries in response to 

increased CPUE in some studies (e.g., McClanahan and Mangi 2000) or lower near MPA 

boundaries due to the high variability of seasonal fish abundance in others (Abesamis et 

al. 2006). In some cases, a lack of fishing effort near MPA boundaries may be due to 

high costs of traveling to these boundary areas (Wilcox and Pomeroy 2003), and the 

effects of MPAs on CPUE can be masked by the relocation of fishing effort as a 

consequence of MPA establishment (Ewers and Rodrigues 2008). 

As noted above, there is a considerable body of evidence to support the beneficial 

effects of MPAs for the conservation of biodiversity and the enhancement of fisheries 

(e.g., Goñi et al. 2008, Stobart et al. 2009, Halpern et al. 2010). In contrast, few studies 

have examined the function or efficacy of MPAs for pelagic species. Several challenges 
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may influence the impact of MPAs on pelagic species. Many pelagic fish are highly 

migratory, with some species able to range across entire ocean basins. For example, 

Block et al. (2011) demonstrated that several guilds of top predators, including bluefin 

tuna (Thunnus orientalis) and salmon sharks (Lamna ditropis), make cross-basin 

migrations in the Pacific Ocean. Therefore, an MPA that protects only a small area may 

not provide any benefit to such highly migratory species. In addition, pelagic habitats are 

often very dynamic in space and time. For example, Worm et al. (2003) found that 

pelagic species hotspots in the Atlantic and Pacific corresponded with areas of high eddy 

kinetic energy. As a result, the potential mechanisms (e.g., the larval transport and 

spillover hypotheses) by which MPAs can provide benefits may be modified or absent for 

pelagic species.  

Despite these challenges, some pelagic species may benefit from MPAs. Certain 

pelagic species have limited ranges and thus could benefit from relatively small, fixed 

protected areas. For example, the maximum distance traveled by dolphinfish 

(Coryphaena hippurus) around Australia was found to be only 440 km (Kingsford and 

Defries 1999). Additionally, populations may exhibit intra-specific variation in 

movement patterns in which some individuals have a restricted range. Such individuals 

may spend more time within MPAs and thereby garner protection. Many pelagic species 

also exhibit resident areas (i.e., areas of persistent high concentrations, such as breeding 

or foraging grounds). For example, Anderson et al. (2011) found that white sharks 

(Carcharodon carcharias) exhibit site fidelity off the coast of California. Therefore, 
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MPAs could potentially benefit pelagic species by protecting areas that are important for 

foraging or breeding. Indeed, some existing MPAs already protect key areas for species 

with large ranges: the Great Australian Bight Marine Park protects calving areas for 

southern right whales (Eubalaena australis) and relatively small MPAs off the coast of 

California protect the foraging grounds of black-footed albatross (Phoebastria nigripes) 

(Hyrenbach et al. 2006). Additionally, important physical processes in the pelagic 

environment often exhibit some spatial or temporal predictability (e.g., Hyrenbach et al. 

2000, Etnoyer et al. 2004, Belkin et al. 2009). For instance, fixed bathymetric features, 

such as seamounts, create areas of elevated productivity as a result of localized upwelling 

(Lueck and Mudge 1997). These areas result in aggregations of prey species and attract 

top predators (Holland et al. 1999). Therefore, it may be beneficial to protect areas where 

such physical processes occur. An example of this process is a seasonal fisheries closure 

based on real-time predictions in changes in potential bluefin tuna (Thunnus maccoyii) 

habitat in Australia (Hobday et al. 2009).  

 The conservation of pelagic apex predators, including large teleosts and sharks, is 

important for ecosystem structure and function. Predators influence prey populations and 

communities in two ways: inflicting mortality on prey (direct predation) and inducing 

anti-predator behavior by their prey (i.e., risk effects;  Creel and Christianson 2008). For 

example, Simpfendorfer et al. (2001) found a high level of occurrence of dugongs 

(Dugong dugon) in the stomach contents of tiger sharks (Galeocerdo cuvier) in Australia, 

suggesting that shark predation may play an important role in regulating dugong 
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populations. Risk effects are more difficult to observe in the field, but several studies 

have demonstrated that the non-lethal effects of predation risk are important. For 

example, Dunphy-Daly et al. (2010) showed that pied cormorants (Phalacrocorax varius) 

modified their foraging diving behavior in response to spatial and temporal variation in 

predation risk by tiger sharks. Because of these direct and indirect effects of predators, 

the removal of predators can result in the release of prey populations from predatory 

control, causing trophic cascades that affect the entire ecosystem (e.g., Terborgh and 

Estes 2013). For example, Casini et al. (2009) demonstrated a trophic cascade in the 

Baltic Sea after the collapse of a top predator, cod (Gadus morhua), which resulted in a 

dramatic increase in sprat (Sprattus sprattus balticus) stock and a consequent decrease in 

zooplankton. Thus, the decline or loss of pelagic apex predators may influence several 

trophic levels and affect other fisheries (e.g., Parsons 1992, Baum and Worm 2009, Estes 

et al. 2011).  

To date, no study has examined whether MPAs benefit highly migratory species 

of pelagic apex predators and we do not know whether relatively small, stationary MPAs 

could benefit these species. My dissertation seeks to understand the value of established 

MPAs for pelagic apex predators by analyzing fisheries-dependent data from United 

States (US) pelagic longline fisheries MPAs in the Pacific and Atlantic. Specifically, I 

quantify fishing effort, catch rates, and the size of captured pelagic apex predators in US 

pelagic longline fisheries as a function of distance from MPA boundaries over time. In 

Chapter 1, I provide an overview and characterization of the management of the US 
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pelagic longline fisheries and the establishment MPAs of interest in my study areas. In 

Chapter 2, I describe my use of the US pelagic longline data and provide other 

methodological considerations for subsequent analytical chapters. Next, I use data from 

the US Hawaii-based pelagic longline deep-set tuna fishery and Atlantic pelagic longline 

fishery to assess whether established MPAs are effective for pelagic apex predators. In 

Chapter 3, I assess whether fishing effort has increased near MPA boundaries over time 

due to fishers perceiving a spillover effect. In Chapter 4, I evaluate whether the catch of 

pelagic apex predators has increased close to MPA boundaries over time. Finally, in 

Chapter 5, I examine whether the size of pelagic apex predators has changed as a function 

of distance to MPA boundaries over time. I conclude with a summary of whether these 

MPAs are effective for pelagic apex predators, including a discussion of what aspects of 

MPAs may influence their benefit for pelagic apex predators. 
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CHAPTER 1: MARINE PROTECTED AREAS IN THE US HAWAII-BASED AND 
ATLANTIC PELAGIC LONGLINE FISHERIES 

Introduction 

In the United States (US), marine fisheries are managed under the Magnuson-

Stevens Fishery Conservation and Management Act (Magnuson-Stevens Act, 1976). The 

goals of the Act are to promote optimal exploitation of fishery resources while protecting 

essential fish habitat and adhering to conservation principles. In particular, managers are 

challenged to balance the optimization of fisheries yield with the protection of certain 

non-target species due to the explicit trade-offs between profit and conservation. The 

conservation of large marine vertebrates, such as marine mammals, sea turtles, and 

seabirds, is of particular interest because they are especially sensitive to fisheries 

mortality due to their slow life histories and low reproductive rates (see Lewison et al. 

2004 for a review). In the US, the tension between profit and conservation is especially 

evident because of the strongly protective provisions of federal statutes such as the 

Migratory Bird Treaty Act (MBTA, 1918), the Marine Mammal Protection Act (MMPA, 

1972), and the Endangered Species Act (ESA, 1973). The provisions of the MBTA, 

MMPA, and ESA require that US fishery practices are subject to an additional degree of 

regulation and can result in litigation and/or drastic management interventions when 

interactions with protected species exceed acceptable limits.  

The US pelagic longline fisheries provide an excellent example of the trade-offs 

between optimizing yield and conserving protected species. Pelagic longline gear consists 
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of a mainline suspended in the water column by floats. From the mainline, baited hooks 

are attached on leaders. This gear can be modified by gear configuration, hook depth, and 

set timing to target different species. Unfortunately, however, many non-target species 

are also captured on pelagic longlines. As such, these fisheries have a long history of 

interaction with protected species, including marine mammals, sea turtles, and seabirds. 

Consequently, US pelagic longline fishing has been subjected to a complex series of 

regulations, including reporting and observer requirements, limits on fishing effort, 

modifications to gear and operations, and time/area closures designed to reduce the 

frequency and severity of interactions with protected species. US pelagic longline 

fisheries have also been regulated because of concerns about overfishing target species. 

In this chapter, I describe the history of management in the US Hawaii-based and 

Atlantic pelagic longline fisheries and, specifically, how interactions with protected 

species and concerns about overfished fish stocks have shaped management measures, 

with a focus on the establishment of marine protected areas (MPAs). 

Hawaii-based pelagic longline fisheries 

The Hawaii-based pelagic longline fisheries operate year-round from 0 – 40°N 

latitude and 180 – 140°W longitude (Howell et al. 2008; Figure 1). The fisheries target 

swordfish (Xiphias gladius) and bigeye tuna (Thunnus obesus), but also land sharks and 

other billfish and tuna species. Hawaii-based pelagic longline fishing encompasses two 

distinct sets of gear configurations that target different species: shallow sets (100 – 250 m 

depth) made at night for swordfish and deep sets (250 – 400 m depth) made during the 
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day for bigeye tuna (Boggs and Ito 1993). These configurations affect the way longline 

gear interacts with protected species; the shallow-set fishery tends to interact with sea 

turtles and seabirds more frequently than the deep-set fishery because the gear is set near 

the surface where these species forage. Since 2004, these two components have been 

managed as separate fisheries: the shallow-set pelagic longline fishery targeting 

swordfish and the deep-set pelagic longline fishery targeting tuna. Hawaii-based pelagic 

longline fishing is also spatially differentiated into three sub-regions, with deep-set tuna 

fishing primarily occurring in a region south of 23°N, shallow-set swordfish fishing 

primarily in the region north of 33°N, and mixed fishing targeting both species spanning 

from 23°N to 33°N (Curtis and Hicks 2000; Figure 1). 

 

Figure 1: Core fishing grounds for the Hawaii-based pelagic longline fisheries. 
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 US pelagic longline fishing began around Hawaii in 1917 off Oahu with longline 

vessels modeled after the wooden sampan-style boats used in the pole-and-line skipjack 

tuna fishery in Japan (June 1950). At that time, pelagic longline fishing was the second 

largest commercial fishery in the state, and landings increased until the 1950s (Boggs and 

Ito 1993). In the late 1950s, pelagic longline fishing began to decline due to a lack of new 

investment, mainly because the market for fresh-caught fish in Hawaii was limited 

(Boggs and Ito 1993). In the 1980s, however, pelagic longline fishing was reinvigorated 

with the development of markets for sashimi-grade tuna. From 1987 to 1989, the Hawaii-

based pelagic longline fisheries more than doubled in size, from 37 to 88 vessels, and 

then nearly doubled again to 141 vessels in 1991 with the relocation of US longline 

vessels from the east coast and the Gulf of Mexico (Pacific Islands Fisheries Science 

Center (PIFSC) data). New vessels entering the fleet were mostly steel-hulled and up to 

107 ft in length (Boggs and Ito 1993). This rapid growth created concerns about the 

sustainability of Hawaii-based pelagic longline fishing, interference with other fisheries, 

and potential impacts on protected species. Management efforts to address these concerns 

included a moratorium on new entries to halt fleet expansion. The size of the fleet has 

since fluctuated in size from 141 vessels in 1991 to 100 vessels in 2002. Currently, 

around 130 vessels participate in the two fisheries. 

Under the Magnuson-Stevens Act, Regional Fishery Management Councils 

oversee the harvest of fishery resources in US waters through the implementation of 

fishery management plans (FMPs) or fishery ecosystem plans (FEPs). In Hawaii, the 
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Western Pacific Regional Fishery Management Council (WPRFMC) manages the 

Hawaii-based pelagic longline fisheries under the current Pelagics FEP, formerly the 

Pelagics FMP (Nemoto 2005). The Pelagics FMP was first developed in 1986 during a 

period when few problems were perceived with pelagic management unit species 

(PMUS) and fewer than 40 vessels participated in the Hawaii-based pelagic longline 

fisheries. At that time, PMUS encompassed billfish, ocean sharks, wahoo 

(Acanthocybium solandri), and dolphinfish (Coryphaena hippurus). Implemented in 

1987, the FMP required vessel operators to record catch data and report all interactions 

with protected species in the FMP fishery management area (52 FR 5983).  

However, as noted above, fishing effort increased rapidly in the late 1980s. 

Landings increased from 3.9 million pounds in 1987 to almost 10 million pounds in 1989, 

and the number of active vessels increased from 37 to 88 (PIFSC). Along with this 

growth in fleet size and landings, reports of interactions between pelagic longline gear 

and protected species of marine mammals, sea turtles, and seabirds increased in the early 

1990s. Most attention has focused on interactions with species that are listed as 

endangered under the ESA, including Hawaiian monk seals (Monachus schauinslandi), 

the Main Hawaiian Islands (MHI) insular stock of false killer whales (Pseudorca 

crassidens), and loggerhead (Caretta caretta) and leatherback (Dermochelys coriacea) 

sea turtles. In addition to interacting with these endangered species, the Hawaii-based 

pelagic longline fisheries interact with other marine mammals, sea turtles, and seabirds 

that are protected under the federal statutes of the MBTA, MMPA, and/or ESA. To 
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reduce the impact of the fisheries on these protected species, a complex series of rules 

and regulations was established over time.  

Along with management to reduce interactions with protected species, actions 

were taken to reduce or prevent overfishing of target species. The Hawaii-based pelagic 

longline fisheries are regulated by the WPRFMC under the Magnuson-Stevens Act. They 

operate under recommendations from the Inter-American Tropical Tuna Commission 

(IATTC) and the Western and Central Pacific Fisheries Commission (WCPFC). These 

commissions were established to provide an international agreement to ensure the 

conservation and management of highly migratory species of fish in the Pacific Ocean. 

Regulations to reduce overfishing include catch and effort limits, along with fishery 

closures when these limits are reached (e.g., 79 FR 53631). 

The establishment of MPAs 

There are two MPAs at play in the management of the Hawaii-based pelagic 

longline fisheries. The first is a large area surrounding the Northwestern Hawaiian 

Islands (NWHI), which I will refer to in this dissertation as the NWHI MPA. The islands 

in the NWHI are part of a biologically rich area that supports more than 7000 species, 

including the endangered Hawaiian monk seal and 99% of the world’s population of 

Laysan albatross (Phoebastria immutabilis). The NWHI are comprised of a series of 

atolls and most of the islands are uninhabited.  

In 1991, several Hawaiian monk seals were found in the NWHI with injuries from 

longline gear. Consequently, a longline exclusion area in the NWHI was established to 
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reduce fisheries interactions with marine mammals. Federal observers were required on 

any longline vessels fishing within 50 nm of the NWHI (55 FR 49285, 56 FR 24731). 

However, there were reports of fishing inside this zone without observers. Therefore, on 

April 15, 1991, an emergency rule closed areas around the NWHI to longline fishing to 

provide a “buffer zone” around Hawaiian monk seal habitats (56 FR 15842). This closure 

included all waters 50 nm from shore around the NWHI and covered an area of 

approximately 351,600 km2 (Figure 2a). Later, Amendment 3 to the FMP (October 14, 

1991) made this closure permanent as the Protected Species Zone (PSZ; 56 FR 52214). In 

1992, a final rule of Amendment 6 to the FMP made the PSZ and any other area closed to 

domestic longline vessels in the EEZ also closed to operators of foreign vessels fishing 

for pelagic species (57 FR 48564).  

The PSZ was originally established to reduce longline interactions with marine 

mammals, but its boundary was later used to establish a marine national monument. On 

June 15, 2006, President George W. Bush signed Presidential Proclamation 8031 to 

establish the NWHI Marine National Monument (71 FR 36443), which encompasses an 

area of approximately 362,100 km2 around the NWHI (Figure 2b). The Monument was 

established to “preserve the marine area…and certain lands as necessary for the care and 

management of the historic and scientific objects therein” (71 FR 36443). Although the 

creation of the Monument was not linked to interactions between the longline fishery and 

protected species, the Monument boundary encompasses that of the PSZ, and the two are 

very similar with respect to areal coverage. With the exception of limited fishing by a 
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small number of bottomfish vessels (which were subsequently included in the 

moratorium), commercial and recreational fishing was prohibited in the Monument. On 

January 4, 2007, the NWHI Marine National Monument was renamed the 

Papahānaumokuākea Marine National Monument (PMNM). 

 

 

 

Figure 2: Boundaries of the NWHI MPA over time: a) the PSZ, established in 1991, and 
b) the NWHI Marine National Monument, established in 2006. In 2007, the monument 
was renamed as the PMNM. c) The PSZ and PMNM boundaries are almost identical. 
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 The second region of interest to my dissertation involves an MPA around the 

MHI, which I will refer to throughout this dissertation as the MHI MPA. The MHI 

consist of eight high volcanic islands spanning a linear distance of over 600 km; seven of 

these islands are populated. In contrast to the NWHI, a large human population inhabits 

the MHI and the nearshore marine ecosystems are severely impacted by physical 

alteration, heavy fishing pressure, and pollution. The MHI support many active fisheries, 

including intensive commercial and recreational fisheries.  

In 1991, a buffer zone of approximately 248,500 km2 was established around the 

MHI to mitigate conflict between the pelagic longline fisheries and troll and handline 

fisheries (56 FR 28166, 56 FR 47701, 57 FR 7661; Figure 3a). Pelagic longline fishing 

was excluded within this buffer zone, but other commercial and recreational fishing was 

allowed to continue, including short lines, set lines, and troll fisheries that target the same 

species. In 1992, a seasonal component of the closure was instated, which reduced the 

size of the buffer zone from around 248,500 km2 to approximately 183,400 km2 from 

October through February, allowing longline fishing effort closer to shore during winter 

months (57 FR 45989; Figure 3b). This seasonal reduction was created because other 

fisheries retract their range in these months and conflicts were not expected in the newly 

opened region between October and February. The longline closure around the MHI and 

its seasonal component (Figure 3c) were effective until December of 2012. 

On December 31, 2012, the seasonal component of the MHI MPA was removed 

due to regulations addressing interactions with false killer whales. In Hawaii, false killer 
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whales can become hooked or entangled in pelagic longline gear while depredating catch 

or bait. The National Oceanic and Atmospheric Administration’s (NOAA’s) National 

Marine Fisheries Service (NMFS) was sued in 2003 by several environmental groups 

because the number of false killer whales killed or seriously injured exceeded the 

Potential Biological Removal (PBR) level for this stock, as specified under the MMPA 

(Hui Mālama i Koholā, CBD, and TIRN vs. NMFS, C.V. No. 03-00633). In 2004, the 

Hawaii-based pelagic longline fisheries were designated as Category 1 fisheries. 

Eventually, a False Killer Whale Take Reduction Team (TRT) was established in January 

of 2010 (75 FR 2853) and charged with creating a Take Reduction Plan (TRP) with 

measures to reduce mortality and serious injury of false killer whales in the longline 

fisheries. In 2012, the NMFS issued a final TRP that went into force on December 31, 

2012 (77 FR 71260), leading to the removal of the seasonal component (Figure 3b) of the 

longline exclusion zone around the MHI. The final rule designated two exclusion areas: 

one around the MHI closed to longline fishing year-round and a triggered-closure 

Southern Exclusion Zone. The longline exclusion zone around the MHI was identical to 

the original closure instated in 1991 to reduce gear conflicts between pelagic longline 

fishers and commercial and recreational troll and handline fishers (Figure 3a). 
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Figure 3: Boundaries of the MHI MPA: a) the longline restriction area around the MHI, 
established in 1991, and b) its seasonal component, established in 1992. c) The seasonal 
component reduced the area of the longline exclusion zone from October – January from 
1992 – 2012. 
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Additional regulatory measures 

In addition to the time/area closures mentioned above, additional regulatory 

measures have been implemented to reduce interactions with protected and overfished 

species. Due to the expansion of the Hawaii-based pelagic longline fisheries in the 1980s, 

permitting, logbook, and observer requirements for Hawaii-based pelagic longline vessels 

were instituted in 1990 (55 FR 49285, 56 FR 5159, 56 FR 24731). These requirements 

were intended to facilitate the identification of actual or potential management problems, 

including interactions with Hawaiian monk seals and seabirds. Vessels using longline 

gear in the FMP area were required to obtain a fishery permit and maintain and submit a 

daily fishing logbook. This rule is still in effect, and fishers complete logbooks that 

include catch and effort data, along with records of interactions with protected species.  

