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Abstract 

 

Open‐ocean fisheries expanded rapidly from the 1960s and currently represent the largest 

direct stressor on high seas biodiversity and ecosystems. Open-ocean ecological research 

and the implementation of management actions to mitigate the impacts of fisheries has 

lagged behind those of coastal and deep-sea environments. I investigate opportunities to 

enhance a wholistic ecosystem-based approach to high seas fisheries management by: 

reviewing our understanding of the impacts fisheries across ecological scales, evaluating 

the gaps and opportunities in the mandates of existing and future governance frameworks 

and developing methodologies for creating dynamic spatiotemporal management tools 

to reduce bycatch. Results demonstrate that fisheries are impacting the open-ocean across 

ecological scales. Results also show that the population trajectories of most non-target 

species in the high seas are not being monitored by fishing nations, nor relevant fisheries 

management organizations. A new implementing agreement under the UN to sustainably 

manage high seas biodiversity could complement the mandates fisheries bodies. There is 

an opportunity for new technologies and modeling approaches to contribute to the 

implementation of an ecosystem-based approach to management by generating 

knowledge on the spatial ecology commercial fisheries and high seas biodiversity. My 

results show that the distribution of target and non-target species, as well as longline 

fishing activities are correlated with environmental conditions and that these can be 

predicted across spatial and temporal scales to inform spatial management of high seas 
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pelagic fishing activities. Implementing an ecosystem-based approach will require 

embracing a precautionary approach to reduce the bycatch of non-target species, which 

can be accomplished through spatiotemporal avoidance and improving our monitoring 

of fisheries impacts across ecological scales. 
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Chapter I: Introduction 

According to data from the United Nations Department of Economic and Social Affairs, 

during the five-year period (2015-2020) that it has taken me to complete my doctoral 

research, the global population has experienced a net increase of over 400 million people. 

The latest UN Food and Agricultural Organization (FAO) State of World Fisheries and 

Aquaculture (SOFIA) report estimated the global annual per capita consumption of 

seafood has between 1961 to 2015 has doubled from 9.0 kg to 20.2 kg (FAO, 2018); this rate 

of seafood consumption has outpaced population growth rate 2:1 in the same time period 

and continues to increase. As the appetite for species targeted by commercial fishing fleets 

continues to grow, we stand at a crucial juncture to reassess the performance of this 

industry and carve new avenues for more sustainable management practices. Throughout 

this dissertation I identify areas where the international community is falling short of 

meeting their legally-binding mandates to manage the broader ecological impacts of 

commercial fisheries, as well as provide actionable tools and solution to address some of 

the challenges posed by the responsibility to managing such complex natural systems.  

 

Open-ocean ecosystems are no longer too vast or remote to deter commercial exploitation. 

We now know that straddling or migratory fish stocks are overfished or experiencing 

rates of overfishing double that of species found within national jurisdictional waters 

(64% to 28%) (FAO, 2014) and that the diversity of open-ocean predators across all ocean 
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basins has declined between 10 and 50%; these trends coincide with increases in fishing 

pressure and cannot be explained by any major changes in oceanographic conditions 

(Worm et al., 2005). 

 

Our extractive capacity of, and dependence on, ocean resources and ecosystem services is 

increasing at a time when the global Ocean is experiencing the highest levels of 

anthropogenic cumulative impacts in recorded history (Halpern et al., 2015). Establishing 

or reinforcing governance frameworks capable of providing legal guidance on the 

responsibilities of different actors and users of ocean space and resources is fundamental 

for their long-term social and ecological sustainability. Enhancing an ecosystem-approach 

to pelagic fisheries management not only requires the development and implementation 

of novel management tools, but also a re-evaluation of the management and governance 

frameworks we have established to deliver these objectives. Through my research, I will 

provide guidance on two important aspects of the organizational structure and 

management approach of fisheries in the high seas by: (1) delineating the ‘problem-space’ 

of marine fisheries impacts by understanding the range of ecological impacts and 

ramifications of pelagic commercial fisheries; (2) determining whether or not the 

mandates and governance structures that we have put in place to guide high seas fisheries 

management (Figure 1) are accomplishing their purpose and (3) proposing new 

methodological approaches to transition from a retrospective approach to mitigating the 

impacts of high seas fisheries, to a more predictive (and precautionary) approach based 

on the avoidance of unwanted bycatch interactions. The current framework to manage 
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fisheries bycatch is overly focused on mitigation, which although is an important step, 

should be preceded by avoidance; this is something that can be uniquely be addressed by 

reducing the spatiotemporal overlap between fishing activities and undesired or 

vulnerable elements of the marine ecosystem such as biogenic habitat or non-target 

species. 