As noted above, beginning in 1991 observers were required for any longline 

vessels fishing within 50 nm of the NWHI; however, after an increase in observed sea 

turtle interactions, a rule was issued in 1994 that authorized the placement of a federal 

observer on any vessel if requested by the NMFS (58 FR 67699, 59 FR 18499). A 

minimum of 10% observer coverage was required by September 21, 2000, and at least 

20% observer coverage was required by November 7, 2000 (65 FR 66186). Currently, 

100% of the shallow-set fishery is observed, and approximately 20% of the deep-set 

fishery is observed. 

Fishing effort is also limited in the Hawaii-based pelagic longline fisheries. A 

final rule in 1994 established a permanent limited entry program with transferable 
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permits, a limit of 164 vessels, and a maximum vessel length of 101 ft (59 FR 26979). In 

the same year, a vessel monitoring system (VMS) was implemented to monitor the 

location of longline fishing vessels “without excessively burdening fishers” (59 FR 

58789). The VMS allowed the location of each vessel to be monitored by satellite; units 

were provided by the NMFS for all permitted vessels. Vessel monitoring allowed an 

assessment of compliance with closed areas and provided additional safety benefits. It 

also allowed for the verification of the accuracy of logbook reports, thereby aiding in the 

conservation of protected species.  

To further reduce interactions with protected species, the Hawaii-based pelagic 

longline fisheries have experienced additional gear modifications and operational 

requirements. In 2000, a final rule was established that required all pelagic longline 

vessels to carry clippers and dipnets to release turtles that became hooked or entangled in 

longline gear (65 FR 16346). In 2004, vessels making shallow sets north of the equator 

were required to use mackerel-type bait with 18/0 circle hooks to further reduce the 

likelihood and severity of interactions with sea turtles (70 FR 69282). To minimize 

interactions with seabirds, a 2005 final rule required all shallow-setting Hawaii-based 

longline vessels to use either side-setting or a tori line (bird scaring) system in addition to 

blue-dyed thawed bait, strategic offal discards in the presence of seabirds, and line 

shooters with weighted branch lines (70 FR 75075). Similarly, there have been gear 

modifications to reduce interactions with marine mammals. The TRP for false killer 

whales requires circle hooks with the hook wire diameter to be no greater than 4.5 mm, a 
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minimum 2.0 mm diameter for monofilament leaders and branch lines, and a minimum 

breaking strength of 400 pounds for leaders or branch lines (77 FR 71260). These 

requirements are intended to reduce the likelihood of hookings of false killer whales and 

to reduce the severity of injuries when individuals are hooked.  

In addition to these gear modifications, training and certification is required in 

marine mammal handling and release, and NMFS-approved placards must be placed on 

each vessel detailing handling and release information. All Hawaii-based longline vessel 

operators are required to attend a protected species workshop annually (66 FR 31561) 

and to adhere to sea turtle handling and resuscitation measures (67 FR 40232). 

Furthermore, there have been closures for both fisheries in addition to the MPAs 

discussed in the previous section due to sea turtle interactions (64 FR 72290, 65 FR 

51992, 66 FR 31561, 67 FR 16323, 67 FR 40232) as well as limits on effort and number 

of swordfish landed or retained per trip in certain areas. 

US Atlantic pelagic longline fishery 

The US Atlantic pelagic longline fishery operates year-round and is comprised of 

five relatively distinct sub-fisheries: the Gulf of Mexico yellowfin tuna fishery; the south 

Atlantic-Florida east coast to Cape Hatteras swordfish fishery; the mid-Atlantic and New 

England swordfish and bigeye tuna fishery; the US distant water swordfish fishery; and 

the Caribbean Islands tuna and swordfish fishery. Catch and bycatch composition varies 

among these areas, with swordfish primarily caught along the southeast coast and in the 

northeast areas, tuna catch dominating in the Gulf of Mexico and the Mid-Atlantic Bight, 



  

  

  

23 

incidental catches of blue marlin (Makaira nigricans) and sailfish (Istiophorus albicans) 

occurring most frequently in the Caribbean and Gulf of Mexico, and incidental catches of 

white marlin (Kajikia albidus) in the Caribbean, Gulf of Mexico, and the northeast 

coastal area. Pelagic sharks are most frequently taken along the US Atlantic coast. This 

widely dispersed fishery comprises 11 statistical regions (Hoey and Moore 1999, Cramer 

and Adams 2000, Beerkircher et al. 2002a; Figure 4). Like the Hawaii-based pelagic 

longline fisheries, the US Atlantic pelagic longline fishery deploys gear at the surface 

overnight when targeting swordfish and deeper in the water column during the day when 

targeting tuna. 

The US Atlantic longline fishery developed in the mid-1960s with the 

introduction of longlines to Canada by Norwegian shark fishers, and the fishery 

continued to expand into the late 1980s (Gibson 1998). The fishery peaked in 1994, with 

a total of 501 active vessels (Abercrombie et al. 2005). The number of permitted and 

active vessels operating in the Atlantic Ocean, Gulf of Mexico, and Caribbean Sea has 

since declined considerably and now ranges between 80 – 100 (NMFS).  

Domestic management of Atlantic billfish and sharks was initiated in 1978 with 

the Preliminary Fishery Management Plan (PMP) for Atlantic Billfish and Sharks (43 FR 

3818). The goals of this PMP were to minimize conflict between domestic and foreign 

fishers, encourage an international management plan, and “maintain availability of 

billfishes and sharks to the expanding US fisheries.” In 1985, an FMP was developed for 

Atlantic Swordfish, followed by the 1988 FMP for Atlantic Billfishes (53 FR 37765). 
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The 1988 FMP for Atlantic Billfishes established management measures to reduce 

fishing mortality on sailfish, white and blue marlin, and longbill spearfish (Tetrapturus 

pfluegeri) and to maintain the highest availability of billfish to the US recreational fishery 

by banning retention of billfish on any commercial fishing vessel. 

 

 

Figure 4: US Atlantic pelagic longline fishing regions (CAR, Caribbean; FEC, Florida 
East Coast; GOM, Gulf of Mexico; MAB, Mid-Atlantic Bight; NCA, North Central 
Atlantic; NEC, Northeast Coastal; NED, Northeast Distant; SAB, South Atlantic Bight; 
SAR, Sargasso; TUN, Tuna North; TUS, Tuna South).  
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The 1990 Amendment to the Magnuson-Stevens Act authorized the management 

of Atlantic tunas, oceanic sharks, and Atlantic swordfish, marlin, and sailfish. 

Consequently, the NMFS Highly Migratory Species (HMS) management division was 

established in 1992. In 1993, the FMP for Sharks of the Atlantic Coast was created due to 

increasing catches as a result of the demand for shark fins in Asia. The goals of this FMP 

included capping the growth of the commercial fishery, establishing a recreational bag 

limit, eliminating finning, and initiating a data collection program. In 1999, the NMFS 

published the FMP for Atlantic Tunas, Swordfish, and Sharks along with Amendment 

One to the Atlantic Billfish FMP (64 FR 29090). The 2006 HMS FMP (71 FR 58058) 

consolidated these two FMPs and is the current FMP for the fishery. The goals of the 

2006 HMS FMP include minimizing bycatch or bycatch mortality, rebuilding overfished 

fisheries, and modifying existing management strategies.  

In addition to meeting the requirements of the Magnuson-Stevens Act, 

management in the US Atlantic pelagic longline fishery has been based on 

recommendations from the International Commission for the Conservation of Atlantic 

Tunas (ICCAT) as required by the Atlantic Tunas Convention Act (ATCA). The ICCAT 

provides quota recommendations to its contracting parties with the goal of maintaining 

stocks of tunas and tuna-like fishes (including billfishes).  

Throughout its history, management of Atlantic HMS has focused on interactions 

with protected species and issues of overfishing. The fishery was determined by the 

NMFS to be a Category 1 fishery in 2003, meaning that there was frequent incidental 
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mortality or serious injury of marine mammals, and it also interacts with multiple species 

of sea turtles. These interactions, along with overfishing of pelagic species, have resulted 

in fishing effort and gear restrictions, vessel monitoring and observer requirements, and 

time/area closures. 

The establishment of MPAs 

A component of pelagic longline fisheries management has included time/area 

closures, referred to here as MPAs. In the 1999 FMP for Atlantic Tunas, Swordfish, and 

Sharks and the Amendment One for Atlantic Billfish (64 FR 29090), the NMFS declared 

that a comprehensive approach to time/area closures would be undertaken to reduce 

bycatch and incidental catch of overfished and protected species. Consequently, on 

August 1, 2000, the NMFS published a final rule to close three large areas (DeSoto 

Canyon, East Florida Coast, and Charleston Bump) off the coast of the southeastern 

United States (65 FR 47214).  

These three closures were established to rebuild overfished fish stocks and aid the 

conservation of protected species. In addition to Magnuson-Stevens requirements and 

ICCAT recommendations (including incentives to reduce swordfish discards), the 

MMPA and ESA also required reductions in bycatch of marine mammals and sea turtles. 

Time/area closures were viewed as one way to accomplish this. For example, a TRP 

submitted to the NMFS in 1996 by the Atlantic Offshore Cetacean TRT recommended 

that closing certain fishing areas during times of high interaction rates could reduce 

impacts on marine mammals. Additionally, the NMFS believed that time/area closures 
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designed to reduce swordfish discards could also help to reduce sea turtle interactions if 

these animals used the same habitat.  

The DeSoto Canyon MPA took effect on November 1, 2000 and is a year-round 

closure (65 FR 47214; Figure 4). The final rule (65 FR 47214) was published on August 

1, 2000, but implementation of this MPA was delayed by 90 days to allow for fishers and 

related businesses to relocate in response to the final rule. The Desoto Canyon is a subsea 

canyon in the northeastern Gulf of Mexico. The steep walls and mountainous peaks of the 

Desoto Canyon cause upwelling, which attracts baitfish and pelagic apex predators. The 

DeSoto Canyon MPA consists of two square areas off the west coast of Florida that 

encompass approximately 87,200 km2. Originally, the NMFS had considered a closure of 

a larger area in the Gulf of Mexico (65 FR 24440). However, higher discards in the 

western Gulf of Mexico were determined to be likely a result of fishing practices (with 

live bait) rather than a higher abundance of billfish. Therefore, use of live bait was 

restricted in the Gulf of Mexico to reduce blue and white marlin and sailfish discards (65 

FR 47214) and the DeSoto Canyon MPA was selected as a closure to reduce swordfish 

discards. The area was selected specifically to reduce swordfish discards due to the high 

catch rates of small swordfish in the region and a high ratio of swordfish discarded to 

swordfish kept (65 FR 47214). Furthermore, the closure was designed to prevent 

displacement of effort into the area as a result of the time-area closures off the east coast 

of Florida and around the Charleston Bump.  

 Off the east coast of Florida, the NMFS originally proposed a time-area closure 
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from July – September in the Florida Straits (64 FR 3154) to reduce the bycatch of 

undersized swordfish. This region was proposed for closure because of the high discard 

rates of undersized swordfish. However, this proposed closure was rejected in the 1999 

FMP for Atlantic Tunas, Swordfish, and Sharks and Amendment One to the Atlantic 

Billfish FMP (64 FR 29090) because the NMFS agreed with public comments that 

indicated that the area was too small to be effective. Therefore, the East Florida Coast 

MPA (Figure 4), which is located along the east coast of Florida through Georgia and 

extends to the boundary of the Exclusive Economic Zone (EEZ) to cover approximately 

103,600 km2, was selected because of the magnitude of reported swordfish and billfish 

discards. Like the DeSoto Canyon MPA, the East Florida Coast MPA was delayed from 

its intended November 1, 2000 start to a February 1, 2001 start date to also allow for 

fishers and business relocation. However, the East Florida Coast MPA was further 

delayed due to a mistake in the published boundary of the MPA (66 FR 8903). This year-

round closure became effective on March 1, 2001 (65 FR 47214).  

The Charleston Bump closure became effective on March 1, 2001 (65 FR 47214; 

Figure 4). This is a seasonal closure, with pelagic longline fishing restricted within its 

boundary from February through April annually. In the first year of its creation, a delay 

due to a mistake in the boundary of the MPA resulted in a closure of the area from March 

1 to May 1, 2002 (66 FR 8903). The closure comprises an area of approximately 124,400 

km2. The Charleston Bump is a sea floor feature located southeast of Charleston, South 

Carolina. It deflects the Gulf Stream offshore in the South Atlantic Bight, which results in 
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eddies, gyres, and upwelling. These processes, along with the topographic relief of the 

Charleston Bump itself, attract large pelagic fishes and their prey. It may serve as a 

nursery habitat for larvae and juveniles, and has been considered an important location in 

the migration of pelagic apex predators (Sedberry et al. 2001). The area supports a high 

concentration of fishing effort (e.g.,Cramer 1996, Bane et al. 2001). The MPA is closed 

for the period of highest swordfish discards between February and April (65 FR 47214). 

Additional regulatory measures 

In addition to the MPAs that have been established in the US Atlantic pelagic 

longline fishery, regulations have included permitting, reporting and observer 

requirements; gear modifications; and fishing limits that are intended to reduce 

interactions with sea turtles, marine mammals, and overfished target species. To harvest 

swordfish and tunas in the US Atlantic pelagic longline fishery, fishers must possess all 

of the following permits: a directed or incidental swordfish permit, a directed or 

incidental shark permit, and an Atlantic tunas longline permit. All three permits are 

administered under a limited access program (64 FR 29135, 71 FR 58058), which was 

capped at 247 vessels in 1999. In 1986, the Southeast Fisheries Science Center (SEFSC) 

initiated a comprehensive fisheries logbook system. The logbook system provides a 

means to measure the absolute level of effort, and vessel captains are required to report 

trip, gear, catch, and environmental data. Sea turtle bycatch information was also added 

to the logbook forms in 1992 (Witzell 1999). 

Additionally, the pelagic observer program was established in 1992 with the 
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intent of collecting data to evaluate the harvest and status of pelagic fish stocks and 

interactions with protected species (Beerkircher et al. 2002a, Beerkircher et al. 2004). 

This program currently monitors approximately 8% of the US Atlantic pelagic longline 

trips each year. Furthermore, any vessels operating in the Cape Hatteras Special Research 

Area (CHSRA), established in 2009, must contact the NMFS at least two days prior to a 

trip and carry observers if requested (74 FR 23351). The CHSRA was identified by the 

NMFS because of a high number of observed marine mammal interactions in the area (74 

FR 23351). The observer rule within the CHSRA was established to protect pilot whales 

(Globicephala spp.) and Risso’s dolphins (Grampus griseus) from longline interactions 

(74 FR 23351). In addition to the logbook and observer program requirements, as of 

September 1, 2000, all commercial fishers using pelagic longline gear are required to use 

VMS (68 FR 45169, 68 FR 37772). 

There are also gear and bait requirements in specific regions within this fishery. 

Fishing in the Northeast Distant (NED) restricted area (Figure 4) must employ 18/0 or 

larger circle hooks with an offset not to exceed 10 degrees (outside of the NED, fishers 

also have the option to 16/0 or larger non-offset circle hooks). Additionally, only whole 

Atlantic mackerel and/or squid bait can be used in the NED, with the exception of the use 

of artificial bait with green-stick gear (69 FR 40734). These measures were designed to 

reduce sea turtle bycatch and bycatch mortality (69 FR 40734).  

Furthermore, when fishing in the Gulf of Mexico (GOM) region (Figure 4), the 

use of live bait is restricted (65 FR 47214). This regulation was designed to reduce the 
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number of billfish caught and discarded. To allow for the release of incidentally hooked 

bluefin tuna (Thunnus thynnus), the pelagic longline fleet in the GOM has been required 

to use circle hooks with round wire stock no larger than 3.65 mm in diameter since 2011 

(76 FR 18653). These “weak hooks” are more likely to straighten when large bluefin tuna 

are hooked (76 FR 18653). This final rule was established to help conserve bluefin tuna 

in the Gulf of Mexico, which is the only known spawning area for the western Atlantic 

stock of the species.  

As in Hawaii, handling and release gear for sea turtles is also required for the 

Atlantic pelagic longline fishery; all longline vessels are required to carry dipnets and 

line clippers (65 FR 60889, 66 FR 17370). In 2008, a final rule was published that 

required pelagic longline vessels in the Atlantic Ocean to use sea turtle control devices, 

which allow fishers to better handle the animals while removing fishing hooks and line 

(73 FR 54721). To reduce bycatch and bycatch mortality of marine mammals, the 1999 

FMP for Atlantic Tunas, Swordfish, Sharks established limits for the length of pelagic 

longline mainlines in specific areas and times to intended to reduce bycatch and bycatch 

mortality of marine mammals (64 FR 29090). The Atlantic Pelagic Longline Take 

Reduction Plan (PLTRP), published in 2009 (74 FR 23349), created the CHSRA within 

the Mid-Atlantic Bight (MAB) and established a 20 nautical mile limit on mainline 

length for all pelagic longline sets within the region. Additionally, there is a requirement 

to move longline gear after an interaction with protected species (64 FR 29090). 

Furthermore, vessels fishing with pelagic longline gear must possess valid Protected 
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Species Safe Handling, Release, and Identification Workshop certificates onboard and 

must display placards with marine mammal handling/release guidelines (66 FR 48812, 67 

FR 45393). 

In addition to the MPAs described above, closures have been implemented in the 

NED to reduce bycatch of sea turtles (65 FR 60889, 66 FR 36711). There have also been 

limits on the number of bluefin tuna retained (based on the weight of the targeted catch 

onboard) and a ban on the possession or sale of billfish. Quotas and bag limits exist for 

some sharks and there is a prohibition on retention or sale of other sharks (e.g., 76 FR 

53652). Beginning in 1993, permitted vessels were only allowed to land shark fins and 

carcasses in a weight ratio of 5% or less (1993 FMP for Sharks of the Atlantic Ocean), 

effectively banning “finning.” The fishery also has limited quotas for various highly 

migratory species and also follows minimum size regulations (e.g., 63 FR 14030, 63 FR 

51859, 64 FR 29090). 

Summary 

Many regulatory actions have been implemented in attempts to reduce the bycatch 

of protected species and diminish overfishing in the two US pelagic longline fisheries 

reviewed here. The vast majority of these regulations have been developed independently 

to address specific protected species or target species. Furthermore, these regulations 

have overlapped broadly in space and time, making it difficult, and perhaps impossible, 

to assess the efficacy of any particular measure. Nevertheless, it is clear that some of 

these regulations have been effective in reducing the frequency and severity of 
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interactions with protected species.  

For example, gear modifications in US pelagic longline fisheries have 

significantly reduced the bycatch of sea turtles and seabirds. The use of circle hooks with 

mackerel bait reduced loggerhead and leatherback fishery interactions by 85% and 90%, 

respectively, compared to sets with J hooks with squid bait (Gilman et al. 2006). 