 

Institutional framework for high seas fisheries management 

 

Our current system of fisheries management in international waters emerged from the 

1982 United Nations Convention on the Law of the Sea (UNCLOS) (UNCLOS, 1982). 

UNCLOS, which came to be known as ‘the Constitution for the Oceans’, responded to this 

increase in interest in maritime resources and space by defining a jurisdictional 

framework which assigned management and monitoring responsibilities to States and 

intergovernmental bodies. The creation of areas of national jurisdiction, or exclusive 

economic zones (EEZs), was among the most important changes introduced by UNCLOS. 

All coastal and island States, whether or not they have ratified UNCLOS, now enjoy an 

EEZ which extends at least 200 nautical miles from their coastline; the remaining ocean 

space (approximately 46% of the planetary surface area) lies in areas beyond national 

jurisdiction (ABNJ) and have a much weaker governance framework. International waters 

are comprised of two legally distinct zones: the ‘Area’ which consists of the seabed and 

subsoil beyond Extended Continental Shelf, and the water column above the ‘Area’, 

which is known as the high seas. 
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While freedom of high seas under UNCLOS (UNCLOS, Article 87) guarantees that all 

States have equal legal rights to, inter alia, navigate, conduct research and fish the high 

seas, they are also subject to responsibilities to protect the environment.  A small number 

of countries have overwhelming dominance over the rate at which fisheries conservation 

and management measures are adopted by Regional Fisheries Management 

Organizations (RFMOs), which were designated as the official international bodies with 

competency for the conservation and management of fisheries resources within 

jurisdictional waters and the high seas by UNCLOS.  Shortly after UNCLOS entered into 

force in 1992, the 1995 UN Fish Stocks Agreement (UNFSA) further elaborated on the 

responsibilities of fishing nations and RFMOs toward the conservation and management 

of straddling and highly migratory fish stocks (UNFSA, 1995). Jointly, UNCLOS, the 

UNFSA and the subsequent Code of Conduct for Responsible Fisheries (FAO, 1995), call 

for an ecosystem-based approach to fisheries management that requires the monitoring 

and management of not only targeted stocks, but also “species belonging to the same 

ecosystem or associated with or dependent upon the target stocks” (Fisheries, 1995; 

UNFSA, 1995). Implementing an ecosystem-based approach to fisheries requires a 

detailed understanding of the species that comprise the system, their unique life histories, 

their intra- and inter-specific interactions, as well as a robust understanding of their 

functional role and relationship with their surrounding habitat. 

Activities in ABNJ are governed by a patchwork of superposed intergovernmental bodies 

that independently manage sectoral activities, as called for under UNCLOS (UNCLOS, 
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Part VII). The jurisdictional area of these bodies varies from regional, in the case of 

fisheries, to global, as is the case with maritime shipping or seabed mining. There are large 

differences in how maritime activities are regulated in ABNJ. For example, while the 

governance framework for seabed mining by the International Seabed Authority (ISA), 

regulates the location and intensity each mining operation in the world, the extraction of 

fisheries resources is tied to very few regulations that rarely extend beyond the single-

species maximum sustainable yield estimates. 

 

The current governance, management and enforcement regimes of human activities in 

ABNJ are highly heterogeneous. Filling these gaps will require a coordinated international 

effort between legal and management authorities, scientific groups, civil society and law 

enforcement groups. We are at a crossroads between the creation or amendment of legal 

regimes responsible for the sustainable use of ABNJ and an increased availability of 

hardware and software tools capable of operationalizing the management, monitoring, 

control and surveillance (MCS), and research in the open-ocean. To date, our ability and 

capacity to exploit high seas resources has far outpaced our ability to study and legislate 

and monitor that same shared ocean space.  

 

Understanding the relationship and interdependence between the governance and 

management structures that have been put in place to implement an ecosystem approach 

to high seas pelagic fisheries (Figure 1) is a fundamental part of my dissertation objectives, 

as new management tools or recommendations must fit clearly within the existing 
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framework that has taken decades to establish. This dissertation explores opportunities to 

enhance an ecosystem-based approach to high seas pelagic fisheries by identifying 

knowledge gaps and opportunities to build on or amend existing frameworks, from data 

collection and enforcement, to the decisions that must be made to guide future governance 

of the high seas. 

 

While the vastness of the open-ocean may provide some additional ecological resilience 

to natural or anthropogenic stressors, there is mounting evidence that the last 70 years of 

commercial fisheries in the high seas has destabilized ecosystems and dramatically 

reduced the abundance of certain species groups. While the impacts of benthic fisheries 

are better understood, those of fisheries on pelagic ecosystems have fallen behind; this 

knowledge is important towards determining whether or not the instruments and 

mandates we have established for high seas fisheries management are fit for purpose. My 

second Chapter focuses on understanding the ecological ramifications of pelagic high seas 

fisheries impacts across ecological levels. 

 

Despite some outstanding breakthroughs in our ability to model the spatial distribution 

of marine biodiversity (Gagné et al., 2020) , track the movements of highly-mobile oceanic 

species (Block et al., 2011; Queiroz et al., 2019; Yoda, 2019) and map the biophysical 

conditions of remote open-ocean ecosystems using remote sensing technologies (Chassot 

et al., 2011; Druon et al., 2019; Schmidt et al., 2019) we still know surprisingly little about 

the ecological composition and biophysical dynamics of high seas ecosystems. The 
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implications of these knowledge gaps were already a reason for concern in the 2001 

Reykjavik Declaration on Responsible Fisheries in the Marine Ecosystem, which 

recognized the incompleteness of scientific body of knowledge about the structure, 

functioning, components and properties of the ecosystem, as well as about the ecological 

impact of fishing, should be addressed in order to successfully carry out holistic 

management of marine ecosystems. Revisiting what we know about the impacts of fishing 

activities on high seas ecosystems and evaluating the degree to which existing 

management structures are generating the necessary knowledge to address these impacts 

is an important step towards determining whether or not the structure and mandates of 

these organizations are adequate and finding paths to enhance the management of high 

seas fisheries. 

 

Over 23,000 distinct species have been recorded in the high seas in the Ocean 

Biogeographic Information System (OBIS), however, most of these species are data 

deficient and little is known about their life histories or ecological roles. Furthermore, high 

seas biodiversity records are heavily biased towards certain geographic regions, like the 

North Atlantic, while significant knowledge gaps remain, as is the case of the south Pacific 

and central Indian Oceans (Ortuño Crespo et al., 2018). In addition to the significant 

scientific knowledge gaps about the composition and functioning of open-ocean 

ecosystems, the multilateral and consensus-based nature of high seas fisheries 

management further complicates the adoption of decisive conservation and management 

actions, since decisions can easily be vetoed or derailed by single nations. The highly 
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complex and ineffective political environment around high seas fisheries nurtures Garrett 

Hardin’s 1968 principle of ‘the Tragedy of the Commons’, as nations compete for lucrative 

shared resource without an overarching oversight mechanism and no real penalties for 

non-compliance over agreed rules and best practices intended to prevent over-extraction 

and other adverse impacts. 

 

Enhancing an ecosystem-approach to pelagic fisheries in the high seas requires a 

multifaceted approach capable of: identifying weaknesses in the existing governance and 

management frameworks, defining the boundaries of our scientific knowledge to identify 

deficiencies and areas of future work and make use of existing data and novel techniques 

to provide innovative solutions to some of the challenges posed by the daunting mandate 

that UNCLOS and the UNFSA bestowed on fishing nations and RFMOs. The body of 

work I present in this dissertation addresses a few of these elements, with a particular 

focus on the component of an ecosystem-approach to fisheries management related to 

fisheries bycatch (Morishita, 2008). 

 

Chapter II captures the results of a literature review summarizing the current scientific 

understanding of the impacts that decades of commercial fishing have had on the open-

ocean across ecological levels, from stocks to ecosystems. Through this review I try to 

convey the urgency of embracing the wholistic, ecosystem-based approach to fisheries 

management inscribed in the UNFSA and determine the extent to which the 1995 mandate 

of the UNFSA matches our understanding of the ecological impacts of pelagic fisheries 25 
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years later. Metrics of relative population abundance are one of the most basic types of 

information needed to monitor and manage the species that are directly or indirectly 

impacted by fisheries.  

 

Through the third Chapter, I build on the evidence in Chapter II of the direct and indirect 

impacts of fisheries on non-target biodiversity to define the extent to which the 

international community is generating sufficient knowledge on the relative abundance of 

target and non-target fish species in the high seas. This information, which is essential to 

track the trajectories of species impacted by commercial fisheries or other natural or 

anthropogenic stressors through time, is fundamental to facilitate the transition from 

traditional single-species management practices to an ecosystem-based approach to 

fisheries management. The mandate conferred to RFMOs and fishing nations by Articles 

5 and 6 of the UNFSA to monitor the trajectories of not only harvested species, but also 

associated species and species belonging to the same ecosystem may be unreasonably 

broad given the capacity and political realities of RFMOs. States at the United Nations 

have begun negotiating a new treaty to strengthen the legal regime for marine 

biodiversity in areas beyond national jurisdiction (BBNJ) in response to some of the 

limitations of the current governance framework to monitor and sustainably manage all 

high seas biodiversity. The scope of the mandate of this new implementing agreement 

under UNCLOS, which is still being negotiated, will have indisputable commonalities 

with the mandates of RFMOs to implement an ecosystem-approach to fisheries. 

Understanding where the implementation of the UNFSA through RFMOs falls short, 
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could inform the areas of opportunity for a new BBNJ agreement and help ensure the full 

scope of fish biodiversity is covered through the fragmented global ocean governance 

framework.  