Likewise, the seabird-avoidance gear and operational measures enacted in the Hawaii-

based pelagic longline fisheries (66 FR 31561) resulted in a 67% reduction in seabird 

bycatch rates (Gilman et al. 2006). To date, there has been no published assessments of 

the efficacy of recent gear modifications to reduce fisheries interactions with false killer 

whales in the Pacific (77 FR 71260) or marine mammals in the CSHRA in the Atlantic 

Ocean (74 FR 23349), but research continues on potential gear modifications designed to 

reduce the severity of interactions with marine mammals (e.g., Bayse and Kerstetter 

2010). The cost of such interactions is unknown, although one analysis suggested that the 

closure of Hawaii-based pelagic longline fisheries (66 FR 31561) as a result of sea turtle 

interactions caused a decrease in revenue from $50 million in 2000 to $33 million in 

2001 (Nemoto 2005). 

The creation of permanent or seasonal fishery closures may have reduced bycatch, 

but their efficacy in increasing yield of target species has not yet been examined. The 

MPAs of interest here include the PMNM and the MHI MPA in the Hawaii-based pelagic 

longline fisheries (Figure 5) and the DeSoto Canyon, East Florida Coast, and Charleston 

Bump MPAs (Figure 6) in the US Atlantic pelagic longline fishery. This group of MPAs 



  

  

  

34 

provides interesting comparisons in terms of: 1) the initial reason for closure; 2) 

seasonality or permanence of closure; 3) age of closure; 4) size of closure; and 5) level of 

protection.  

Importantly, MPAs in the US Atlantic pelagic longline fishery were closed with 

the specific intent of reducing bycatch of pelagic apex predatory fish species. In contrast, 

the MPAs in Hawaii were established with the primary intent of reducing interactions 

with protected species, reducing conflicts with other fisheries, and preserving biological, 

cultural, and historical areas. The MPAs also vary in terms of seasonality. One of the 

MPAs, the Charleston Bump in the Atlantic Ocean, is seasonal – only offering protection 

for three months of each year. Another MPA, the MHI MPA in Hawaii, experienced a 

reduction in its boundary seasonally for 20 years, with a smaller area of protection 

between October and February from 1992 – 2012.  

Additionally, these MPAs vary in age. Both MPAs in the Hawaii-based pelagic 

longline fisheries were established in 1991, although the PSZ was replaced in 2006 by the 

PMNM, which has an almost identical boundary (Figure 2). In the Atlantic, the DeSoto 

Canyon MPA was established in 2000 and the East Florida Coast and Charleston Bump 

MPAs became effective in 2001. The size of MPAs also varies dramatically, with the 

largest MPA being the PMNM (ca. 362,100 km2) and the smallest being DeSoto Canyon 

(ca. 87,200 km2). Finally, these MPAs represent a wide range of protection. In the Pacific 

Ocean, the PMNM is completely closed to all forms of resource extraction, whereas the 

MHI MPA excludes pelagic longline fishing but allows other commercial and 
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recreational fishing to target these species. Likewise, the three closures in the Atlantic 

Ocean are only protected from commercial pelagic longline fishing; other fishing occurs 

within their boundaries. This suite of MPAs thus serves as a unique experimental system 

to test whether the establishment of MPAs benefits fisheries for pelagic apex predators 

and what characteristics (e.g., initial reason for establishment or permanence, age, size, 

and level of protection of the MPA) might influence this efficacy. 

 

Figure 5: The MPAs of interest in the Pacific Ocean. The NWHI MPA encompasses the 
previous PSZ boundary (April 15, 1991 – June 14, 2006) and the replacement of the PSZ 
on June 15, 2006 by the PMNM. The MHI MPA includes a seasonal reduction in size 
from October through January. 
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Figure 6: The MPAs and fishing regions of interest in the Atlantic Ocean. I focused on 
the DeSoto Canyon MPA in the GOM region, the East Florida Coast MPA in the FEC 
region, and the Charleston Bump MPA in the SAB region. 
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 CHAPTER 2: THE USE OF US PELAGIC LONGLINE DATA TO ASSESS THE 
EFFECTIVENESS OF MARINE PROTECTED AREAS FOR PELAGIC APEX 

PREDATORS 

Introduction 

During the latter half of the 20th century, United States (US) pelagic longline 

fisheries underwent a dramatic expansion. This expansion created concerns over 

interactions with protected species (e.g., marine mammals, sea turtles, and seabirds) and 

the overfishing of target species (see Chapter 1). To monitor these potential problems, 

logbook and observer requirements were instated in US pelagic longline fisheries to 

collect data on a range of conservation and management issues. Logbook data are 

recorded by vessel captains and include information on fishing location and gear 

configuration. Federal observers placed on longline vessels also record these data 

independently. Observer records help to confirm and augment the information provided 

in the logbooks by collecting details on gear, environmental conditions, and catch, 

including, in many cases, the size of species caught.  

Consequently, these records represent a very large, detailed dataset and have been 

used to address many topics, including the incidental take of protected species (e.g., 

Witzell 1999, Lewison et al. 2004, Garrison 2007), and to support the development of 

approaches to reduce these interactions (e.g., Gilman et al. 2003, Watson et al. 2005, 

Kerstetter and Graves 2006, Gilman et al. 2007, Howell et al. 2008). The data sets have 

also been used to provide a general description of catch, including the catch of pelagic 

apex predators (e.g., Polovina and Lau 1993, Bigelow et al. 1999, Beerkircher et al. 
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2002b) and the expected decline of fish stocks as a result of harvest (e.g., Myers and 

Worm 2003, Baum and Blanchard 2010). In my dissertation, I used both logbook 

(Chapters 3 and 4) and observer (Chapter 4 and Chapter 5) records from the US Hawaii-

based and Atlantic pelagic longline fisheries. Specifically, I analyzed changes in fishing 

effort, catch rates, and the size of pelagic apex predators as a function of distance from 

marine protected area (MPA) boundaries over time.  

Analysis of these data presented multiple challenges. First, these datasets are large 

and difficult to manage and require a level of standardization and quality control (see 

below). Additionally, novel methods were required to calculate real distances from MPA 

boundaries to account for the existence of islands or land. Furthermore, special spatial 

considerations were required for some analyses when two MPAs were located within the 

same statistical region. In this chapter, I describe the methodology I used to overcome 

these challenges to analyze changes in fishing effort, catch rates, and size as a function of 

distance from MPAs over time. I also discuss my selection of environmental proxies in 

the analyses.  

Datasets 

The data used for this dissertation are sensitive and subject to confidentiality 

rules; I received data via authorization from the National Marine Fisheries Service 

(NMFS). 
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Pacific Ocean 

Hawaii-based pelagic longline fishery logbook data were available from 1995 – 

2013, and Observer Program data were available from 1994 – 2014. The Observer 

Program is administered by the Pacific Island Regional Office (PIRO) and covers all 

fishing sets in the shallow set pelagic longline fishery and approximately 20% of the 

fishing sets in the deep-set pelagic longline fishery. I obtained individual vessel 

identification codes (vessel IDs) for both the logbook and observer data; as a result, I was 

able to match records from the observer dataset to the logbook dataset using set date and 

the vessel ID. Matching sets between the logbook and observer datasets allowed for 

quality control by providing additional information for each set (e.g., observer data sets 

included less precise positional data, whereas logbook sets did not include measurements 

of the size of captured target species).  

Logbook records were available beginning in June of 1995, but I constrained the 

dataset to include only years with 12 months of fishing effort: 1996 – 2013. I then 

truncated the data further to exclude 2013 because the seasonal boundary change to the 

Main Hawaiian Islands (MHI) MPA ended on December 31, 2012, and I wanted to 

compare data across years with similar spatial and temporal patterns of closures. I also 

restricted my analyses to the Hawaii-based deep-set pelagic longline tuna fishery by 

selecting only those sets from the logbook data that were designated by vessel captains as 

“deep sets” and had a minimum of 10 hooks per float (e.g., Polovina and Woodworth-

Jefcoats 2013).  
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I then removed any set without a record of set date, number of hooks used, or a 

designated vessel ID. I discarded potentially erroneous records (e.g., greater catch than 

the number of hooks set or less than 100 hooks set). I also excluded any sets that were 

incorrectly recorded as being on land or within MPAs in force on the set date.  

As described in Chapter 1, numerous litigation and management measures have 

been implemented in the pelagic longline fishery between 2000 and 2004, primarily 

aimed at reducing sea turtle interactions in the shallow-set fishery. Because these 

management measures influenced the deep-set tuna fishery both directly and indirectly, I 

divided the study into three time periods: A) 1996 – 1999, prior to large-scale shallow-set 

regulatory changes; B) 2000 – 2004, during large-scale shallow-set regulatory changes; 

and C) 2005 – 2012, following large-scale shallow-set regulatory changes. I was 

particularly interested in the comparison between years immediately after the 

establishment of the MPAs (Time Period A; 1996 – 1999) and the most recent years 

(Time Period C; 2005 – 2012) to determine whether fishing effort, catch of pelagic apex 

predators, and size of pelagic apex predators changed over time near MPA boundaries.  

In addition to temporal restrictions, I only included fishing sets within the central 

zone of fishing: 180 – 140° W and 0 – 40°N (e.g., Howell et al. 2008; Figure 1) in my 

analyses. The Hawaii-based deep-set pelagic longline fishery data are not separated into 

regions within this zone based on gear characteristics, so I included all data from the 

deep-set fishery that met the qualifications listed above. This resulted in 229,953 unique 

logbook sets (with 6,397,783 individual catch records) and 43,038 unique observer-
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recorded sets (with 2,043,800 individual catch records) from the Hawaii-based deep-set 

pelagic longline fishery. 

Atlantic Ocean 

Logbook data were available from the US Atlantic pelagic longline fishery from 

1986 – 2010. Observer Program data for this fishery were available from 1992 – 2005. 

The Southeast Fisheries Science Center (SEFSC) operates the Observer Program, which 

covers approximately 8% of all sets in the US Atlantic pelagic longline fishery. Unlike 

the data from the Pacific Ocean, I was not able to link the individual vessel IDs between 

the observer and logbook data, so I could not select observer data records that were also 

recorded in the logbook data. However, I did carry out similar quality control for both the 

logbook and observer datasets. 

I removed any fishing sets from these records without a recorded set date, number 

of hooks set, or designated vessel ID. I also removed any potentially erroneous records 

(e.g., greater catch than the number of hooks set or sets with less than 100 hooks). I 

excluded any sets that were incorrectly recorded as being on land or within MPAs that 

were in force on the set date.  

Data were available before the MPAs of interest were created, but I was primarily 

interested in changes in fishing effort since the time of MPA establishment. Therefore, I 

restricted the dataset to 2002 – 2010 to include years with the same MPA regime. Similar 

to my approach with the Pacific data, I split the Atlantic data into three time periods to 

compare catch and effort data following establishment of the MPAs: A) 2002 – 2004, B) 
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2005 – 2007, and C) 2008 – 2010. 

Geographic areas representing distinct fishing regions are often used to 

summarize data from this fishery (Cramer and Adams 2000, Beerkircher et al. 2002a; 

Figure 4). Significant differences in fishing gear characteristics, seasonality, and 

oceanography exist among these regions and result in distinct temporal patterns of effort 

and catch (Kot et al. 2009). Therefore, I analyzed the regions separately and restricted my 

analyses to those regions that included the MPAs of interest: the Gulf of Mexico (GOM) 

statistical region, which includes the DeSoto Canyon MPA; the Florida East Coast (FEC) 

statistical region, which encompasses the East Florida Coast MPA; and the South 

Atlantic Bight (SAB) statistical region, with both the East Florida Coast and the 

Charleston Bump MPAs (Figure 6). The Charleston Bump is a seasonal closure, so, I 

analyzed effort in the SAB only during months where the MPA was effective (February – 

April). I constructed separate models for each region, restricting data to that region in 

each model. This resulted in 51,095 unique logbook set records and 8,714 observer-

recorded sets (with 216,317 individual catch records of all species recorded) from the US 

Atlantic pelagic longline fishery. 

Distance calculations 

I was interested in how fishing effort, catch rates, and size of captured pelagic 

apex predators varied over time as a function of distance from MPAs, so I needed to 

calculate distances from each set to the relevant MPA boundary. I mapped the set 

locations and MPA boundaries for both datasets in ArcGIS (Version 10.2, ESRI 2011) 
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and projected the data using an equal area Albers projection specific to each study area 

(i.e., the central meridian at the center of the study area and the upper and lower parallels 

inset from the top and bottom of the study area by 1/6 of the latitudinal extent). I then 

created all MPA boundaries as 100 m2 rasters and created a cost surface for each MPA 

using the “cost distance” tool (ArcGIS Spatial Analyst, ESRI 2011). This tool determines 

the least costly path to reach a source for each location in the study extent and is 

necessary when calculating distances around land. I assigned land a value of “no data” so 

paths were required to travel around land instead of across land. I measured cost 

distances to the nearest MPA boundary effective when fishing sets were carried out.  

One limitation of the cost distance tool is that it only allows vertical, horizontal, 

or 45° movements between adjacent grid cells on the cost distance surface. As a result, 

the cost distance tool only accurately estimates the distance between points when the 

relative angle between those points is vertical, horizontal, or 45° even if the path between 

the points is not straight (e.g., the path has to travel around land). Therefore, errors in 

distance measurement can be introduced when the relative angle between two points is 

not vertical, horizontal, or 45°, with the estimated distance being greater than the actual 

distance (e.g., Figure 7). The level of error is smallest when the relative angle is any 

multiple of 45° and greatest when the relative angle is 22.5° (or multiples of 45° plus 

22.5°). I accounted for this error by using an approximate correction factor to estimate the 

difference between the sum of the vertical and horizontal displacement based on the 

relative angle from the MPA (Figure 7).  
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Figure 7: a) An example of a cost surface created around the Honolulu Port. In this 
example, darker colors represent shorter distances. Points at angles that are multiples of 
45° have the lowest error (and are closer to straight-line measurements in the absence of a 
cost surface), which creates the star-like pattern of cost distances. b) The distances 
between two points can be considered the hypotenuse (Z) of a right-angled triangle, 
where a is the relative angle between the two points. c) When the relative angle between 
two points is vertical, the cost distance approach accurately estimates Z. d) The cost 
distance approach also accurately estimates Z when the relative angle is horizontal. e) 
The same is true when the relative angle between two points is a multiple of 45°. f) When 
the angle does not fall under the categories shown in 7c, d, or e, the estimated distance 
using the cost distance approach will be greater than the actual distance. g and h) The 
error is introduced because the direction of movements in the cost surface raster is limited 
to multiples of 45°. The error is greatest at 22.5° (or multiples of 45° plus 22.5°).  
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Considerations of regions with multiple MPAs 

Two regions within my study included more than a single MPA of interest. In the 

Pacific, I included the distance to the Northwestern Hawaiian Islands (NWHI) MPA and 

the distance to the MHI MPA in my analyses. The NWHI MPA is represented by the 

Protected Species Zone (PSZ) through June 2006 and the Papahānaumokuākea Marine 

National Monument (PMNM) after June 2006. The MHI MPA included its seasonal 

reduction in size from October to January. In the SAB region in the Atlantic Ocean, I 

included the distance to the Charleston Bump MPA and the distance to East Florida Coast 

MPA in analyses of data within the SAB region. The northern edge of the East Florida 

Coast MPA extends into the SAB region and proximity to the boundary of this MPA may 

be significant in addition to the distance to the Charleston Bump MPA (the specific MPA 

of interest in this region).  

Environmental proxies 

Specialized oceanographic and environmental features can drive pelagic 

ecosystem dynamics and thereby affect pelagic fisheries. Therefore, I included 

environmental proxies in my analyses for each study area.  

Pacific Ocean 

The Transition Zone Chlorophyll Front (TZCF) is a large-scale oceanographic 

feature in the Pacific that can aggregate species (e.g., juvenile albacore tuna; Polovina et 

al. 2001). The TZCF moves over 1,000 km in latitude annually (Bograd et al. 2004). To 

account for seasonal and annual changes in the position of the TZCF (i.e., years or 
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seasons where the TZCF was closer to MPA boundaries, thereby potentially influencing 

fishing effort and catch in those areas), I created a climatological raster using MGET 

Create Climatological Rasters for GHRSST L4 (Roberts et al. 2010) for each season of 

every year of the study period using the Group for High-Resolution Sea Surface 

Temperature (GHRSST) Level 4 CMC 0.2 degree Global Foundation Sea Surface 

Temperature (SST) data (Brasnett 2008). I binned each raster by season using the mean 

monthly sea surface temperature. I then classified seasons as winter (December, January, 

February), spring (March, April, May), summer (June, July, August), and fall 

(September, October, November). I created these “season years” to designate the 

difference between January and December of the same calendar year (e.g., January 2013 

was grouped in winter with December 2012 instead of December 2013).  

The 18°C SST isotherm can be used as a proxy for the position of the TZCF 

(Baker et al. 2007), so I extracted the 18°C SST contour for each season year and 

measured the distance to a stationary point (the centroid of the MHI MPA). I selected this 

point rather than measuring the distance from each fishing point because I wanted a 

relative measure of changes in the TZCF with respect to proximity to MPAs, and the 

centroid of the MHI MPA did not change over time. I also conducted analyses using the 

distance between the 18°C SST contour and the centroid of the NWHI MPAs, but results 

were unchanged and thus are not presented here. I then used the distance to the TZCF for 

every season of each year in analyses to allow for the consideration of the approximate 

seasonal positions of the TZCF. 
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Atlantic Ocean 

In the Atlantic Ocean, I used the North Atlantic Oscillation (NAO) index as a 

proxy for changing environmental conditions. The NAO is one of the most important 

large-scale climatic processes in the North Atlantic and can influence the distribution of 

fish (Attrill and Power 2002). A positive NAO index represents a strong subtropical high-

pressure center and deep polar low, resulting in mild winter conditions along the US East 

Coast. A negative NAO index represents a weaker subtropical high-pressure center and a 

weak polar low, resulting in colder winters. The NAO varies both seasonally and 

annually. I obtained monthly mean NAO indices from the National Oceanic and 

Atmospheric Administration for each year of the study and included these values in 

analyses (http://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml). 

Summary 

The logbook and observer data for the US Hawaii-based and Atlantic pelagic 

longline fisheries represent a wealth of data on fishing effort, gear configurations, catch 

composition, and the size of species caught in the fisheries. These data have proven to be 

extremely valuable in answering numerous questions about the harvest, conservation and 

status of many pelagic species and will no doubt become increasingly useful as we move 

toward ecosystem-based management. In this dissertation, I used both the logbook and 

observer datasets to conduct a meta-analysis of the efficacy of marine protected areas for 

apex marine predators. 
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 CHAPTER 3: FISHING THE LINE – HAS US PELAGIC LONGLINE FISHING 
EFFORT INCREASED NEAR MPAS OVER TIME? 

Introduction 

There are two main mechanisms by which marine protected areas (MPAs) can 

increase fisheries yield outside of MPAs: larval export (e.g., Roberts 1997) and the 

spillover of juveniles or young adults (e.g., Russ and Alcala 1996). Larval export is 

difficult to detect due to the high spatial and temporal variability of larval survival and 

settlement (Botsford et al. 2009), but it has been demonstrated in mollusks and 

crustaceans (Beukers-Stewart et al. 2005, Cudney-Bueno et al. 2009, Pelc et al. 2009). In 

contrast, the spillover of juvenile or adult individuals may be easier to detect, especially 

for highly mobile species, and is therefore the focus of this dissertation. 

A positive net transfer of exploitable individuals from the MPA into fished areas 

can demonstrate a spillover effect (Russ 2002). Previous investigations have found a 

declining gradient of catch per unit effort (CPUE) with distance from an MPA boundary 

and researchers have suggested that catching more fish close to MPA boundaries 

provides evidence of spillover (e.g., Goni et al. 2006, Forcada et al. 2009). 

In addition to gradients of catch, spillover effects may also be evidenced by 

spatial or temporal changes in fishing effort near MPAs (e.g., Alcala et al. 2005). If 

fishery enhancement via spillover occurs as a result of an MPA, fishing effort is expected 

to concentrate along the MPA boundaries. This is referred to as “fishing the line” and is a 

response to the perception of improved fishing opportunities near MPAs (McClanahan 
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and Kaunda-Arara 1996, Kelly et al. 2000, Goni et al. 2006, Kellner et al. 2007). 

Economic theory predicts that fishers behave as “rational economic actors,” so fishers 

should allocate their fishing effort based on the expected economic returns from fishing 

(i.e., fishers should target locations with the highest returns; Béné and Tewfik 2001). 

Thus, if yield increases or larger individuals are caught near MPA boundaries, fishing the 

line is expected (e.g., Murawski et al. 2005).  

Fishing the line has been well documented in some temperate MPAs. For 

example, Murawski et al. (2005) found that three year-round groundfish closures on 

Georges Bank attracted fishing effort at their boundaries due to increased CPUE. For 

tropical MPAs, fishing patterns around MPAs have varied, with examples of fishing 

effort being aggregated near MPA boundaries in response to CPUE increases (e.g., 

McClanahan and Mangi 2000) and examples of no increase in effort near MPA 

boundaries due to a high variability of seasonal fish abundance (Abesamis et al. 2006). 

Therefore, fishing the line is likely to be context specific and may depend on the 

characteristics of each MPA, variation in fish abundance that is unrelated to the 

establishment of the MPA (e.g., seasonal migration patterns), or other factors (e.g., 

oceanographic processes). To date there has been no research to determine whether 

fishing the line occurs in pelagic fisheries near MPAs boundaries. I hypothesized that if 

MPAs were effective for pelagic apex predators, such as tunas, billfish and sharks, 

fishing effort would increase over time near their boundaries (Figure 8).  

To test this hypothesis, I examined spatial and temporal patterns of fishing effort 
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for US pelagic longline fisheries around MPAs in the Pacific and Atlantic Oceans to 

determine whether fishers perceived spillover effects. My study includes five MPAs that 

were established with various goals and have different characteristics, allowing for a 

comparison of pelagic fishing effort around MPAs with different initial reasons for 

establishment, permanence, age, size, or levels of protection. 

 

 

Figure 8: A schematic showing how fishing effort might be expected to change over time 
near MPA boundaries if a spillover effect is occurring. In earlier time periods, effort may 
be predicted to be relatively consistent throughout the fishing area. However, over time, 
fishing effort might increase close to the MPA boundary relative to locations further from 
the MPA boundary if a spillover effect is occurring. 

 

Methods 

Effort summarization 

I conducted analyses of fishing effort as a function of distance from MPA 

boundaries over time using pelagic longline logbook data (see Chapter 2). After selecting 

data, I created fishnets of 100 km2 cells using the Marine Geospatial Ecology Tool 

Figure 8: Schematic of effort predictions
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(MGET) “create fishnets for points” (Roberts et al. 2010) for the extent of the two study 

areas. This resulted in 1,677 individual 100 km2 fishnet cells for the study region of the 

Hawaii-based deep-set pelagic longline fishery and 284 individual 100 km2 fishnet cells 

within the three study regions of the US Atlantic pelagic longline fishery.  

To prepare data for analyses, I first summarized logbook fishing sets by fishnet 

cell in each month of every year, with the exception of effort in the SAB region (which 

was analyzed from February – April). Because it was important to consider decisions 

about where not to fish, I included cells with zero fishing effort in a particular month and 

year in the effort summary and then summarized effort. I also calculated the overall 

number of sets for each year and month for the extent of the fishery within the temporal 

and spatial specifications above.  

After removing fishnet cells with centroids on land or inside of MPAs and 

grouping sets within fishnet cells by month and year, I obtained 320,522 individual 

fishnet cell effort records from 1996 – 2012 for analyses in the Pacific study region. In 

the Atlantic, this summarization resulted in 15,120 individual fishnet cell effort records 

for the Gulf of Mexico (GOM) region (year-round), 8,424 records for the Florida East 

Coast (FEC) region (year-round), and 918 records for the South Atlantic Bight (SAB) 

region (from February through April) from 2002 – 2010. 

In the Pacific, the boundary of the Northwestern Hawaiian Islands (NWHI) 

Protected Species Zone (PSZ) was essentially replaced with the Papahānaumokuākea 

Marine National Monument (PMNM) in 2006. Therefore, I measured distances (see 
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Chapter 2) from fishnet centroids to the boundary of the PSZ from January 1996 through 

June 2006. From July 2006 onward, I used the distance from fishnet centroids to the 

PMNM. From 1996 – 2012, I calculated distances from fishnet centroids to the Main 

Hawaiian Islands (MHI) MPA between February and September and to the seasonal MHI 

MPA between October and January. I also assigned the distance to the Transition Zone 

Chlorophyll Front (TZCF; see Chapter 2) for every season of each year of the study to 

each individual fishnet cell. This method allowed for the consideration of the 

approximate seasonal positions of the TZCF. 

In the Atlantic, I measured distances from fishnet centroids to the boundaries of 

the three MPAs of interest: the DeSoto Canyon, East Florida Coast, and Charleston 

Bump MPAs. For each fishnet cell, I assigned the monthly North Atlantic Oscillation 

(NAO) index as described in Chapter 2.  

Statistical analyses 

I used variable coefficient generalized additive models (GAMS; Hastie and 

Tibshirani 1990, Wood 2006) to analyze pelagic longline fishing effort in the Pacific and 

Atlantic. GAMs are a non-parametric extension of generalized linear models (GLMs) and 

can deal with non-linear relationships between the response and the explanatory 

variables. In GLMs, the combination of explanatory variables is linear; in GAMs the 

relationship is additive and “smoothed.” As such, GAMs do not require a priori 

specification of the relationship between the response variable and predictors (Hastie and 

Tibshirani 1990, Wood 2006). Both GAMs and GLMs are often used to describe and 
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standardize fisheries data, although GAMs are becoming more common because response 

variables in fisheries often have nonlinear relationships with explanatory variables, 

especially environmental predictors (Venables and Dichmont 2004).  

A special case of GAMs, variable coefficient GAMs, allow smoothed functions of 

predictors to “interact” with factors. In this case, time period was used as the variable 

coefficient term for distance from MPAs because I was interested in changes in fishing 

effort around MPAs over time. I used the Tweedie family of distributions with a log link 

for models because this family of distributions includes an extension of the compound 

Poisson model and can therefore handle zero data (Tweedie 1984). I selected restricted 

maximum likelihood (REML) as the smoothing parameter estimation method. I coded 

and analyzed all models using the “mgcv” library (Version 1.8-3; Wood 2008) in R 

(Version 3.0.2; R Development Team 2008). 

I treated the number of fishing sets made in every month in each study year for 

each fishnet cell as the response variable. For each model, I examined the influence of the 

following predictor variables: the distance to the MPA(s) of interest (with time period as 

a variable coefficient) as a smoothed function and time period, set year, set month, and 

measures of large-scale oceanographic features (the relative distance to the TZCF in the 

Pacific Ocean and the NAO index in the Atlantic Ocean) as factors.  

To allow for variation in effort over months and years, I included a log offset of 

total effort in the model. I calculated total effort as the total number of sets for each 

month/year combination in the extent of the fishnet cells described above. In the case of 



  

  

  

54 

the FEC region in the Atlantic Ocean, there were some months without any overall 

fishing effort in the region, so I added a small constant to the log offset of effort (because 

the log of zero is undefined).  

I compared each variable coefficient GAM to a reduced model – a GAM with the 

same predictors as the variable coefficient GAM, but stripped of the variable coefficient 

terms. I then selected the model with the lowest Akaike Information Criterion value 

(AIC; Akaike 1974, 1983). Once the full or reduced model was selected, I carried out 

variable selection for factors by removing non-significant factors from the model 

individually and comparing model AICs. To determine whether a linearized model would 

be better, I also compared final GAMs to a GLM with the same predictors (including an 

interaction between distance to MPA and time period if the selected GAM had variable 

coefficients). 

I examined concurvity within the final models using the “concurvity” function in 

the “mgcv” package. Concurvity is a generalization of collinearity, and it occurs when a 

smooth term in a model can be approximated by one or more of the other smooth terms in 

the model (Wood 2006). In this case, I evaluated pairwise concurvity between each 

smooth term and considered values less than 0.5 acceptable (Ramsay et al. 2003). I also 

analyzed collinearity between factors by calculating the variance inflation factor (VIF), 

with VIF values above 10 indicating collinearity (Cohen et al. 2013). 
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Results 

Pacific Ocean 

Of the 320,522 fishnet cell records for the Hawaii-based deep-set pelagic longline 

fishery, 88% of the cells had zero fishing effort. The number of sets within a fishnet cell 

ranged from 0 to 142, with a mean of 0.72 (± 0.0064 SE). Distance from the MHI MPA 

and NWHI MPA boundaries ranged from 0 – 2,557.80 km and 0 – 2,885.23 km, 

respectively.  

The full GAM (Table 1), with the variable coefficient of time period for the 

smoothing function of distance to MPAs, performed better than the reduced GAM. 

Additionally, the variable coefficient GAM performed better than a GLM with the same 

predictors. The model had a Tweedie variance function power of 1.42 and had no 

indication of concurvity or collinearity. All predictors significantly influenced the 

number of fishing sets per fishnet cell (Table 1). Because I was not interested in 

describing all factors that affect fishing effort in US pelagic longline fisheries, I present 

and discuss only the results of the predictor(s) of interest to this study (i.e., distance to the 

MPA boundary) for all models. In this case, the predictors of interest were distance to the 

MHI MPA and distance to the NWHI MPA.  

There was indeed an increase in effort close to both MPAs between Time Period 

A (1996 – 1999) and Time Period C (2005 – 2012) (Figures 9a, 9c, 10a, and 10c), but this 

increase was not specific to MPA boundaries and occurred throughout the study area, 

demonstrating an overall increase in effort in the fishery overtime. At the MHI MPA 
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boundary, predicted fishing effort increased from 7.26 (± 1.84 SE) sets per 100 km2 

fishnet cell in Time Period A to 16.79 (± 7.08 SE) sets per 100 km2 fishnet cell in Time 

Period C (Figure 9a and c) when all other predictors were held constant at their mean 

value. The represented a 231% increase in effort close to the MPA boundary over time. 

However, the model also predicted that effort at a distance of 100 km from MHI MPA 

boundary increased from 7.56 (± 1.89 SE) sets per fishnet cell in Time Period A to 19.17 

(± 8.06 SE) sets per fishnet cell in Time Period C (Figure 9a and c) when all other 

predictors were held constant, which was a 256% increase in effort over time. At 500 km 

from the MHI MPA boundary, fishing effort was also predicted to increase from 2.00 (± 

0.50 SE) sets per fishnet cell in Time Period A to 11.14 (± 4.68 SE) sets per fishnet cell 

in Time Period C, representing a 557% increase in effort. This suggests that effort has 

shifted away from the MHI MPA over time. Therefore, the increase in effort over time 

was evident throughout the study area and was larger further from the MPA boundary. 

There was more variation in fishing effort around the MHI MPA in Time Period 

C (Figure 9c) than in Time Period A (Figure 9a) and overall effort generally decreased in 

Time Period B (Figure 9b), perhaps due to the fishing regulations enacted between 2000 

– 2004 to reduce interactions with protected species (see Chapter 1). In all time periods, 

the effort within approximately 300 km from the MHI MPA boundary was higher than 

effort at distances further than 300 km (Figure 9). Fishing effort may be constantly higher 

within 300 km of the MHI MPA because of characteristics of the MHI itself (e.g., the 

location of the Honolulu Port, an island effect) rather than an effect of the MHI MPA.  
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Figure 9: Model predictions of changes in fishing effort as a function of distance from 
the MHI MPA over time. Fishing effort did increase from Time Period A to Time Period 
C; however, this increase was not specific to areas around the MPA boundary, suggesting 
that fishers may not perceive a benefit from the MPA. 

 

Effort also increased between Time Period A and Time Period C at the boundary 

of the NWHI MPA, although fishing effort was generally lower around the NWHI than 

the MHI MPA (Figure 10). Similar to the results from effort around the MHI MPA, effort 

increased throughout the study area from Time Period A to Time Period C. At the NWHI 

MPA boundary, the model predicted an increase from 0.50 (± 0.13 SE) sets per fishnet 

cell in Time Period A to 1.14 (± 0.48 SE) sets per fishnet cell in Time Period C when all 

other predictors were held constant at their mean value (Figure 10a and c). This 

represents a 228% increase in fishing effort at this location over time. Similarly, at 100 

km from the NWHI MPA boundary there was an increase from 0.69 (± 0.17 SE) sets per 

fishnet cell in Time Period A to 1.94 (± 0.82 SE) sets per fishnet cell in Time Period C 

(Figure 10a and c), representing a 281% increase in fishing effort over time. At 500 km 
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from the NWHI MPA boundary, effort was predicted to be 1.01 (± 0.25 SE) sets per 

fishnet cell in Time Period A and 4.56 (± 1.92 SE) sets per fishnet cell in Time Period C, 

with a 451% increase in effort over time. 

Similar to the results around the MHI, there was more variation in fishing effort 

around the NWHI MPA in Time Period C than in Time Period A (Figure 10a and c) and 

effort generally decreased in Time Period B (2000 – 2004; Figure 10b). An important 

distinction from the results of effort around the MHI MPA is that in no time period was 

the highest effort located at the NWHI boundary. Rather, the highest points of effort were 

often beyond 500 km from the NWHI MPA boundary. Effort did increase near the NWHI 

boundary from Time Period A to Time Period C, but was always highest further from the 

NWHI MPA and the rate of increase near the NWHI MPA boundary was not higher than 

other locations in the study area, suggesting that fishers did not perceive a spillover effect 

from the NWHI MPA. 

 

Figure 10: Model predictions of changes in fishing effort as a function of distance from 
the NWHI MPA over time. Effort increased throughout the study area from Time Period 
A to Time Period C. However, this increase was not specific to areas around the NWHI 
MPA boundary, suggesting that fishers are not perceiving an effect of the NWHI MPA. 
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Atlantic Ocean 

GOM region 

Of the 15,120 records for the GOM region, 80% had zero fishing effort. The 

number of sets within 100 km2 fishnet cells ranged from 0 to 127, with a mean of 2.20 (± 

0.064 SE). The full GAM (Table 1) performed better than the reduced GAM. 

Additionally, the variable coefficient GAM performed better than a GLM with the same 

predictors. The variable coefficient GAM had an offset for overall effort and a Tweedie 

variance function power of 1.50. The final model had no indication of concurvity or 

collinearity.  

Distances between the DeSoto Canyon MPA and fishnet cell centroids ranged 

from 17.29 to 1,242.24 km. The model predicted that effort increased close to the MPA 

boundary from Time Period A (2002 – 2004) to Time Period B (2005 – 2007), and then 

from Time Period B to Time Period C (2008 – 2010) (Figure 11). Specifically, the model 

predicted a mean of approximately 3.68 (± 0.68 SE) sets per 100 km2 fishnet cell at the 

closest distance (17.29 km) from the DeSoto Canyon MPA in Time Period A (Figure 

11a), 5.94 (± 0.90 SE) sets per 100 km2 fishnet cell in Time Period B (Figure 11b), and 

12.92 (± 2.64 SE) sets per 100 km2 fishnet cell in Time Period C (Figure 11c), when all 

other predictors were held constant at their mean value. In both Time Period B and Time 

Period C, effort decreased with increasing distance from the DeSoto Canyon MPA 

(Figure 11b and c). These results suggest that fishing the line has increased around the 

DeSoto Canyon MPA over time. 
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Figure 11: Model predictions showing the increase in fishing effort over time near the 
boundary of the DeSoto Canyon MPA. Fishing effort increased from Time Period A to 
Time Period B, and then from Time Period B to Time Period C. There was also a 
gradient of decreasing effort with increasing distance from the MPA in Time Period C. 
These results suggest that fishing effort has indeed increased over time near the DeSoto 
Canyon MPA. 

 

FEC region 

In the FEC region, fishing effort ranged from 0 to 87 sets per 100 km2, with a 

mean of 1.00 (± 0.061 SE). I analyzed 8,424 effort records in this region and 

approximately 92% of them had zero fishing effort. In this case, a reduced GAM (Table 

1) outperformed both the variable coefficient GAM and the GLM. The model had a 

Tweedie variance power function of 1.45 and no indication of concurvity or collinearity. 

Distance from the East Florida Coast MPA ranged from 0.10 – 848.46 km. Fishing effort 

did not change as a function of distance from the East Florida Coast MPA over time, but 

fishing effort throughout the study period (2002 – 2010) was highest around 100 km from 

the East Florida Coast MPA and decreased with distance (Figure 12). This result suggests 

that the high fishing effort around 100 km from the MPA boundary may not be a function 
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of the establishment of the MPA, but instead may be due to processes other than the 

prohibition of pelagic longline fishing in that area. 

 

 

Figure 12: Model predictions of fishing effort around the East Florida Coast MPA across 
all time periods. Effort as a function of distance from the MPA did not vary by time 
period. The constant high effort around 100 km from the East Florida Coast boundary 
may not be a function of the establishment of the MPA. 

SAB region 

Unlike the other two regions in the Atlantic Ocean that have year-round MPAs, 

the Charleston Bump MPA is only in effect from February – April. Fishing effort in the 

SAB region ranged from 0 to 42 sets per 100 km2 fishnet cells. The mean fishing effort 

was 1.52 (± 0.18 SE) sets per cell and approximately 80% of the 918 records from the 

region had zero fishing effort. Distance from the Charleston Bump MPA ranged from 

6.16 – 460.85 km. 

A variable coefficient GAM (Table 1) performed better than both a reduced GAM 

and GLM. As mentioned previously, the distance to the East Florida Coast MPA was 
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included in the models for the SAB region because the East Florida Coast MPA extends 

into the SAB region and proximity to this MPA boundary may be affecting fishing effort 

around the Charleston Bump MPA. The final model had a Tweedie variance function 

power of 1.26.  

Fishing effort changed as a function of distance from the Charleston Bump MPA 

over the three time periods. In Time Period A (2002 – 2004) and Time Period B (2005 – 

2007), fishing effort was higher close to the MPA boundary and decreased with distance 

from the MPA (Figure 13a – b). However, in Time Period C (2008 – 2010), the highest 

fishing effort was around 50 km from the Charleston Bump MPA (Figure 13c). These 

results suggest that fishers may not have perceived a benefit of the Charleston Bump 

MPA over time, but that there may be some feature or process separate from the MPA 

that resulted in higher fishing effort approximately 50 km from the MPA boundary in 

recent years.  

 

Figure 13: Model predictions of changes in fishing effort over time around the 
Charleston Bump MPA. These results do not provide evidence fishing effort has 
increased over time around the Charleston Bump MPA. 
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Table 1: Model predictors for effort analyses. If the variable coefficient GAM was 
selected, then distance to the MPA had a variable coefficient of time period. Models for 
the effort analysis of the Hawaii-based deep-set pelagic longline fishery and effort 
analysis within the SAB region included the distance to two MPAs. * indicates that a 
predictor significantly influenced fishing effort; NS indicates that the predictor was not 
significant (α = 0.05). If a cell is empty, that predictor was not included in the final 
model. 