While Chapters 2 and 3 capture the footprint of commercial fisheries impacts and the 

degree to which we are monitoring these impacts in the high seas, Chapters 4-6 focus on 

opportunities to enhance an ecosystem approach to fisheries management in the high seas 

by augmenting the role spatiotemporal avoidance of non-target or vulnerable species 

plays in the current environment of high seas fisheries management. Through the fourth 

Chapter I attempt to characterize the spatiotemporal footprint of commercial fisheries in 

the high seas. In this Chapter, I used vessel tracking data for the global high seas longline 

fleet to model their associations of the global high seas pelagic longline fleet with different 

oceanographic conditions. The purpose of this Chapter was to explore the horizontal 

distribution and predictability of the global longline fleet based on a range of 

oceanographic and physiographic conditions; this would allow us to better understand 

areas with a higher probability occurrence of high seas pelagic. I believe that a deeper 

understanding the spatial ecology of humans in the high seas is a fundamental step for 

any future strategy that seeks to improve the avoidance of fisheries bycatch.  

 

For Chapter 5, I focused on a specific region of the high seas (the North Pacific Ocean) to 

determine the joint predictability of multiple target and non-target pelagic species based 

on their associations with oceanographic and physiographic conditions in the region. 

Through this Chapter I also explore ways in which these spatial layers of information 
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could be integrated to generate new multi-species layers of bycatch risk, which I suggest 

could be a novel way of approaching spatial management and decision-making in high 

seas pelagic fisheries. For this Chapter I was granted access to the fisheries observer data 

for the United States pelagic longline fleet based out of Hawaii through National Oceanic 

and Atmospheric Administration (NOAA) Pacific Islands Regional Office in order to 

generate predictive layers of distribution for 23 target and non-target elasmobranch and 

teleost species. The main research objective of this Chapter was to characterize the 

environmental factors that shape the horizontal and vertical distribution of target and 

non-target pelagic teleost and elasmobranchs caught by the Hawaii-based longline fishery 

in order to assess whether it is possible to predict areas of high bycatch risk across spatial 

and temporal scales that are useful for high seas fisheries spatial management.  

The sixth, and final Chapter, builds on the knowledge generated in Chapter 5 to determine 

the feasibility of developing dynamic ocean management fisheries closures based on the 

predicted layers of distribution of target and non-target pelagics. In this Chapter I not only 

assess the direct impacts of these closures on catch and bycatch rates, but also simulate 

the expected impact of redistributing commercial fishing effort to other parts of the region 

that are not closed to fishing.
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Figure 1: Schematic of the organizational structure of the governance and management frameworks in charge of delivering an ecosystem-approach 

to high seas fisheries management. The mandates and responsibilities for RFMOs and fishing nations are set by the relevant UN conventions & 

frameworks, while the implementation of the management plans developed by RFMOs is left to the fishing nations, which also have the 

responsibility of monitoring, data collection and enforcement. The data collected by fishing nations is a key element for the performance evaluation 

step, which in turn informs the future directions of the RFMO’s management plans.
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Chapter II: A review of the impacts of fisheries on open-ocean 

ecosystems 

 

Abstract 

Open‐ocean fisheries expanded rapidly from the 1960s through the 1980s, when global 

fish catches peaked, plateaued and possibly began to decline. While catches remain at best 

stagnant, fishing effort and all of the ecosystem impacts associated with it continue to 

increase. Despite this rapid growth, ecological research into the impacts of fisheries on 

open‐ocean environments has lagged behind coastal and deep-sea environments. This 

review addresses this knowledge gap by considering the roles fisheries play in controlling 

the open-ocean at three ecological scales: (1) species (population or stock); (2) biological 

community; and (3) ecosystem. I found significant evidence for top-down control across 

all three of these scales. At the species level, fishing can reduce abundance, and alter 

physiology and life history traits, which, in turn, affect the functional role of the species 

within the biological community. Fishing may also induce changes to open-ocean 

community trophodynamics and reduce biodiversity and resilience in open-ocean 

ecosystems. Our ability to manage open-ocean ecosystems has significant implications for 

provisioning of ecosystem services and food security. However, I posit that the 

monitoring required to assure the sustainability of open-ocean ecosystems is not being 

undertake and will require coordination with the Global Ocean Observing System, 

industry and academia.  
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Introduction 

The global Ocean is experiencing an unprecedented level of biotic exploitation, which is 

altering the abundance and population structure of many species, transforming the 

composition of biological communities, and threatening the integrity and resilience of 

entire marine ecosystems (Pauly et al., 1998; Jackson et al., 2001; Bellwood et al., 2004; 

Daskalov et al., 2007). Over the last few decades, a growing body of evidence has 

accumulated, demonstrating these impacts at different trophic levels and across a wide 

range of taxa and marine ecosystems. Most fisheries impacts in coastal zones were well 

described by the turn of the century (Dayton et al., 1995; Jennings and Kaiser, 1998), and 

our understanding of impacts on similarly static, deep-sea habitats have also been well 

documented (Koslow et al., 2000; Clark, 2001; Roberts, 2002) and have been reviewed 

recently (Clark et al., 2015). However, there remain knowledge gaps regarding the 

potential impacts of biotic exploitation on open-ocean ecosystems. The dynamism, 

distance from land and sheer scale of these ecosystems has limited the capacity of 

researchers to study their ecology and the species that comprise them, let alone monitor 

changes induced by anthropogenic stressors. These gaps in understanding limit our 

ability to manage and conserve these ecosystems and, if not addressed promptly, may 

result in permanent structural or compositional changes to these ecosystems, which in 

turn jeopardize their functionality and thus their ability to provide ecosystems services. 

 

Historically, marine fisheries have operated near coastal areas, mainly because of the 

elevated biological productivity of coastal systems and our reduced ability to store and 



 

15 

 

transport fish from distant waters (Pauly et al., 2005; Swartz et al., 2010). However, this 

spatial pattern of fishing changed dramatically after onset of the industrial revolution 

(Swartz et al., 2010). Improvements in locomotion and refrigeration, among other factors, 

allowed for the expansion of fisheries in terms of fishing capacity, fishing effort and spatial 

extent (Swartz et al., 2010). Prior to many of these technological advancements, many 

open-ocean ecosystems had been sheltered from growing commercial fisheries 

exploitation. However, between 1950 and 1990, landings from areas beyond national 

jurisdiction (i.e., the majority of the open-ocean) more than quadrupled to over 80 million 

tons (Merrie et al., 2014). New global fishing catch reconstruction estimates suggest that 

historical catches have been even higher and the declines since the peak have been even 

greater (Pauly and Zeller, 2016). While catches have stagnated since 1990, fishing effort 

has continued to increase, doubling between 1990 and 2010. According to FAO estimates, 

6,366 fishing vessels from 40 flag states, fish for open-ocean species in the high seas 

(HSVAR, 2016). The average catch of these fisheries in the first decade of the century was 

10 million tons, which is equivalent to ~12% of the total average marine fisheries catch 

(Sumaila et al., 2015). Even though the high seas fishing fleet only represents a small 

proportion of the global open-ocean fishing fleet, it may be a good indicator of the ratios 

of different fishing gears in the open-ocean. A third (32.58%) of high seas fishing vessels 

use trawl nets, 20.77% use hook and line configurations such as surface longlines and 

almost 7% of the vessels use surrounding nets (HSVAR, 2016). However, the gear type of 

35.11% of the vessels is either not known or not specified. 
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The stagnant catch trend and decreasing catch per unit effort trend in areas beyond 

national jurisdiction over the last 20 years have been caused, at least in significant part, by 

overfishing (Merrie et al., 2014). In 2011, the FAO estimated that 28.8% of assessed fish 

stocks were classified as overfished or experiencing overfishing (FAO, 2014), but that 

figure more than doubled to 64% when only open-ocean straddling stocks1 were 

considered. Straddling and migratory stocks are particularly vulnerable to overfishing, 

mismanagement and illegal, unreported and unregulated (IUU) fishing, due to the 

difficulty of managing their entire range and ensuring the compliance of all parties 

harvesting such stocks (Maguire, 2006). These estimates call into question the once 

accepted notion of marine fish stock inexhaustibility, particularly that of wide-ranging 

pelagic species. A recent report by the United Nations Environment Programme (UNEP) 

and the Convention on Migratory Species (CMS) reinforces this notion of the vulnerability 

of highly-mobile species, reporting that 36% of the 153 migratory or potentially migratory 

chondrichthyan fishes are threatened with extinction; though this proportion could be 

larger, as a further 27% of the taxa are data deficient (Fowler, 2014). 

 

Implementing measures to abate the negative impacts of fisheries on wide-ranging 

oceanic species will require advancements in the international management frameworks 

for these species as well as improvements in the understanding of their ecological function 

 
1 Straddling stocks are stocks of fish such as pollock, which migrate between, or occur in both, the economic exclusive 

zone (EEZ) of one or more States and the high seas” (UN Atlas, 2010). 
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within oceanic systems. We are currently at a point of convergence between growing 

availability of long-term multispecies catch datasets for open-ocean systems and a more 

robust framework for ecosystem-level mass balance models, which together allow for a 

comprehensive assessment of the knowledge gaps regarding the ecological impacts of 

fisheries on open-ocean ecosystems. These advancements have come together at a time 

when the international policy arena is orienting its attention towards improving the 

governance of areas beyond national jurisdiction2, 3. A review of the impacts and efficacy 

of current fisheries management regimes are underway at the United Nations, as are 

negotiations over a new legally-binding, international instrument for the conservation 

and sustainable use of biodiversity beyond national jurisdiction (BBNJ).  

 

Here, my objective is to address a major knowledge gap in our understanding of 

anthropogenic impacts of fishing on the open-ocean, which I hope will help inform the 

review of the United Nations Fish Stocks Agreement (UNFSA) and the BBNJ negotiations. 