Region Variable 
coefficient 
GAM 

Predictors 

Pacific 
Ocean 

 Year Month Time 
period 

Distance 
to TZCF 

Distance 
to MPAs 

HI x * * * * * 
Atlantic 
Ocean 

 Year Month Time 
period 

NAO index Distance 
to MPA(s) 

GOM x *  NS  * 
FEC   NS   * 
SAB x   NS  * 

 

Discussion 

I examined changes in fishing effort as a function of distance from the boundaries 

of five MPAs, but found evidence that fishers perceive a spillover effect from only one of 

these MPAs. The most striking increase in fishing effort over time close to an MPA 

boundary occurred near the DeSoto Canyon MPA in the GOM region of the Atlantic 

Ocean (Figure 11). Fishing effort increased close to the boundary over time (Figure 11), 

and in recent years (2008 – 2010) I observed a gradient of effort, with the highest values 

near the MPA boundary and a decrease in effort as a function of distance from the MPA 

boundary (Figure 11c). These results suggest that fishers may perceive some benefit from 

the DeSoto Canyon MPA and the declining gradient of effort in recent years provides 
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indirect evidence of spillover (e.g., Goni et al. 2006, Forcada et al. 2009).  

Like the other MPAs that I studied in the Atlantic Ocean, the DeSoto Canyon 

MPA was created with the specific intent of reducing bycatch (including that of pelagic 

apex predators). However, the DeSoto Canyon MPA can be considered effectively older 

than the other Atlantic MPAs. The DeSoto Canyon MPA was established on November 

1, 2000, but the pattern of increasing fishing effort close to the MPA boundary may be so 

pronounced because pelagic longline fishing effort in the area had declined by over 50% 

in the five years before the closure (65 FR 47214). This decrease in effort prior to the 

establishment of the DeSoto Canyon MPA was likely a reflection of the stricter minimum 

size limit for swordfish. Therefore, the MPA may be functioning as an “older” MPA (i.e., 

due to the decreased effort prior to the establishment of the MPA, and fish species in the 

MPA may have experienced less fishing pressure over a longer period than other MPAs 

in the region). Alternatively, this MPA may have experienced increased effort near its 

boundary over time as a result of effort reallocation due to the closing of East Florida 

Coast and Charleston Bump MPAs. 

Unlike the results around the DeSoto Canyon MPA, my results from the analyses 

of fishing effort around the other two Atlantic Ocean MPAs showed that effort did not 

increase over time close to MPA boundaries. In the FEC region, which contains most of 

the East Florida Coast MPA (Figure 6), fishing effort was highest around 100 km from 

the boundary across all time periods (Figure 12). In the SAB region, fishing effort was 

highest close to the Charleston Bump MPA in the first two periods, but in the most recent 
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time period, fishing effort was highest around 50 km from the boundary of this MPA 

(Figure 13).  

There are numerous possible explanations why fishers may not perceive benefits 

from the East Florida Coast and Charleston Bump MPAs over time. First, fishers may not 

be realizing benefits from these two MPAs. Second, changes in fishing effort near the 

MPA boundary may be due to processes unrelated to the MPA establishment. For 

example, in the case of the high, constant fishing effort around 100 km from the East 

Florida Coast MPA boundary during the entire study period, there may be some 

underlying processes (e.g., oceanographic currents, bathymetric features) that result in 

higher effort in that location. Simply put, this location may be a better area to fish, 

regardless of the protection of the MPA. Third, the lack of an increase of fishing effort 

over time near these MPA boundaries may be due to high costs of traveling to fishing 

sites outside of MPAs (e.g., Wilcox and Pomeroy 2003) or shifts in fishing effort due to 

the creation of the MPAs. Finally, the Charleston Bump MPA is a seasonal MPA only 

closed for three months of the year. Therefore, this MPA may not afford as much 

protection for pelagic apex predators as year-round MPAs. 

My model results for the Pacific study region also did not support the existence of 

a spillover effect around the MHI or NWHI MPAs. Hawaii-based deep-set pelagic 

longline fishing effort did increase near the MHI and NWHI MPA boundaries (Figures 

9a, 9c, 10a and 10c), but effort also increased throughout the study area over the study 

period. And, although fishing effort was generally higher near the MHI MPA, this result 
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is likely due to characteristics of the MHI itself, including the location of the port used by 

the Hawaii-based longline vessels. It is perhaps not surprising that the results for the two 

Pacific MPAs did not suggest that fishers perceive a spillover effect; these MPAs were 

not created with the explicit goal of protecting pelagic apex predators.  

Fishing effort close to the MHI and NWHI MPA boundaries decreased in Time 

Period B (2000 – 2004) (Figures 9b and 10b). During this period there were numerous 

regulations and management measures (including the closure of the shallow-set fishery 

that targets swordfish from 2001 – 2004 and multiple time/area closures for both Hawaii-

based pelagic longline fisheries) in an attempt to reduce sea turtle interactions in the 

Hawaii-based pelagic longline fisheries (see Chapter 1). These regulations affected the 

normal effort patterns of both the deep-set and shallow-set fisheries. For example, in 

addition to the closure of the shallow-set fishery, all Hawaii-based pelagic longline 

fishing was prohibited in a region north of the NWHI (65 FR 51992) from August 25, 

2000 until August 20, 2001 because of high levels of interactions with turtles in that 

region (Figure 14a). From June 12, 2001 to April 2, 2004, all longline fishing was 

prohibited during April and May in an area south of Hawaii from 15°N to the equator and 

from 145°W to 180°W (66 FR 31561; Figure 14b). There were multiple additional 

closures and gear restrictions between 2000 – 2004 that affected the Hawaii-based deep-

set pelagic longline fishery both directly and indirectly; therefore, I conclude that fishing 

effort during Time Period B was different than during Time Period A or C because of 

these regulations. Previous studies have excluded this time period during these 
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regulations in their analyses (e.g., Walsh et al. 2009). In this case, a comparison of only 

Time Period A to Time Period C yielded the same results for the NWHI and MHI MPAs 

(see above). 

 

 

Figure 14: Closures to reduce sea turtle interactions in the Hawaii-based pelagic longline 
fishery. a) All Hawaii-based pelagic longline fishing was prohibited year-round in an area 
north of Hawaii beginning on August 25, 2000. b) Beginning on April 5, 2002, all 
Hawaii-based pelagic longline fishing was prohibited from April – May in an area south 
of Hawaii. 

 

As all five of these MPAs continue to age, it will be interesting to assess whether 

pelagic longline fishing effort increases close to their boundaries. For some long-lived 

pelagic apex predators, the timescale for a spillover effect may be greater than the scope 

of this study. I predict that an effort increase would occur around the East Florida Coast 

and Charleston Bump MPAs rather than the MHI and NWHI, because the Atlantic MPAs 

were established with the goal of protecting pelagic apex predators. 
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In conclusion, fishing the line in US pelagic longline fisheries appears to be 

context dependent. Some MPAs, possibly due to their age, location, and/or other features, 

can result in benefits for fishers who are targeting pelagic apex predators close to MPA 

boundaries. This, in turn, can result in a concentration of effort close to MPA boundaries 

over time, as evidenced near DeSoto Canyon MPA. My analyses provide initial, indirect 

evidence that some MPAs may be benefiting pelagic apex predators under a specific 

combination of MPA characteristics, but this is far from a universal phenomenon. 
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CHAPTER 4: LARGE MPAS DO NOT NECESSARILY IMPROVE THE CATCH OF 
PELAGIC APEX PREDATORS 

Introduction 

In addition to the potential for increasing fish abundance within their boundaries 

(e.g., Willis et al. 2003, Barrett et al. 2007, Tetreault and Ambrose 2007) the benefits of 

marine protected areas (MPAs) can also spillover outside of MPA borders (Rowley 

1994). A positive net transfer of exploitable individuals from the MPA into fished areas 

can provide direct evidence of spillover effects (Russ 2002). Thus, spillover effects may 

be demonstrated by spatial or temporal changes in catch in fisheries near MPAs (e.g., 

Alcala et al. 2005). For example, a declining gradient of catch per unit effort (CPUE) 

with distance from an MPA boundary may provide indirect evidence of spillover (e.g., 

Goni et al. 2006, Forcada et al. 2009).  

Despite several empirical studies that have supported the spillover hypothesis 

(e.g., McClanahan and Mangi 2000, Abesamis and Russ 2005, Goñi et al. 2010), much of 

the empirical work has examined spillover at a local scale or has focused on species with 

limited range, and no studies to date have assessed whether MPAs benefit pelagic apex 

predators that range across entire ocean basins (e.g., tunas, billfishes, and sharks).  

To determine whether MPAs were providing benefits to pelagic apex predators, I 

examined changes in the catch rates of various species of pelagic apex predators in the 

United States (US) Hawaii-based and Atlantic pelagic longline fisheries near five MPA 

boundaries over time. I hypothesized that if MPAs were effective for these species, there 
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should be a gradient of decreasing CPUE moving away from MPA boundaries with time 

since MPA establishment (i.e., a spillover effect; Figure 15). Furthermore, I predicted 

that the MPAs in the Atlantic Ocean, which were originally established with the goal of 

reducing bycatch (including that of pelagic apex predators), might have a better chance of 

benefiting these species. 

 

 

Figure 15: Theoretical predictions of catch over time near MPA boundaries if the 
spillover effect is occurring. In earlier time periods, catch would be expected to be 
relatively consistent throughout the study area. However, over time, catch would increase 
close to the MPA boundary. Normalized catch rates over the entire study area would 
show a steeper slope with time for catch as a function from the MPA boundary. 
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Methods 

I primarily used logbook datasets to analyze catch rates around MPA boundaries. 

Observer data was required in cases where not all individuals of a species were retained 

(e.g., shark species) because logbook data underreports the catch of these species. In all 

catch analyses, I was interested in including gear characteristics that might affect catch 

rates. In the Hawaii-based deep-set pelagic longline fishery, the vast majority of logbook 

records (>99%) that I selected in Chapter 2 contained information on bait type and 

mainline length. Therefore, I retained records with observations of these variables, which 

resulted in 227,371 unique logbook set records. As described in Chapter 2, I was able to 

match records from the observer dataset to the logbook dataset in the Hawaii-based deep-

set pelagic longline fishery using set date and individual vessel identification codes 

(vessel IDs). Therefore, observer data could be subjected to the same data quality 

standards as the logbook data, resulting in 42,002 unique observed set records. 

The shallow-set fishery primarily uses lightsticks when targeting swordfish 

(Bigelow et al. 2006), so it was not surprising that only 7% of the deep sets selected for 

these analyses included lightstick data; therefore, I did not include lightsticks as a 

predictor variable. Additionally, the Hawaii-based pelagic longline fishery logbook form 

does not require vessel captains to record data on hook type or size.  

In the US Atlantic pelagic longline fishery, logbook datasheets have entries for 

hook type and size, but less than 20% of the set records contained these data. 

Additionally, less than 20% of records included data on the type of bait used. Because 
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hook type and size data were not uniformly reported across sets, I did not use these 

variables as predictors. However, most sets (>97%) had data on other gear variables, 

including the number of hooks between floats, mainline length, gangion length, and 

floatline length. I combined gangion length and floatline length to obtain a relative 

measure of set depth. There was a shift from recording gangion and floatline 

measurements in feet to recording measurements in fathoms prior to the study period; 

however, for some outliers it was unclear whether set depth was recorded in feet or 

fathoms. Thus, to ensure that set depth measurement was comparable, I removed these 

outliers, which led to the elimination of seven sets from the Florida East Coast (FEC) 

region. No data were removed from the Gulf of Mexico (GOM) or South Atlantic Bight 

(SAB) regions. This resulted in a total of 43,249 unique fishing set records from the US 

Atlantic pelagic longline fishery. The use of the observer data from the US Atlantic 

pelagic longline fishery was not required for these analyses because I did not have access 

to shark data from this fishery. 

Pelagic apex predators 

Detailed catch data in the Hawaii-based pelagic longline fisheries were available 

for 35 individual species or species groups (e.g., thresher shark species, Alopias sp., were 

grouped by genus because individual species are difficult to differentiate in the field). I 

selected the three most frequently caught pelagic apex predators in the Hawaii-based 

deep-set pelagic longline logbook dataset: bigeye tuna (Thunnus obesus), blue sharks 

(Prionace glauca), and albacore tuna (Thunnus alalunga). In the Atlantic, I had access to 
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data on eight pelagic apex predator species (swordfish, Xiphias gladius; white marlin, 

Kajikia albidus; blue marlin, Makaira nigricans; sailfish, Istiophorus albicans; bigeye 

tuna; bluefin tuna, Thunnus thynnus; albacore tuna; and yellowfin tuna, Thunnus 

albacares). For each region in the Atlantic, I also chose the three most frequently caught 

species of those for which I had data. In the GOM and FEC regions, this included 

swordfish, yellowfin tuna, and bigeye tuna. In the SAB region, I analyzed the catch of 

swordfish, yellowfin tuna, and albacore tuna. 

Distance calculations 

I used the corrected cost distance (see Chapter 2) from each set to the MPA(s) of 

interest. I measured cost distance from each fishing set to the MPA boundary effective 

when that set occurred. In the Pacific, the boundary of the Northwestern Hawaiian 

Islands (NWHI) Protected Species Zone (PSZ) was replaced with the 

Papahānaumokuākea Marine National Monument (PMNM) on June 15, 2006. I refer to 

both of these MPA boundaries as the NWHI MPA and I measured distances to the PSZ 

from fishing sets before June 15, 2006. From June 15, 2006 onward, I measured distance 

from fishing set locations to the PMNM. From 1996 – 2012, I calculated distances from 

fishing sets to the Main Hawaiian Islands (MHI) MPA between February and September 

and to the seasonal MHI MPA between October and January. In the Atlantic, I measured 

distances from set locations to the boundary of the three MPAs of interest: the DeSoto 

Canyon, East Florida Coast, and Charleston Bump MPAs.  
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Environmental predictors 

Temperature can influence the distribution of fish populations (e.g., Pauly 1980, 

Livingston 1984, Pepin 1991). Therefore, I extracted the sea surface temperature (SST) 

for each fishing set in the study by using the Marine Geospatial Ecology Tool (MGET) 

“interpolate GHRSST L4 SST at points” (Roberts et al. 2010) with the Group for High-

Resolution SST (GHRSST) Level 4 CMC 0.2 degree Global Foundation SST data 

(Brasnett 2008). 

Other oceanographic features can also drive pelagic ecosystem dynamics and 

affect pelagic fisheries. Thus, as described in Chapter 2, I included environmental proxies 

in my analyses for each study area. Briefly, I assigned distance to the Transition Zone 

Chlorophyll Front (TZCF) from the centroid of the MHI MPA (which was unchanged 

over the study period) to each fishing set for every season of each year of the study in the 

Pacific Ocean. This allowed for the consideration of rough seasonal movement of the 

TZCF. In the Atlantic Ocean, I used the North Atlantic Oscillation (NAO) index as a 

proxy for changing environmental conditions. I assigned monthly mean NAO indices to 

each fishing set in the Atlantic Ocean.  

Statistical analyses 

I used variable coefficient generalized additive mixed models (GAMMs; Lin and 

Zhang 1999, Fahrmeir and Lang 2001, Wood 2006, Wood 2008) to assess changes in fish 

catch near MPA boundaries over time. Variable coefficient generalized additive models 

(GAMs), as described in Chapter 3, can also be created as mixed models to include 
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random effects that allow for data with repeated measurements (Hastie and Tibshirani 

1990, Wood 2006). In the US pelagic longline fisheries, individual vessels make repeated 

fishing trips over time, and each vessel has specific characteristics (e.g., captain behavior, 

vessel size) that are not recorded in logbooks. Therefore, I chose GAMMs to account for 

this between-vessel variation. Similar to the analyses I conducted in Chapter 3, I used 

time period as the variable coefficient for distance from MPA boundaries, which enabled 

me to examine changes in catch around MPAs over time. I used the Tweedie family of 

distributions with a log link for all GAMMs because these distributions can effectively 

handle zero-inflated data (Tweedie 1984), and I selected restricted maximum likelihood 

(REML) as the smoothing parameter estimation method. I coded and analyzed all models 

in R (Version 3.0.2; R Development Team 2008). 

I created separate models within each region for each individual species of 

interest. For each model, I treated the number of fish caught in each set as the response 

variable. I examined the influence of the following predictors: a smooth of the distance to 

the MPA(s) of interest (with time period as the variable coefficient term), a smooth of 

SST, a random effect of vessel, set year and month as factors, and measures of large-scale 

oceanographic features (the distance to the TZCF in the Pacific Ocean and the NAO 

index in the Atlantic Ocean) as factors. I also included additional gear characteristics in 

each model. For models of the Hawaii-based deep-set pelagic longline fishery, I included 

bait type and mainline length. For models in the Atlantic Ocean, I included mainline 

length, the number of hooks between floats, and set depth. In all analyses, I included a 
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log offset of hooks per set in the model to allow for variation in effort between sets.  

Before running any model, I assessed collinearity between factors in each dataset 

by calculating the variance inflation factor (VIF). If factors had a VIF value greater than 

10 they were not included in models (e.g., Cohen et al. 2013). Variables for models of the 

Hawaii-based deep-set pelagic longline fishery did not have VIF values above 10 so all 

variables described above could be included in analyses. However, for data in the 

Atlantic Ocean, year exhibited collinearity in all regional models for catch analyses (e.g., 

VIF = 10.79, 14.09, and 15.43 for the GOM, FEC, and SAB regions, respectively) and 

was therefore not included in models.  

I compared each variable coefficient GAMM to a reduced model using Akaike 

Information Criterion value (AIC; Akaike 1974, 1983). The reduced models were 

GAMMs with the same predictors as the variable coefficient GAMM, but without the 

variable coefficient terms. I chose the model with the lowest AIC value and then carried 

out variable selection for factors by removing non-significant factors from the model 

individually and comparing model AICs. The final model with selected as the model with 

the lowest AIC value. I examined concurvity within models using the “concurvity” 

function in the “mgcv” package; values above 0.5 indicated concurvity (Ramsay et al. 

2003).  

I initially included mainline length in all models, but this variable exhibited 

concurvity with vessel IDs in all regions, so I removed it from all models. Mainline 

length is likely specific to each individual vessel and did not vary by set as much as other 
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gear descriptors (e.g., the number of hooks between floats). Therefore, including both 

mainline length and vessel ID was redundant. For the US Atlantic pelagic longline 

fishery, there was also concurvity between SST and vessel ID for all models. However, I 

included both terms in models because the SST used for analyses were not recorded by 

vessel captains. Rather, I extracted them from satellite data to understand how both SST 

and vessel ID influenced catch.  

Final model predictions did not include the random effect of vessel (i.e., the shape 

of the predicted response was the same for all vessels, but the position on the y-axis that 

represented number of fish caught varied by vessel), so I normalized all predictions to 

account for variation in individual vessel performance and to compare predictions across 

time periods. This normalization was accomplished by dividing all model predictions by 

the predicted catch closest to the MPA boundary in each time period. I then was able to 

compare trends of catch as a function of distance from MPA boundaries by examining 

slopes of the normalized prediction for each time period.  

Results 

Pacific Ocean 

To determine whether distance to MPA boundaries influenced fish catch rates, I 

analyzed 227,371 unique fishing sets in the fishery from 1996 – 2012. Distance from the 

MHI MPA and NWHI MPA boundaries ranged from 0 – 2270.62 km and 0 – 2754.37 

km, respectively.  

Bigeye tuna was the most commonly caught species in the fishery and was caught 
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on 91% of all sets in the Hawaii-based deep-set pelagic longline fishery. Overall, 

1,887,893 individual bigeye tuna were caught, with an average of 8.30 (± 0.018 SE) fish 

per set. The full GAMM (Table 2), with the variable coefficient of time period for the 

smoothing functions of distance to each MPA, performed better than the reduced 

GAMM, indicating that catch of bigeye tuna as a function of distance from MPA 

boundaries varied significantly over time. However, around the MHI MPA, catch did not 

increase close to the MPA boundary over time (Figure 16). Instead, catch increased with 

distance from the MHI MPA boundary (Figure 16d).  

 

 

Figure 16: Bigeye tuna catch around the MHI MPA increased with distance from the 
MPA boundary in all time periods. 
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Figure 17: Bigeye tuna catch did not increase close to the NWHI MPA boundary over 
time. However, in Time Period C, the highest catch rate was closest to the NWHI MPA 
boundary. 