Toward that end, I synthesized the current state of knowledge on the effects that open-

ocean fisheries have at three distinct ecological scales: (1) species (population or stock); (2) 

 
2 Preparatory Committee established by General Assembly resolution 69/292 “Development of an international legally-

binding instrument under the United Nations Convention on the Law of the Sea on the conservation and sustainable use 

of marine biological diversity of areas beyond national jurisdiction” (28th March to 6th April, 2016). 

3 Review Conference on the Agreement for the Implementation of the Provisions of the United Nations Convention on the 

Law of the Sea of 10 December 1982 relating to the Conservation and Management of Straddling Fish Stocks and Highly 

Migratory Fish Stocks (23rd to 27th May, 2016). 
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biological community, and (3) ecosystem. Managing marine ecosystems across multiple 

scales - from stock to ecosystem - is essential for their long-term health and resilience 

(Hunt and McKinnell, 2006), and is a basic tenant of ecosystem-based fisheries 

management (Francis et al., 2007).  
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Research objectives, questions and hypotheses  

The research objective of this review Chapter is to gain clarity on the degree to which the 

existing body of peer reviewed research provides evidence on adverse impacts of 

commercial fisheries in the open-ocean across ecological levels. I address this objective by 

sequentially addressing three main research questions: 

 

Research Question 1: Have commercial fisheries modified the biology and ecology of 

open-ocean nektonic species? 

Hypothesis0: According to available evidence, commercial fishing has not had any 

impact on the biology or ecology of open-ocean nektonic species 

Hypothesis1: There is evidence that commercial fishing has negatively impacted 

the abundance and structure of open-ocean nektonic species. 

Hypothesis2: There is scientific evidence supporting negative impacts of 

commercial fisheries on open-ocean nektonic species that transcend changes 

abundance and structure. 
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Research Question 2: How have open-ocean biological impacts impacted by commercial 

fisheries? 

Hypothesis0: According to available evidence, commercial fishing activities have 

not transformed the structure or composition of open-ocean biological 

communities. 

Hypothesis1: There is evidence that commercial fishing activities have modified 

the composition and structure of the portions of open-ocean biological 

communities around main target and bycatch species. 

Hypothesis2: There is evidence that commercial fishing activities have significantly 

transformed the structure and composition of most levels of open-ocean biological 

communities. 

 

Research Question 3: What is the evidence of ecosystem-level impacts of commercial 

fisheries in the open-ocean? 

Hypothesis0: According to available evidence, commercial fishing has not 

impacted the functioning or stability of open-ocean ecosystems.  

Hypothesis1: There is evidence that the top-down pressure exerted by commercial 

fisheries can alter the functioning and stability of open-ocean ecosystems.  
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Top-down versus bottom-up control: complementary mechanisms 

Through this review, I address the observed (top-down) effects of fishing on the integrity 

and composition of marine systems at various ecological scales. The notion that changes 

in the upper trophic levels of an oceanic system can lead to ecosystem-wide changes 

differs from the traditional view that bottom-up control (in the form of resource 

dependence) is the main factor shaping the structure and composition of these ecosystems 

(Cushing 1975; Aebischer et al., 1990; Verity and Smetacek, 1996; Strong and Frank, 2010; 

Mulder et al., 2012). This view is strongly reinforced by a body of literature which 

demonstrates bottom-up control of the biological community in various marine systems 

around the world; among the most relevant of these examples are empirical 

demonstrations of positive relationships between fisheries captures and levels of primary 

productivity (Chavez et al., 2003; Ware and Thomson, 2005; Chassot et al., 2007). 

A subset of these examples argue against the potential for top-down control of open-ocean 

pelagic systems, due to a lack of conclusive examples (Steele, 1998; Steele et al., 1998). 

Among the main arguments are: 1) high species diversity can buffer changes in 

trophodynamics of open-ocean systems; 2) the opportunistic character and dietary 

plasticity of most pelagic predatory species may result in prey switching that dampens 

the trophic cascades; 3) the high level of connectivity in these systems may buffer against 

local depletions; 4) the dynamism, heterogeneity and patchiness of primary productivity 

reduces the likelihood of disrupting trophic linkages at any particular location, as feeding 

is more opportunistic; and 5) the potential dominant role of gelatinous carnivores in these 

systems also reduces the top-down pressure of fishing on the biological community as 
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these organism are not harvested (Larkin 1979; Mills 1995; Steele 1998; Jennings and Kaiser 

1998; Link 2002). This perspective has fostered the belief that fishing cannot exert top-

down trophic control in these systems. Here, we review evidence for top-down control on 

open-ocean ecosystems and encourage a more holistic view where both bottom-up and 

top-down controls are accepted. 

 

I consider this approach to be necessary given the growing evidence of the impacts that 

climate change may be having on pelagic communities, through changes in a system’s 

primary productivity (Ware and Thomson, 2005; Frederiksen et al., 2006) or disruption of 

the timing of ecological events, which may alter the phenological patterns of marine 

species (Edwards and Richardson, 2004). This more holistic approach is not novel; 

Brander (2007) highlights how the interaction between climate change and fishing can 

negatively affect the maintenance of global seafood production. Corroborating this 

approach, a review of regime shifts recorded in Northern Hemisphere ecosystems by 

Möllmann et al. (2009), identified multiple drivers (including fishing and climate change) 

as the potential cause of shifts in ecosystem state. 

 

Open-ocean species, communities and ecosystems 

In setting the stage for this review, I broadly define open-ocean species in terms of their 

ecology and life history traits, open-ocean communities in terms of their composition and 

trophodynamics and open-ocean ecosystems according to their spatiotemporal 

distribution, dynamics and biophysical characteristics.  
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Different approaches can be taken when defining what constitutes an open-ocean species. 

The Russian ichthyologist Nikolai Parin established a three category ecological 

classification for open-ocean fish based on the proportion of the species’ life history that 

is spent in the open-ocean zone: (1) those species which spend the entirety of their life 

cycles in the open-ocean (permanent residents); (2) those species which spend only a part 

of their life cycle in the open-ocean & (3) those species which occasionally spend time in 

the open-ocean, spending most of their time near coastal waters but occasionally moving 

offshore to feed (Pepperell and Harvey, 2010). This same approach can be applied to other 

taxonomic groups such as sea turtles, where certain species (e.g. Loggerhead sea turtles) 

have oceanic developmental stages in their life cycles (Zug et al., 1995; Bolten 2003), while 

others (e.g. flatback sea turtles) have more coastal distributions and lack an oceanic stage, 

thus venturing into the open-ocean environment much less frequently (Walker and 

Parmenter, 1990; Limpus et al., 1995). For the purpose of this review, I define open-ocean 

species as the combination of all three of Parin’s categories.  

 

Given the scope of this Chapter, our definition of an open-ocean community is limited to 

open-ocean nekton, which are the species most directly affected by open-ocean fishing. 

The composition of this community is highly dynamic and heterogeneous across space 

and time, as many open-ocean species are migratory and shift their range throughout the 

year. A 2006 FAO report on the state of migratory and straddling stocks identified up to 

226 highly mobile open-ocean species, while the aforementioned CMS and UNEP report 

identified 153 migratory or potentially migratory chondrichthyan fishes (Maguire, 2006; 
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Fowler; 2014). It is important to note that scientific information on the composition of 

open-ocean marine food webs is scarce and is largely based on fisheries catch records and 

observer programs.  However, these are not collected homogenously spatially or across 

fisheries. Although the spatial coverage of community-level studies is poor, certain 

regions, such as the Pacific Ocean basin, are improving in their coverage of ecosystem-

level trophic models (Colléter et al., 2015). 

 

There is currently no widely accepted, official definition of what constitutes the open-

ocean environment. The spatiotemporal variability of oceanographic boundaries in all 

three spatial dimensions (particularly the vertical dimension) and the lack of structural 

features to delineate habitats within the pelagic open-ocean, complicate the delineation of 

this definition.  Moreover, in the vertical dimension, the structuring of the physical and 

chemical properties of the open-ocean water column are dynamic across space and time 

and have been shown to be different between ocean basins. For these reasons, we opted 

for a clear-cut definition of the open-ocean environment based on bathymetric and 

oceanographic principles. 

 

The continental shelf break provides a horizontal boundary for an oceanic system which, 

although it can interact with continental shelf ecosystems, has distinct communities. Thus, 

we define the open-ocean as extending beyond the continental shelf break (generally 

delineated as 200 m), and encompassing the entire water column. The biological 

productivity and connectivity of the upper kilometer of the water column are key 
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elements for setting the vertical boundaries of the open-ocean environment (Angel, 2003), 

and this zone encompasses most oceanic diel vertical migrations and the community. 

Below the mesopelagic zone, the biomass of pelagic organisms generally decreases by a 

factor of ten (Angel and Baker, 1982). Considering these factors together with the near 

total lack of studies on the impact of fisheries on the bathypelagic and abyssopelagic 

zones, we loosely draw the vertical boundary for this study at 1,000 m.  