 

Around the NWHI, catch as a function of distance from the NWHI MPA 

boundary also varied significantly across time (Figure 17a – c). In general, catch did not 

increase close to the NWHI MPA boundary over time (Figure 17), but in Time Period C 

(2005 – 2012) the highest catch rate was closest to the NWHI MPA boundary (Figure 

17c). To more closely examine whether any change in catch rate existed close to the 

NWHI MPA boundary, I carried out an additional analysis with the data limited to 

fishing sets within 500 km of the boundary of the NWHI MPA. In this analysis, the 

variable coefficient GAMM (Table 2) still outperformed the reduced GAMM. However, 

there was no increase in bigeye tuna catch within 500 km of the NWHI MPA boundary 

over time (Figure 18). Therefore, similar to the results from fishing sets around the MHI 

MPA, proximity to the NWHI MPA did not appear to benefit fishers in terms of bigeye 

tuna catch over time since MPA establishment. 
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Figure 18: Model predictions for bigeye tuna catch within 500 km of the NWHI MPA. 
Bigeye tuna catch did not appear to increase close to the NWHI MPA over time. 

 

Blue sharks were the most frequently caught shark species in the Hawaii-based 

deep-set pelagic longline fishery. Overall, 87% of observer sets analyzed caught blue 

sharks, with a total of 179,375 fish captured (mean 4.27 ± 0.023 SE per set). The full 

variable coefficient GAMM (Table 2) outperformed the reduced model, suggesting that 

blue shark catch as a function of distance from the MPA boundaries was significantly 

different across time periods. However, Time Period C appeared to be driving this result 
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and blue shark catch as a function from distance to the MHI MPA or NWHI MPA was 

not significant in Time Period A or Time Period B. In Time Period C, blue shark catch 

around the MHI MPA slightly increased to around 500 km and then decreased with 

distance (Figure 19). Around the NWHI MPA, blue shark catch generally decreased with 

distance from the MPA boundary (Figure 20). Because catch as a function of distance to 

the MPAs was not significant in two of the three time periods, it appears as though the 

MHI MPA and NWHI MPA have not influenced blue shark catch close their boundaries 

over time. 

 

 

Figure 19: Model predictions of blue shark catch near the MHI MPA boundary over 
time. Blue shark catch significantly varied by distance only in Time Period C; therefore, 
there was no evidence of increased catch close to the MHI MPA over time. 

Time Period C

Distance from MHI MPA (km)

Bl
ue

 s
ha

rk
 c

at
ch



  

  

  

82 

 

Figure 20: Model predictions of blue shark catch around the NWHI MPA. Although a 
variable coefficient GAMM outperformed a reduced GAMM, blue shark catch varied 
significantly by distance only in Time Period C. Therefore, there was no indication that 
blue shark catch increased close to the NWHI MPA boundary over time. 

 

The third most frequently caught pelagic apex predator was albacore tuna, with 

34% of all Hawaii-based deep set pelagic longline fishing sets recording albacore tuna 

catch. A total of 468,420 individual fish were caught, with a mean of around two (2.06 ± 

0.012 SE) albacore tuna per set. The full variable coefficient GAMM (Table 2) out 

performed the reduced GAMM, and catch as a function of distance from both the MHI 

and NWHI MPAs was significantly different by time period. However, in all time 

periods, catch was predicted to be relatively low near the MHI MPA boundary and 

increased with distance from the MHI MPA to a certain point (e.g., approximately 300 

km in Time Period A, 1200 km in Time Period B, and 1400 km in Time Period C; Figure 

21a – c). This suggests that the MHI MPA did not improve albacore tuna catch over time 

near its boundary (Figure 21d).  
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Figure 21: Model predictions of albacore tuna catch as a function of distance from the 
MHI MPA over time. The MHI MPA did not appear to improve albacore tuna catch over 
time near its boundary. 

 

Around the NWHI MPA, albacore tuna catch significantly varied as a function of 

distance from the NWHI MPA boundary across time periods (Figure 22a – c). There was 

no clear indication of an increase in catch close to the NWHI MPA boundary over time, 

with the exception of a small decrease in catch with distance from the NWHI MPA very 

close to the boundary in Time Period C (Figure 22c). When I truncated data to only 
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include fishing sets within 500 km of the boundary of the NWHI MPA, the variable 

coefficient GAMM still outperformed the reduced GAMM (Table 2) and the results 

confirmed that there was no increase in catch close to the MPA boundary over time 

increase close to the NWHI MPA over time (Figure 23). Overall, these results suggest 

that catch of pelagic apex predators is not positively affected by the existence of the 

NWHI or MHI MPAs (i.e., more fish were not caught near MPA boundaries over time). 

 

 

Figure 22: Model predictions of albacore tuna catch as a function of distance from the 
NWHI MPA over time. Overall, there was no indication of an increase in catch close to 
the MPA boundary over time. 
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Figure 23: Model predictions for albacore tuna catch within 500 km of the NWHI MPA 
over time. 
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catch in the GOM region were yellowfin tuna, swordfish, and bigeye tuna.  

Yellowfin tuna were caught on 87% of the fishing sets in the GOM. A total of 

221,270 yellowfin tuna were caught, with an average of around seven (6.63 ± 0.036 SE) 

fish per set. A variable coefficient GAMM (Table 2) outperformed a reduced GAMM, 

and catch of yellowfin tuna in the GOM region varied significantly by time period 

(Figure 24a – c). However, catch rate did not increase near the MPA boundary over time 

(Figure 24d). Fishing effort in Time Period A (2002 – 2004) was relatively stable with 

distance from the DeSoto Canyon MPA until a slight increase around 600 km away from 

the boundary (Figure 24a). Fishing effort in Time Period B (2005 – 2007) showed a 

decrease in catch rate with distance from the MPA boundary to around 200 km (Figure 

24b). However, the opposite trend was evident in Time Period C (2008 – 2010), with a 

slight increase in catch with distance from the MPA boundary to around 200 km (Figure 

24c). Therefore, these results suggest that the DeSoto Canyon MPA may not be 

benefiting yellowfin tuna catch rates over time. 
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Figure 24: Model predictions for yellowfin tuna catch in the GOM region. In general, 
catch rate did not increase near the MPA boundary over time. 

 

In the GOM region, 59% of sets caught swordfish, for a total of 96,724 fish (mean 

of 2.90 ± 0.024 SE fish per set). A variable coefficient GAMM (Table 2) outperformed a 

reduced GAMM; catch of swordfish as a function of distance from the DeSoto Canyon 

MPA boundary was significantly different between time periods (Figure 25a – c). 
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similar general pattern once I normalized model predictions: swordfish catch was high 

near the MPA boundary and decreased up to around 100 km away from the MPA 

boundary (Figure 25d). Time Period B (2005 – 2007) experienced an increase in 

swordfish catch around 200 km from the MPA boundary (Figure 25b). Because 

swordfish catch trends were similar between Time Period A and Time Period C, these 

results suggest that there may not be a spillover of swordfish from the DeSoto Canyon 

MPA over time. 

 

 

Figure 25: Model predictions for swordfish catch in the GOM region. These results 
suggest that there may not be a spillover of swordfish that has resulted in increased catch 
around the DeSoto Canyon MPA over time. 
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The third most frequently caught fish species in the GOM region was bigeye tuna. 

However, only 6% of the fishing sets in the region caught bigeye tuna for a total of 3,303 

fish (mean of 0.12 ± 0.0028 SE fish per set). In this case, the reduced GAMM (Table 2) 

outperformed the variable coefficient GAMM, indicating that catch of bigeye tuna in the 

GOM as a function of distance to the DeSoto Canyon MPA boundary did not change 

over time (Figure 26). Together, these results suggest that the DeSoto Canyon MPA did 

not benefit the catch rates of yellowfin tuna, swordfish, or bigeye tuna over time. 

 

 

Figure 26: Model predictions for bigeye tuna catch in the GOM region. Bigeye tuna 
catch as a function of distance from the DeSoto Canyon MPA did not change over time. 
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for analyses and the distance from fishing sets to the East Florida Coast MPA ranged 

from around 0.10 to 799.05 km.  

For the initial analyses of swordfish catch in the FEC region, the full variable 

coefficient GAMM (Table 2) outperformed the reduced GAMM. In all time periods, 

there was relatively high catch of swordfish immediately next to the MPA boundary and 

catch decreased with distance to a certain point away from the MPA. In Time Period A 

(Figure 27a), catch increased again around 400 km from the East Florida Coast MPA 

boundary. In Time Period B (Figure 27b) and Time Period C (Figure 27c), this increase 

began around 200 km from the East Florida Coast MPA boundary. To ensure that the 

increases in catch rates away from the MPA (e.g., beyond 200 km) were not driving the 

significant differences in catch between these three time periods, I subset the original 

8,537 records to include only those fishing sets within 200 km of the East Florida Coast 

MPA boundary. This resulted in 8,100 set records. 

 

 

Figure 27: Model predictions for swordfish catch in the FEC region (all distances). In all 
time periods, there was relatively high catch of swordfish immediately next to the MPA 
boundary and catch decreased with distance to a certain point away from the MPA. 
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Approximately 93% of those 8,100 sets caught swordfish, for a total of 37,939 

individual swordfish (mean 4.68 ± 0.045 SE swordfish per set). For this analysis, the 

variable coefficient GAMM (Table 2) still outperformed the reduced GAMM, confirming 

that catch of swordfish as a function of distance from the East Florida Coast MPA 

boundary was significantly different across time periods (Figure 28a – c). Normalized 

predictions revealed that in Time Period A (2002 – 2004), catch was highest close to the 

East Florida Coast MPA boundary and decreased with distance from the MPA (Figure 

28d). In Time Period B (2005 – 2007), catch increased slightly close to the MPA 

boundary to 25 km away, and then generally decreased with distance from the MPA 

(Figure 28d). Finally, in Time Period C (2008 – 2010), catch was highest close to the 

MPA boundary with the steepest decline as a function of distance from the MPA (Figure 

28d). These results suggest that the East Florida Coast MPA may be benefiting swordfish 

catch rates because the relative rate of catch near its boundary has increased compared to 

catch away from its boundary. 
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Figure 28: Model predictions for swordfish catch within 200 km of the East Florida 
Coast MPA. Swordfish catch near the MPA boundary increased over time relative to 
catch further away from the MPA boundary. 

 

In the FEC region, 69% of the 8,100 analyzed sets within 200 km of the East 

Florida Coast MPA caught bigeye tuna, for a total of 29,062 individual bigeye tuna. On 

average, approximately four (3.59 ± 0.050 SE) bigeye tuna were caught per set. Similar 

to the analysis of swordfish catch in the FEC region, a variable coefficient GAMM 

(Table 2) performed better than a reduced GAMM for the analysis of bigeye tuna catch in 

the FEC region. Bigeye tuna catch varied by time period as a function of distance from 
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the MPA boundary (Figure 29a – c); however, in all time periods, catch was consistently 

lowest close to the East Florida Coast MPA boundary (Figure 29d). These findings 

suggest that the East Florida Coast MPA has not resulted in increased catch rates of 

bigeye tuna.  

 

 

 

 

Figure 29: Model predictions for bigeye tuna catch within 200 km of the East Florida 
Coast MPA. In all time periods, catch was consistently lowest close to the East Florida 
Coast MPA boundary, suggesting that the East Florida Coast MPA has not benefited 
bigeye tuna catch near its boundary over time. 
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Yellowfin tuna was the species with the third highest catch in the FEC region. A 

total of 15,957 yellowfin tuna were caught and 61% of the 8,100 sets caught yellowfin 

tuna. On average, approximately two (mean 1.97 ± 0.032 SE) yellowfin tuna were caught 

per set. Like the other two catch models in this region, the variable coefficient GAMM 

(Table 2) outperformed the reduced model. Catch of yellowfin tuna varied significantly 

as a function of distance from the East Florida Coast MPA boundary by time period 

(Figure 30a – c). Catch steadily decreased with distance from the East Florida Coast 

MPA in Time Period A (Figure 30a) and the highest catch in Time Period B and Time 

Period C was around 50 km from the MPA boundary (Figure 30b – c). The increase 

around 50 km in the two latter time periods followed by a general decrease with distance 

from the MPA (Figure 30d) may suggest that the area around 50 km from the East 

Florida Coast MPA is important for yellowfin tuna.  
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Figure 30: Model predictions for yellowfin tuna catch within 200 km of the East Florida 
Coast MPA. Although yellowfin tuna catch did not appear to increase close to the MPA 
boundary over time, catch was highest at approximately 50 km from the East Florida 
Coast MPA in the two most recent time periods. This may indicate that there is some 
feature 50 km from the MPA that is important to yellowfin tuna. 
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Time Period BTime Period A Time Period C

Distance from East Florida Coast MPA (km)

Ye
llo

w
fin

 t
un

a 
ca

tc
h

Distance from East Florida Coast MPA (km) Distance from East Florida Coast MPA (km)

Ye
llo

w
fin

 t
un

a 
ca

tc
h

Ye
llo

w
fin

 t
un

a 
ca

tc
h

a) c)b)

Normalized by catch next to MPA boundary

d)

Time A
Time B
Time C



  

  

  

96 

tuna as a function of distance to the Charleston Bump MPA. Distance from the 

Charleston Bump MPA ranged from 1.49 to 447.47 km. 

Approximately 93% of the sets caught swordfish and 9,412 individual swordfish 

were recorded. On average, from February through April, vessels caught around seven 

(6.94 ± 0.16 SE) swordfish per set. The variable coefficient GAMM (Table 2) performed 

better than a reduced GAMM. The model included two measures of distance to MPA 

boundaries: the predictor of interest was the distance to the Charleston Bump MPA with 

time period as a varying coefficient term, but distance to the East Florida Coast MPA was 

also included because the northern edge of the East Florida Coast MPA is in the SAB 

region.  

Although the variable coefficient GAMM outperformed the reduced GAMM, 

distance from the Charleston Bump significantly affected swordfish catch in only two 

time periods: Time Period A (2002 – 2004; Figure 31a) and Time Period B (2005 – 2007; 

Figure 31b). Distance from the Charleston Bump in Time Period C (2008 – 2010) was 

not a significant predictor of swordfish catch. In both Time Period A and Time Period B, 

swordfish catch was greatest close to the Charleston Bump MPA boundary and decreased 

with distance from the MPA boundary (Figure 31a – b). The slope of the curve in Time 

Period B was slightly less steep than in Time Period A (Figure 31c), which is the 

opposite of what would be expected if an MPA was benefiting swordfish catch rates 

around its boundary. The results from the analyses of swordfish catch indicate that higher 

catch near the Charleston Bump MPA boundary may have been due to factors other than 
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the establishment of the MPA (e.g., oceanographic features of the Charleston Bump 

itself).  

 

 

 

Figure 31: Model predictions for swordfish catch around the Charleston Bump MPA in 
February – April. In both Time Period A and Time Period B, swordfish catch was 
greatest close to the Charleston Bump MPA boundary and decreased with distance from 
the MPA boundary. Catch as a function of distance from the MPA boundary was not 
significant in recent years (Time Period C). 
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In the SAB region, 66% of the fishing sets caught yellowfin tuna, with an average 

of approximately five (4.68 ± 0.24 SE) yellowfin tuna per set and a total of 6,336 

individual fish. For the analysis of yellowfin tuna catch in the SAB region, a reduced 

GAMM (Table 2) outperformed a variable coefficient GAMM, indicating that catch of 

yellowfin tuna as a function of distance from the Charleston Bump MPA boundary did 

not change over time. During the entire study period (2002 – 2010), yellowfin tuna catch 

was constantly higher near the Charleston Bump MPA boundary and decreased with 

distance from this boundary (Figure 32), suggesting that there is likely a feature within 

the MPA, either oceanographic or environmental, that benefits yellowfin tuna, rather than 

the establishment of the MPA itself. 

 

 

Figure 32: Model predictions for yellowfin tuna catch around the Charleston Bump MPA 
in February – April. Catch decreased with distance from the MPA boundary in all time 
periods. 
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Finally, the catch of albacore tuna was examined within the SAB region. Of the 

1,355 fishing sets in the region between February and April, only 29% caught albacore 

tuna, with an average of less than one (0.88 ± 0.050 SE) fish per set. A total of 1,051 

individual albacore tuna were recorded during those months from 2002 – 2010. Similar to 

the results for yellowfin tuna, a reduced GAMM (Table 2) outperformed a variable 

coefficient GAMM to explain the catch of albacore tuna as a function of distance from 

the Charleston Bump MPA. This result indicates that albacore tuna catch as a function of 

distance from the MPA boundary did not change over time period. Yet, unlike the 

analysis of yellowfin tuna catch, the model for albacore tuna catch predicted that catch 

was lowest close to the Charleston Bump MPA and increased with distance from the 

MPA boundary in all time periods (Figure 33), suggesting that the MPA location and the 

creation of the MPA may not be important for albacore tuna  

 

 

Figure 33: Model predictions for albacore tuna catch around the Charleston Bump MPA 
in February – April. Catch increased with distance from the MPA boundary in all time 
periods. 
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Table 2: Model predictors for catch analyses. If the variable coefficient GAMM was selected, 
then distance to the MPA had a variable coefficient of time period. Models for the analysis of 
catch in the Hawaii-based deep-set pelagic longline fishery and within the SAB region included 
the distance to two MPAs. * indicates that a predictor significantly influenced catch; NS indicates 
that the predictor was not significant (α = 0.05). If a cell is empty, that predictor was not included 
in the final model. 

 

 

Discussion 

To assess whether established MPAs benefited the fisheries for pelagic apex 

predators, I analyzed changes in catch of pelagic apex predators as a function of distance 

from five different MPA boundaries over time in four regions across two oceans. In each 

region, I analyzed the catch of the three most frequently caught pelagic apex predators, 
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resulting in 12 separate final models. In nine cases, catch as a function of distance from 

MPA boundaries varied by time period. However, in only one of these cases did the catch 

of a pelagic apex predator increase near an MPA boundary over time: the capture of 

swordfish in the FEC region of the Atlantic Ocean (Figure 28d). 

What is special about the East Florida Coast MPA for swordfish? In addition to its 

relatively large size (over 100,000 km2), there are three characteristics of this MPA that 

may act in concert to benefit swordfish: 1) selection of a site that is important for that 

species (e.g., a spawning or nursery ground), 2) year-round protection, and 3) historically 

high fishing effort in the area. First and foremost, this MPA was established in a nursery 

ground (Arocha 1997) where catch rates were known to be high (65 FR 47214). Of the 

three species for which I analyzed catch in the FEC region, only swordfish catch 

increased close to the MPA boundary over time. This result is consistent with the 

spillover hypothesis, with more fish expected around an MPA that is benefiting a given 

fish species. The other two species for which catch was analyzed within the FEC region, 

bigeye and yellowfin tuna, did not experience a similar benefit from the MPA. Instead, 

bigeye tuna catch generally increased with distance from the East Florida Coast MPA 

(Figure 29d). Yellowfin tuna catch decreased with distance from the MPA in Time Period 

A (Figure 30a), but not in later time periods (Figure 30b – c), which may be a result of 

variation in stock size and their habitat selection, rather than an effect of the MPA. The 

second characteristic of the East Florida Coast that may explain its function as an MPA 

for swordfish is that it is closed year-round, providing continued protection for fish 
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within its bounds. The third characteristic that sets the East Florida Coast MPA apart 

from the other MPAs in the Atlantic Ocean is that it was established in an area where 

there was historically high fishing effort and catch of swordfish. 

All three MPAs that I examined in the US Atlantic pelagic longline fishery 

regions were initially created with the specific intent to protect Atlantic billfish, and 

eventually created with the general goal of reducing bycatch, but the East Florida Coast is 

the only example that demonstrated a benefit for catch of a pelagic apex predator near its 

boundary over time. This may be because the other two MPAs, the Charleston Bump and 

DeSoto Canyon MPAs, do not satisfy the three characteristics that likely contribute to the 

effectiveness of the East Florida Coast MPA. Both the Charleston Bump and DeSoto 

Canyon MPAs are also relatively large (ca. 124,400 km2 and 87,200 km2, respectively). 

However, the Charleston Bump MPA is only closed for three months each year. 

Consequently, this MPA may not protect swordfish or other pelagic apex predators as 

well as MPAs with year-round closures. The DeSoto Canyon MPA is closed year-round, 

but fishing effort had decreased by over 50% in the five years prior to establishment of 

the MPA (65 FR 47214). Thus, swordfish and other pelagic apex predators in this region 

may not have experienced strong fishing pressure in this region prior to MPA 

establishment (i.e., the area may have been acting as somewhat of a de facto MPA prior 

to the official creation). 

In contrast to the three MPAs in the Atlantic Ocean, neither MPA in the Pacific 

Ocean (the MHI and NWHI MPAs) was created with the goal of benefiting pelagic apex 
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predator species. Rather, the NWHI MPA was originally created to reduce interactions 

between monk seals and pelagic longline fisheries and the objective of the MHI MPA 

was to decrease conflict between the pelagic longlines and other fisheries in the region. 

These MPAs are large and closed year-round, but were not specifically created to benefit 

pelagic apex predators, which may explain why those two MPAs did not result in 

increased catch of these species around their borders over time. 

There may be other explanations for why increases in catches of pelagic predators 

were not observed near the boundaries of the five MPAs in this study for all models 

except the catch of swordfish around the East Florida Coast MPA. The effects of MPAs 

on CPUE can be masked by the relocation of fishing effort as a consequence of MPA 

establishment (Ewers and Rodrigues 2008). In the Atlantic, one driver for the creation of 

the DeSoto Canyon MPA was to reduce the adverse effects of displaced fishing effort 

resulting from the closure of the East Florida Coast MPA. However, results from Chapter 

2 showed that effort increased close to the boundary of this MPA over time. These results 

could be a consequence of the relocation of fishing effort from areas that became closed 

with the establishment of the East Florida Coast and Charleston Bump MPAs. Increased 

fishing effort over time can, in turn, affect the results of catch rates near MPA 

boundaries. Furthermore, the migratory nature of these pelagic apex predators and the 

dynamic habitat of the pelagic environment provide challenges for protecting these 

species with traditional MPAs.  

 In summary, three of the five MPAs in this study were specifically set up with 
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the intent to protect pelagic apex predators. However, only the East Florida Coast MPA 

experienced an increase in the catch of one species (swordfish) near its boundary over 

time. This is the only MPA in the study that protects a known spawning ground, is closed 

year-round, and had historically high fishing effort in that area prior to MPA 

establishment. My results indicate that MPAs may benefit fisheries for pelagic apex 

predators when they are established with an explicit consideration of these characteristics. 

Indeed, the East Florida Coast MPA may serve as the template by which future pelagic 

MPAs should be designed and implemented. 
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CHAPTER 5: THE EFFECT OF MPAS ON SIZE OF PELAGIC APEX PREDATORS  

Introduction 

Industrial fishing has altered size distributions of pelagic apex predators, largely 

because fisheries for these species preferentially catch large individuals of species that 

otherwise have few predators. For example, Jackson et al. (2001) demonstrated that with 

increased fishing technology, the mean cod (Gadus morhua) length in the Gulf of Maine 

decreased over time since the 1920s. In a meta-analysis, Ward and Myers (2005) 

suggested that the mean body mass of most pelagic apex predators declined to 10% of the 

baseline level before industrial fishing commenced in the Pacific. This decrease in body 

size is especially relevant for long-lived species, such as sharks, that have slow growth 

rates and a high age at maturity (Ward and Myers 2005). 

Marine protected areas (MPAs) have been demonstrated to benefit fish species 

communities and fisheries, although the utility of MPAs for pelagic apex predators 

remains largely unknown. In addition to increasing abundance, both inside and outside 

their boundaries, MPAs can also affect the size of protected species. After MPA 

establishment, fish densities and sizes within an MPA are predicted to increase due to 

protection from fishing, leading to higher individual size and greater overall spawning 

biomass. Eventually, it is expected that the pre-harvested population structure in terms of 

age and size should be re-established within the MPA. Importantly, these theoretical 

predictions about increases in size within MPAs have been supported by some empirical 

observations. For example, Edgar and Barrett (1997) found that the density of large (> 
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32.5 cm) fish inside the Maria Island Reserve in Tasmania rose from an average of 2.6 

large fish per 500 m2 transect to 9.2 large fish per transect following six years of 

protection. In a meta-analysis, 124 global reserves resulted in an average size increase of 

28% inside of reserves compared to surrounding fishing grounds (Lester et al. 2009). The 

spillover of large juveniles or adults from MPAs to surrounding areas may also result in 

greater mean sizes of species captured in adjacent fisheries (Abesamis and Russ 2005). 

For example, Stobart et al. (2009) found that mean size of captured commercial species 

was higher at the border of an MPA in the Mediterranean than other fished areas. 

However, if MPAs were established specifically to protect nursery grounds for pelagic 

apex predators, then the spillover of juveniles may result in an increase of smaller-sized 

fish outside the MPA. These observations suggest that at least some harvested species can 

benefit from MPAs, but it is unclear whether pelagic fisheries receive a similar advantage 

from MPA establishment.  

To address this question, I determined whether the establishment of five MPAs in 

the Pacific and Atlantic Oceans resulted in changes in the size of pelagic apex predator 

fish captured by United States (US) Hawaii-based deep set and Atlantic pelagic longline 

fisheries near MPA boundaries over time. I hypothesized that if an MPA was established 

in a nursery ground for a given species, there would be an increase in smaller individuals 

of that species. For example, I expected that there would be more small swordfish 

(Xiphias gladius) around the boundary of the East Florida Coast MPA in the Atlantic 

Ocean because that area previously had high rates of juvenile swordfish discards. 
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Alternatively, if individuals exhibit site fidelity (Anderson et al. 2011) and the MPA 

protects an important site for that species, there may be an increase in larger individuals 

near MPA boundaries over time due to protection of individuals within the MPA 

boundaries. In either case, these changes might be evident in the size records of 

individuals caught near MPA boundaries over time.  

Methods 

I used observer data to analyze the size of pelagic apex predators around MPA 

boundaries. I focused on changes in the size of pelagic apex predators around the 

Northwestern Hawaiian Islands (NWHI) and Main Hawaiian Islands (MHI) MPAs in the 

Pacific Ocean and the DeSoto Canyon, East Florida Coast, and Charleston Bump MPAs 

in the Atlantic Ocean (see Chapter 1 for descriptions of these MPAs). In these analyses, I 

was interested in including gear characteristics that might also affect catch size. In the 

Hawaii-based deep-set pelagic longline fishery, all records selected in Chapter 2 

contained set records with bait type, hook type, leader material, and number of hooks per 

float recorded. Additionally, almost all records (>99%) had data on hook size and drop 

weight size. Therefore, I retained observer records with these variables, which resulted in 

2,002,664 unique fish records for all species recorded by observers. I selected the same 

three pelagic apex predators caught in the Hawaii-based deep-set pelagic longline fishery 

as analyzed in Chapter 4: bigeye tuna (Thunnus obesus), blue sharks (Prionace glauca), 

and albacore tuna (Thunnus alalunga). Observers currently record fork length (cm) for 

tunas, eye to fork length (cm) for billfishes, and approximate length (ft) for sharks. Prior 



  

  

  

108 

to 2003, shark total length was measured in centimeters, so these values were converted 

into feet to allow for consistency across years. 

As described in Chapter 2, I could not match observer and logbook data records in 

the US Atlantic pelagic longline fishery, but I subjected observer data records to the same 

quality control methods as logbook data. Additionally, of the sets selected using the 

methods described in Chapter 2, almost all sets (>99%) had data on the minimum and 

maximum hook depth, the number of floats used, set duration, and bait type. This resulted 

in 492,786 unique fish records for all species recorded by observers. I analyzed the size 

of the species selected in Chapter 4: swordfish, yellowfin tuna (Thunnus albacares), and 

bigeye tuna in the Gulf of Mexico (GOM) and Florida East Coast (FEC) regions and 

swordfish, yellowfin tuna, and albacore tuna (Thunnus alalunga) in the South Atlantic 

Bight (SAB) region. In these regions, sometimes observers take multiple records of 

length; I used the first length measurement recorded (in cm). 

I calculated the distance from each observer-recorded fishing set to the MPAs of 

interest using the “cost distance” tool in ArcGIS (ArcGIS Spatial Analyst, ESRI 2011) as 

described in Chapter 2. In addition, environmental predictors, including sea surface 

temperature (SST), distance to the Transition Zone Chlorophyll Front (TZCF) in the 

Pacific Ocean, and North Atlantic Oscillation (NAO) indices in the Atlantic Ocean were 

assigned to each individual observer-recorded set as described in Chapter 4.  

Statistical analyses 

I used variable coefficient generalized additive mixed models (GAMMs; Lin and 
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Zhang 1999, Fahrmeir and Lang 2001, Wood 2006, Wood 2008) to assess changes in fish 

size near MPA boundaries over time. As described in Chapter 4, GAMMs allow for the 

consideration of between-vessel variation within the fishery. I used time period as the 

variable coefficient for distance from MPA boundaries, which enabled me to examine 

changes in the size of captured fish around MPAs over time. Because only positive catch 

data was used and most size data were normally distributed, I used a Gaussian 

distribution. I selected restricted maximum likelihood (REML) as the smoothing 

parameter estimation method and coded and analyzed all models using the “mgcv” 

library (Version 1.8-3; Wood 2008) in R (Version 3.0.2; R Development Team 2008). 

Due to the large size of the Hawaii Observer Program dataset, I used the function “bam” 

to run GAMMs for data in the Pacific Ocean. This function can compute complex models 

using parallel processing and has a relatively low memory footprint, allowing for the 

analysis of large datasets. 

I created separate models within each region for each individual target species. In 

each model, I treated the size of fish caught in each set as the response variable. I 

examined the influence of the following predictors: a smooth of the distance to the 

MPA(s) of interest (with time period as the variable coefficient term), a smooth of SST, a 

random effect of vessel, set year and month as factors, and measures of large-scale 

oceanographic features (the distance to the TZCF in the Pacific Ocean and the NAO 

index in the Atlantic Ocean) as factors. I also included additional gear characteristics in 

each model: bait type, leader material, hook size, and hooks per float for analyses in the 



  

  

  

110 

Pacific Ocean and bait type, number of floats, minimum and maximum hook depth, and 

set duration for analyses in the Atlantic Ocean. In all models, I also included a log offset 

of hooks per set to allow for variation in effort between sets. Predictors with a variance 

inflation factor (VIF) greater than 10 were not included in models (e.g., Cohen et al. 

2013). 

As described in previous chapters, I compared each variable coefficient GAMM 

to a reduced model using the Akaike Information Criterion value (AIC; Akaike 1974, 

1983). The reduced models were GAMMs with the same predictors as the variable 

coefficient GAMM, but without the variable coefficient terms. I chose the model with the 

lowest AIC value and then carried out variable selection for factors by removing non-

significant factors from the model individually and comparing model AICs. I selected the 

final model as the model with the lowest AIC value. I examined concurvity within model 

predictors using the “concurvity” function; values above 0.5 indicated concurvity and 

were excluded from analyses (Ramsay et al. 2003).  

Results 

Pacific Ocean 

I analyzed 219,027 unique size records of bigeye tuna measured by observers in 

the Hawaii-based deep-set pelagic longline fishery from 1996 to 2012. The mean size of 

measured bigeye tuna was 111.83 (± 0.048 SE) cm, and fish size ranged from 19 – 205 

cm. Distance from the MHI MPA and NWHI MPA boundaries to sets with bigeye tuna 

catch ranged from 0 – 2067.25 km and 0 – 2754.37 km, respectively. The full GAMM 
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(Table 3), with the variable coefficient of time period for the smoothing functions of 

distance to each MPA, performed better than the reduced GAMM, indicating that size of 

bigeye tuna as a function of distance from MPA boundaries was significantly different 

over time. However, around the MHI MPA, size did not increase close to the MPA 

boundary over time (Figure 34a – c). Furthermore, size was never highest close to the 

MHI MPA boundary in any time period. Around the NWHI, size as a function of distance 

from the NWHI MPA boundary also varied significantly across time (Figure 35a – c). 

Similar to the results around the MHI MPA boundary, however, there was no indication 

that size of bigeye tuna changed over time close to the NWHI MPA boundary.  

 

 

Figure 34: Model predictions for the size of bigeye tuna around the MHI MPA over 
time. Size did not increase close to the MPA boundary over time. 
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Figure 35: Model predictions for the size of bigeye tuna around the NWHI MPA over 
time. There was no indication that size of bigeye tuna changed over time close to the 
MPA boundary. 
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whether the size of blue sharks has changed over time close to MPA boundaries in the 
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Figure 36: Model predictions for the size of blue sharks caught around the MHI MPA 
over time. Blue shark size did not change close to the MPA boundary over time. 

 

 

Figure 37: Model predictions for the size of blue sharks caught around the NWHI MPA 
over time. Blue shark size did not change close to the MPA boundary over time. 
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distance from the MHI MPA did not vary significantly by time period. Around the NWHI 
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MPA, albacore tuna size as a function of distance to the MPA boundary varied from 

Time Period A to Time Period C. However, a change in size over distance was not 

statistically significant in Time Period B. The size of albacore tuna was predicted to be 

relatively similar at the NWHI MPA boundary between Time Period A (96.90 ± 3.05 SE 

cm) and Time Period C (96.33 ± 2.61 SE cm) when all other predictors were held 

constant, but there was a decrease in size with distance from the MPA boundary in Time 

Period C that was not present in Time Period A (Figure 38a – b). This prediction in Time 

Period C does not rule out other interpretations, and the confidence intervals around 

model predictions were large, but it is not consistent with the idea that the NWHI MPA 

contributed to an increase in size of albacore tuna near its boundary, because the size at 

the boundary was similar across time periods. However, additional measurements of 

albacore tuna beyond Time Period C are needed to determine whether this trend of larger 

fish being found near the MPA boundary will continue. 

 

Figure 38: Model predictions for the size of albacore tuna caught around the NWHI 
MPA over time. Size as a function of distance to the NWHI MPA was not significant in 
Time Period B. 
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Atlantic Ocean 

GOM region 

I analyzed a total of 54,777 individual fish records for the three species of interest 

in the GOM region: 28,696 size records for yellowfin tuna, 25,369 records for swordfish, 

and 712 records for bigeye tuna. 

The mean size of the yellowfin tuna observed in the GOM region was 135.09 (± 

0.11 SE) cm, with sizes ranging from 30 – 238 cm. The full GAMM (Table 3), with time 

period as a variable coefficient for the distance to the DeSoto Canyon MPA performed 

better than the reduced GAMM. Therefore, the size of yellowfin tuna as a function of 

distance from the DeSoto Canyon MPA boundary varied significantly over time. In each 

time period, the size of yellowfin tuna was largest close to the MPA boundary and 

decreased with distance from the MPA (Figure 39). In Time Period C, the size of 

yellowfin tuna at the boundary of the DeSoto Canyon MPA was slightly larger (147.05 ± 

7.34 cm) than the size of yellowfin tuna in Time Period A and Time Period B (144.36 ± 

5.60 cm and 138.73 ± 6.69 cm, respectively) when all other predictors were held 

constant. Although the confidence intervals are large, these results are consistent with the 

hypothesis that larger yellowfin tuna may have been caught close to the MPA boundary 

recently and provide some initial evidence of a benefit to the size of yellowfin tuna 

captured in the GOM region. 
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Figure 39: Model predictions for the size of yellowfin tuna caught around the DeSoto 
Canyon over time. Although confidence intervals were large around model predictions, 
these results provide initial evidence that yellowfin tuna size may have increased near the 
MPA boundary over time. 
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Figure 40: Model predictions for the size of swordfish caught around the DeSoto Canyon 
over time. There did not seem to be a trend of increasing or decreasing body size close to 
the MPA boundary over time. 

 

The average size of bigeye tuna caught in the GOM region was 120.16 (± 0.45 

SE) cm and size ranged from 30 –180 cm. Like the other two species in this region, the 

full GAMM performed best (Table 3). However, size did not significantly vary by 

distance in Time Period A. Size was relatively constant across distances in Time Period B 

(Figure 41a) and declined with distance in Time Period C (Figure 41b). The size of 

bigeye tuna at the DeSoto Canyon boundary was predicted to be higher in Time Period B 

(263.12 ± 74.86 SE cm) than Time Period C (235.22 ± 107.78 SE cm). The somewhat 

contradictory trends presented here (larger overall size in Time Period B but decreasing 

size with distance in Time Period C), along with large margin of overlap in predicted 

standard error provides little evidence that the DeSoto Canyon MPA is affecting the size 

of bigeye tuna either positively or negatively close to its border. 
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Figure 41: Model predictions for the size of bigeye tuna caught around the DeSoto 
Canyon over time. Size as a function of distance from the MPA boundary was not 
significant in Time Period A. Size was relatively constant across distances in Time Period 
B (a) and declined with distance in Time Period C (b). These results provide little 
evidence that the DeSoto Canyon MPA is affecting the size of bigeye tuna either 
positively or negatively close to its border. 
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boundary was significantly influenced by distance in both Time Period B and Time 

Period C (Figure 42a – b). In Time Period B, swordfish size generally decreased with 

distance from the East Florida Coast MPA boundary to around 200 km and then 

increased with distance (Figure 42a). In Time Period C, the opposite trend was predicted: 

swordfish size increased with distance from the East Florida Coast MPA boundary, 

peaking around 500 km from the edge of the MPA (Figure 42b). This trend is consistent 

with the hypothesis that the MPA is protecting nursery grounds, and indeed, the East 

Florida Coast MPA does encompass nursery habitat for these fish. Based on this finding 

and the observation that the catch of swordfish has increased over time close to the MPA 

boundary (see Chapter 4), I carried out an additional analysis to assess whether more 

small swordfish were being caught near the East Florida Coast MPA over time. 

 

 

Figure 42: Model predictions for the size of swordfish caught around the East Florida 
Coast MPA over time. Size as a function of distance from the MPA boundary was not 
significant in Time Period A. In Time Period B, swordfish size generally decreased with 
distance from the East Florida Coast MPA boundary to around 200 km. In Time Period 
C, the opposite trend was predicted: swordfish size increased with distance from the East 
Florida Coast MPA boundary, peaking around 500 km from the edge of the MPA. This 
trend is consistent with the hypothesis that the MPA is protecting nursery grounds. 
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To test this hypothesis, I first restricted the analysis to the catch of swordfish 

within 200 km of the East Florida Coast MPA, given the results discussed above and the 

catch analyses methods described in Chapter 4. Next, I defined a juvenile swordfish as 

any fish smaller than the legal limit (119 cm). Following the methodology fully described 

in Chapter 4, I analyzed the number of juvenile swordfish caught as a function of distance 

from the East Florida Coast MPA over time using variable coefficient and reduced 

GAMMs. The full variable coefficient GAMM (Table 3) performed better than a reduced 

version. The catch of juvenile swordfish significantly varied by distance from the East 

Florida Coast MPA in Time Period A (Figure 43) and Time Period C (Figure 43). Of 

interest, normalized results (see Chapter 4) showed that relatively more juveniles were 

caught close to the East Florida Coast MPA boundary (Figure 43c). The steeper slope of 

the model prediction in Time Period C (Figure 43c), along with the size results and 

evidence above, suggests that the East Florida Coast MPA may be providing an increased 

source of juvenile swordfish near its border. 

 



  

  

  

121 

 

 

Figure 43: Model predictions for the catch of juvenile swordfish around the East Florida 
Coast MPA over time. These results suggest that the East Florida Coast MPA may be 
providing an increased source of juvenile swordfish near its border. 
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Bigeye tuna caught in the FEC region ranged in size from 30 – 195 cm, with a 

mean size of 102.19 (± 0.32 SE) cm. Distance from the East Florida Coast MPA ranged 

from 0.35 to 799.05 km. The variable coefficient GAMM (Table 3) outperformed the 

reduced model, but the size of bigeye tuna as a function of distance from the East Florida 

Coast MPA was only significant in two time periods: Time Period A (Figure 44a) and 

Time Period C (Figure 44b). In both cases, the size of bigeye tuna generally increased 

with distance from the MPA, although bigeye tuna caught near the boundary of the East 

Florida Coast MPA were slightly larger in Time Period C (98.94 ± 16.75 SE cm) than 

Time Period A (82.49 ± 25.85 SE cm). Although bigeye tuna were slightly larger near the 

boundary of the East Florida Coast MPA in Time Period C (Figure 44b), the size of 

bigeye tuna was never the greatest at the MPA boundary. Future studies on additional 

time periods may provide information on whether the MPA is benefiting the catch of 

larger bigeye tuna near its boundaries. 

 

 

Figure 44: Model predictions for the size of bigeye tuna around the East Florida Coast 
MPA over time. Bigeye tuna were largest further from the boundary of the East Florida 
Coast MPA. 
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Finally, yellowfin tuna caught in the GOM ranged from 30 – 200 cm in length, 

with a mean size of 115.20 (± 0.55 SE) cm. Yellowfin tuna were caught between 0.092 

and 796.91 km from the boundary of the East Florida Coast MPA. Although the full 

variable coefficient GAMM (Table 3) outperformed the reduced GAMM, the only time 

period where yellowfin tuna length significantly varied as a function of distance from the 

East Florida Coast MPA boundary was Time Period A (Figure 45). In Time Period A, the 

size of yellowfin tuna increased with distance from the East Florida Coast MPA 

boundary. Because the size of yellowfin tuna was not significantly influenced by the 

distance from the East Florida Coast MPA in Time Period B or Time Period C, the MPA 

does not seem to be affecting the size of yellowfin tuna captured outside of its borders 

over time. 

 

Figure 45: Model predictions for the size of yellowfin tuna around the East Florida Coast 
MPA over time. Distance from the MPA significantly influenced yellowfin tuna size only 
in Time Period A. In Time Period A, the size of yellowfin tuna increased with distance 
from the East Florida Coast MPA boundary. Because the size of yellowfin tuna was not 
significantly influenced by the distance from the East Florida Coast MPA in Time Period 
B or Time Period C, the MPA does not seem to be affecting the size of yellowfin tuna 
captured outside its borders. 
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SAB region 

In the SAB region, I only analyzed the size of fish that observers recorded during 

the time period that the Charleston Bump MPA is closed (February – April). There were 

a total of 2,810 individual size records for swordfish, yellowfin tuna, and albacore tuna 

during this time period. 

There were 1,583 swordfish size records in the SAB region. Swordfish size 

ranged from 60 – 298 cm, with a mean length of 160.45 (± 0.98 SE) cm. Distance from 

the Charleston Bump MPA boundary ranged between 4.66 and 445.80 km. The reduced 

GAMM (Table 3) outperformed the variable coefficient GAMM, indicating that size of 

swordfish as a function of distance from the Charleston Bump MPA did not vary by time 

period. Throughout the entire study period, swordfish size increased with distance from 

the MPA boundary (Figure 46). 

 

 

Figure 46: Model predictions for the size of swordfish around the Charleston Bump 
MPA over time. Swordfish size increased with distance from the MPA in all time 
periods. 
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There were 927 records of yellowfin tuna in the SAB region, and the mean 

yellowfin tuna size was 103.25 (± 0.70 SE) cm. Yellowfin tuna length ranged from 30 – 

200 cm. Yellowfin tuna were caught on observed fishing sets between 4.66 and 445.80 

km from the Charleston Bump MPA. In this case, the full variable coefficient GAMM 

(Table 3) outperformed the reduced GAMM; however, yellowfin tuna size as a function 

of distance from the MPA boundary was not significant in Time Period A or Time Period 

B. In Time Period C, size of yellowfin tuna generally increased with distance from the 

Charleston Bump MPA boundary to around 200 km from the MPA (Figure 47). Because 

size of yellowfin tuna as a function of distance from the MPA boundary was not 

significant in Time Period A or Time Period B, and Time Period B suggested that bigger 

fish were found further away, I cannot draw conclusions about the trend in yellowfin tuna 

size over time near the Charleston Bump MPA boundary. 

 

 

Figure 47: Model predictions for the size of yellowfin tuna around the Charleston Bump 
MPA over time. Distance from the MPA only significantly influenced yellowfin tuna size 
in Time Period C. In Time Period C, the size of yellowfin tuna generally increased with 
distance from the Charleston Bump MPA boundary to around 200 km from the MPA. 
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There were only 300 records of albacore tuna length from observer-recorded sets 

in the SAB region. The size of recorded albacore tuna ranged from 73 – 117 cm, with a 

mean of 100.44 (± 0.49 SE) cm. Albacore tuna were recorded between 11.19 and 445.80 

km from the boundary of the Charleston Bump MPA. Similar to the results from the 

swordfish size analysis in this region, the reduced GAMM (Table 3) outperformed the 

variable coefficient GAMM. Furthermore, distance from the boundary of the Charleston 

Bump MPA did not significantly affect albacore tuna size. 

 

Table 3: Model predictors for the analyses of pelagic apex predator size over time near 
MPA boundaries. If the variable coefficient GAMM was selected, then distance to the 
MPA had a variable coefficient of time period. Models for catch size within the Hawaii-
based deep-set pelagic longline fishery and the SAB region included the distance to two 
MPAs. * indicates that a predictor significantly influenced fish catch; NS indicates that 
the predictor was not significant (α = 0.05). If a cell is empty, that predictor was not 
included in the final model. 
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Discussion 

The analyses herein were intended to determine whether MPAs influenced the 

size of pelagic apex predators caught near their boundaries over time. Changes in size of 

fish caught around MPAs could be due to a spillover effect, with individuals within an 

MPA increasing in size within the protected area, and eventually being captured when 

they move outside of the MPA. Alternatively, the protection of nursery areas may result 

in an increase of smaller individuals within MPA boundaries over time and these smaller 

individuals could spillover outside of the MPA. I examined changes in the size of three 

pelagic apex predator species (see Chapter 4) in four different regions across two oceans. 

This resulted in 12 separate models that predicted changes in size as a function of 

distance from the MPA boundaries over time. In ten of these cases, the relationship 

between size of pelagic apex predators and distance from MPA boundaries varied by time 

period (i.e., a variable coefficient GAMM outperformed a reduced GAMM). In two 

cases, size as a function of distance from MPA boundaries did not change over time (i.e., 

a reduced GAMM outperformed a variable coefficient GAMM). Of the ten cases where 

size varied as a function of distance from MPA boundaries over time, only two models 

suggested that MPAs influenced pelagic apex predator size over time: yellowfin tuna in 

the GOM region and swordfish in the FEC region.  

Yellowfin tuna in the GOM region were always largest near the DeSoto Canyon 

MPA boundary and their size decreased with distance from the MPA boundary in all time 

periods. However, yellowfin tuna caught in the most recent time period (Time Period C) 
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were slightly larger than tuna caught at the boundary in earlier time periods. It is 

attractive to speculate that the DeSoto Canyon MPA is serving its intended purpose, but 

other factors cannot be ruled out. For example, seasonal concentrations of large yellowfin 

tuna occur throughout the northern portion of the GOM region. It is possible that the 

greater concentrations of these larger fish occurred around the DeSoto Canyon in the 

most recent time period due to oceanographic features rather than the protection of the 

MPA itself. Analyses of more recent yellowfin tuna size records around the DeSoto 

Canyon MPA would confirm whether there are indeed more large fish around the MPA 

over time. 

The second example of a change in pelagic apex predator size around MPA 

boundaries over time was in the FEC region. Changes in swordfish size around the East 

Florida Coast MPA over time provide evidence that this MPA is benefiting this species. 

In contrast to the yellowfin tuna example in the GOM region, smaller swordfish were 

found near the East Florida Coast MPA boundary over time in the FEC region. This 

might be expected if an MPA was protecting an area of importance for young fish, and 

the Florida Straits are known to be a nursery ground for this species (Arocha 1997). 

Additional analyses also suggested that more juveniles (i.e., swordfish under the legal 

limit) were caught close to the East Florida Coast MPA boundary over time. These 

results support my earlier findings of increased catch of swordfish near the MPA 

boundary (see Chapter 4). Thus, the East Florida Coast does indeed seem to be benefit 

the swordfish fishery. As discussed in Chapter 4, this MPA can serve as a model for how 
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to design MPAs to benefit pelagic apex predators – in short, select a large area that 

protects a known nursery ground with historically high fishing effort and close the area 

year-round. 

In addition to these two examples of positive results, five examples of full 

variable coefficient models provided no indication that size of pelagic apex predators 

increased or decreased close to the MPA boundaries over time. These examples included 

the analysis size of bigeye tuna around the Hawaii MPAs, albacore tuna around the MHI 

MPA, swordfish and bigeye tuna around DeSoto Canyon MPA, and yellowfin tuna 

around the East Florida Coast and Charleston Bump MPAs. There are many possible 

reasons why pelagic apex predator size did not change over time close to MPA 

boundaries. First, many of these species are long-lived, so it may take a very long time 

for changes in size to be observed in catch. For example, blue sharks have an estimated 

generation length of 7 – 8 years (Cortés 2000). Therefore, changes in the size of blue 

shark catch around MPAs might not be expected within the study time period. However, 

some of these species have shorter generation lengths and might be expected to 

demonstrate a response over the time scales examined here. For example, yellowfin tuna 

have an estimated generation length of around 2.3 years in the Pacific 3.5 years in the 

Atlantic (see Collette et al. 2011 for a review), and I found increases in the size of 

yellowfin tuna caught around the DeSoto Canyon MPA over time. Second, these species 

are also highly migratory, and stationary, closed areas may not be benefiting adults of 

these species. Additionally, changes in fishing effort due to MPA establishment may 
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conceal any direct benefits of the MPA on fish outside of its boundaries.  

Three additional model results also indicated that the MPAs were not benefiting 

pelagic apex predators but are worth discussing here in more detail. First, the size of 

bigeye tuna in the FEC region increased with distance from the East Florida Coast MPA, 

but bigeye tuna near the boundary of the MPA were larger in the most recent time period 

than in earlier time periods. Even though bigeye tuna were generally larger further away 

from the East Florida Coast MPA, the increase in size near its boundary in recent years 

may be an early indication that there is some benefit of the MPA for bigeye tuna.  

Secondly, blue shark size was largest in the earliest time period around both the 

MHI and NWHI and smaller in the later two time periods. This may reflect a general 

decrease in body size as a result of fishing pressure or, alternatively, it could simply 

reflect a change in shark measuring protocol over time. Because measuring methodology 

changed in 2003, and Time Period B encompassed 2000 – 2004, it is likely that the 

decrease in size in Time Period B and Time Period C is a general decrease in the body 

size of blue sharks. Moreover, studies have demonstrated that size-selective fishing has 

led to rapid reductions in the body size of predators (e.g., Haedrich and Barnes 1997, 

Bianchi et al. 2000, Shackell et al. 2009).  

Finally, around the NWHI MPA, although albacore tuna size was predicted to be 

similar at the MPA boundary in Time Period A and Time Period C, the latter time period 

predicted a decrease in albacore tuna size with distance. This may suggest that the NWHI 

MPA is providing some protection for these fish, although it is not reflected in a direct 
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increase in size. Further research, such as additional measurements over time or scientific 

surveys within the MPA, could help resolve these remaining questions. 

In conclusion, the changes in pelagic apex predator size around two of the five 

MPAs in this study provide some initial evidence that these MPAs may be benefiting 

species of pelagic apex predators. Both MPAs, the DeSoto Canyon and East Florida 

Coast MPAs, were specifically established to reduce bycatch of pelagic apex predators. 

Additionally, the DeSoto Canyon MPA has experienced increased fishing effort near its 

boundary over time (Chapter 3) and catch has increased around the boundary of the East 

Florida Coast MPA over time (Chapter 4), adding support to the notion that these MPAs 

are benefiting at least some species of pelagic apex predators. These results demonstrate 

that MPAs may benefit fisheries for pelagic apex predators when they are specifically 

established for those species.  
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CONCLUSIONS 

Marine protected areas (MPAs) have been shown to be effective in protecting 

biodiversity and enhancing fisheries (Kelleher 1999). The spillover of individuals across 

MPA boundaries may also result in increased fishing effort near MPAs (e.g., Murawski et 

al. 2005). For example, the abundance of protected species may increase inside MPAs 

(see Mosquera et al. 2000) and adjacent to MPA boundaries (e.g., Abesamis and Russ 

2005, Beukers-Stewart et al. 2005). Similarly, there may be changes in the size of 

protected species, both inside (e.g., Lester et al. 2009) and outside (e.g., Stobart et al. 

2009) MPA boundaries. These processes have been observed in multiple systems, but 

there have been no empirical tests of the efficacy of MPAs for pelagic apex predators 

(e.g., tunas, billfishes, sharks). 

I used fisheries-dependent data from United States (US) pelagic longline fisheries 

to assess whether established MPAs benefit pelagic apex predators and the fisheries that 

exploit them. As an aside, it is important to note the importance of both logbook and 

observer data records in assessing changes in fisheries around MPAs. Using these data, I 

assessed fishing effort, catch, and the size of pelagic apex predators as a function of 

distance around five MPAs in the Pacific and Atlantic oceans over time. Neither of the 

Pacific MPAs were established with the specific goal of protecting pelagic fish species: 

one around the Main Hawaiian Islands was established to reduce fisheries conflicts and 

the other, around the Northwestern Hawaiian Islands, was initially created to reduce 

longline interactions with endangered monk seals. The remaining three MPAs in my 
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study were off the southeastern Atlantic coast of the US and included the DeSoto 

Canyon, East Florida Coast, and Charleston Bump MPAs. These three MPAs were 

initially developed to protect swordfish and billfish, but their creation and final 

establishment evolved to serve a more general role of reducing the bycatch of multiple 

pelagic apex predators. 

Of the five MPAs studied here, only two (the DeSoto Canyon and East Florida 

Coast MPAs) appear to have benefited pelagic apex predators over the time period I 

examined. Fishing effort increased around the boundary of the DeSoto Canyon MPA, 

perhaps due to an increase in the size of the primary targeted species, yellowfin tuna 

(Thunnus albacares), close to its boundary. Fishers may be realizing this benefit of the 

DeSoto Canyon MPA and allocating more effort around its boundary. There was no 

evidence of increased fishing effort close to the East Florida Coast MPA, but there was 

an increase in swordfish (Xiphias gladius) catch over time around the boundary of the 

East Florida Coast MPA. In addition, I found evidence to suggest that smaller swordfish 

were caught near the East Florida Coast MPA, perhaps reflecting a spillover of juveniles 

from this protected nursery area.  

These results hold some promise for the conservation of pelagic apex predators, 

but it is important to recognize that three of the MPAs in my study showed no indication 

of benefit for pelagic apex predators, including the largest MPA of the group, the NWHI 

MPA. Thus, it may be instructive to review the distinct characteristics of the DeSoto 

Canyon and East Florida Coast MPAs to help guide development of future MPAs. 
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It is noteworthy that both of these MPAs were created with the specific intent of 

reducing the bycatch of pelagic apex predators. These areas were selected for protection, 

in part, because they were regions with historically high catch rates, often of undersized 

fish. The increase in effort around the DeSoto Canyon, but not around the East Florida 

Coast, could be partially due to the fact that fishing effort around the DeSoto Canyon had 

declined in the five years prior to MPA establishment (i.e., the MPA may have matured 

more quickly than others because of this) and fishers may be perceiving benefits earlier. 

Alternatively, the increase in effort close to the DeSoto Canyon MPA over time may be a 

result of the reallocation of fishing effort after the closure of the East Florida Coast and 

Charleston Bump MPAs. The size of catch around the DeSoto Canyon and East Florida 

Coast MPA over time was different around these two MPAs, with yellowfin tuna size 

increasing over time near the DeSoto Canyon MPA boundary and swordfish size 

decreasing over time near the East Florida Coast MPA boundary. This latter result might 

be expected if the MPA provided protection to an area of importance for young fish, such 

as the swordfish nursery ground within this MPA (Arocha 1997). 

The third MPA in the Atlantic Ocean, the Charleston Bump MPA, was also 

created with the goal of reducing pelagic apex predator bycatch from pelagic longline 

fishing. However, this MPA is closed only from February – April of each year. I suspect 

that the seasonal nature of this closure is responsible for the lack of demonstrable benefit 

to pelagic apex predators. Additionally, this MPA is physically close to the Florida East 

Coast MPA and may have been influenced by displacement of fishing effort as a result of 
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the Florida East Coast MPA being closed year-round.  

Neither of the two MPAs in the Pacific Ocean provided evidence of benefit to 

pelagic apex predator species within the study period I examined. These MPAs are large 

and closed year-round, but were not established with the goal of protecting pelagic apex 

predators. Fishing and extractive use are completely prohibited within the NWHI MPA. 

In contrast, other fisheries still target pelagic apex predators inside the other four MPAs, 

including the MHI MPA. Still, the DeSoto Canyon and East Florida Coast MPAs 

demonstrated a benefit to two pelagic species, despite the existence of other fishing inside 

of their boundaries, so perhaps the results demonstrated here would be amplified if all 

fishing of pelagic apex predators was reduced or eliminated within these MPAs.  

Furthermore, there are other external considerations, in addition to the existence 

of MPAs, which can affect fishing effort and catch and size of pelagic apex predators 

(e.g., hurricanes, oil spills, climate change and its subsequent affect on fish stocks 

through changing temperatures or ocean acidification, altered fishing pressure from other 

fisheries, and economic and social decisions, among other issues). My models did not 

capture all of the variance in the data, so some of these factors are certainly at play in 

these areas. It is also important to consider that the species that I analyzed for this 

dissertation may be less likely to receive benefit from the studied MPAs over the study 

period given their life history and their large spatial scales of migrations. These MPAs 

may still be benefiting other pelagic species with smaller home ranges that were not 

examined within this dissertation and future studies should consider the effects of MPAs 
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on additional species. 

Overall, my dissertation provides guidance for how MPAs can be designed to 

benefit pelagic apex predators. In addition to their large size (both the DeSoto Canyon 

and East Florida Coast MPAs are greater than 85,000 km2), both areas had historically 

high catch rates prior to MPA establishment. Selection of a site that is important for that 

species (e.g., the nursery ground for swordfish in the East Florida Coast MPA) should 

promote increased catch outside MPA borders (in this case, increased the catch of 

juvenile swordfish). Finally, both MPAs offer year-round protection. These factors 

should be considered when future pelagic MPAs are evaluated, designed, and 

implemented. 

In conclusion, my study has suggested specific factors that should be incorporated 

into the design of an MPA to benefit pelagic apex predators. Most of these 

recommendations involve “location, location, location.” First and foremost, select a site 

that is important to the fish that you are trying to protect. Protecting nursery grounds, 

areas of high productivity, or areas where predators exhibit site fidelity will provide 

important benefits to these highly migratory species. In addition to choosing an important 

place, protect a large area. This will also better encompass movement patterns of these 

species and will have a better chance of protecting them for at least some time period. 

Third, select a location that has had historically high fishing effort. And finally, close the 

area year-round. Taken together, these recommendations may help future MPAs to 

conserve populations of pelagic apex predators. 
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