 

In the sections below I use these three ecological scales (species, communities and 

ecosystems) to enumerate evidence of top-down control over open-ocean ecosystems by 

fisheries. These impacts can result from direct stressors such as mortality derived from 

target and non-target catch, or indirect stressors, such as changes in trophodynamics, life 

history traits or biodiversity. 
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Species-level impacts (direct) 

Declines in abundance and vulnerabilities 

While the improvements in the health of stocks within the EEZs of coastal states such as 

the United States, Iceland or Australia are positive trends that should be acknowledged, 

open-ocean species are rarely ever found within only one EEZ (Murawski et al., 2007) and 

the effectiveness of multinational management of fisheries has lagged behind national 

efforts to maintain or rebuild these stocks. A 2010 assessment of the 48 fish stocks 

managed by the world’s 18 Regional Fisheries Management Organizations (RFMOs) 

concluded that 67% of these were either overfished or depleted, all of which are open-

ocean species (Cullis-Suzuki and Pauly, 2010). Specific examples abound: according to the 

International Scientific Committee in the Pacific Ocean, Pacific bluefin tuna population 

(Thunnus orientalis) has declined by 97.4 % (ISC, 2016). The latest stock assessments for 

bigeye tuna (Thunnus obesus) and southern bluefin tuna (Thunnus maccoyii) indicate 

spawning stock biomass declines of greater than 80% and 90%, respectively (CCSBT, 2014; 

Harley et al., 2014). While a number of reviews have shown very strong declines across 

top predators in pelagic systems (e.g., Baum, 2003; Myers and Worm, 2003; Baum and 

Myers, 2004; Ward and Myers, 2005), these reports have been rebutted for assumptions 

regarding their analysis using small sample sizes, or the reliability of spatial catch-per-

unit-effort to derive trends in biomass (Walters, 2003; Burgess et al., 2005; Maunder et al., 

2006). However, other methods, including ecosystem models and analyses of trade data, 
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have also identified declines of >2 orders of magnitude in top predators due to fishing 

pressure (Clarke et al., 2006). 

 

At the species level, the greatest exploitation-induced threat that any given species can 

face is extinction: local, ecological or commercial (McCauley et al., 2015). Although there 

are no known examples of ecological extinctions in the open-ocean, evidence of very high 

depletion of oceanic predatory fish species is strong (Cox et al., 2002; Hutchings et al., 

2010). A frequent explanation for the lack of examples of ecological extinctions of open-

ocean target species is that the commercial extinction of a stock precedes its ecological 

extinction, which leads to a decrease in pressure on the stock (McCauley et al., 2015). 

However, this assumption fails to account for dynamics in multispecies fisheries, such as 

pelagic longline fisheries. Multispecies fisheries may target more abundant, lower-value 

species to generate the majority of the income within the fishery, but continue to take the 

more depleted, high-value species opportunistically. Thus, such fisheries allow for the 

parallel exploitation of rarer species, which are at densities below their bioeconomic 

equilibrium (Gordon, 1954); below which point single-species fisheries would normally 

cease to operate (Branch et al., 2013). Unlike generalist species, which will shift the 

composition of their diet based on the relative abundances of prey (Smout et al., 2010), 

humans see value in rarity and will continue exploiting rare species as long as they are 

economically profitable (Courchamp et al., 2006; Branch et al., 2013), as in the case of Pacific 

bluefin tuna (Thunnus orientalis). 
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Impacts of size-based targeting: Stock structure and recruitment 

Selectivity in many marine fisheries extends past species preferences to the population 

level, leading to the asymmetric exploitation of stocks by age class, maturity status, 

behavior or morphology; all of which may act as selection pressures towards certain life 

history traits (Heino and Godø, 2002; Sharpe and Hendry, 2009). Any changes to these life 

history traits will affect the population’s dynamics and structure, which in turn control 

factors such as abundance, growth rate or demography (Law, 1989; Conover and Munch, 

2002; Jorgensen et al., 2007). 

 

Older age classes in fish populations are much more susceptible to fishing pressure, even 

at moderate levels than those of younger age-classes (Garcia et al., 2012). Sibert et al., (2006) 

used long-term tuna fisheries catch data from the Pacific to determine that, from 1950 to 

2004, fish larger than 175 cm decreased from 5% to 1% of the total population. The uneven 

exploitation of the larger individuals within fish populations has changed the age-class 

structure of many open-ocean populations, making them more vulnerable to fluctuations 

in inter-annual recruitment rates (Hsieh et al., 2006). The age-structure of catches of 

Thunnus orientalis illustrate how biased fisheries harvest towards adult individuals has 

resulted in the age-truncation of the stock, where most of the catch (~90%) belongs to 

sexually immature age classes of 0-2 years (ISC, 2016). These age-truncated stocks are 

more susceptible to experiencing booms and busts in recruitment, which makes them 

more vulnerable to stock collapses (Rochet and Benoit, 2011).  The targeted exploitation 

of older age classes in open-ocean species may also lead to the loss of geographic 
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substructure of populations, making them more vulnerable to environmental variability 

(Berkeley et al., 2004; Ottersen et al., 2006). Further, it can reduce the average reproductive 

potential of the population (Birkeland et al., 2005; Anderson et al., 2008) – as older age 

classes are more fecund (Denny et al., 2002). 

 

Unfortunately, it is uncommon for fisheries to record data on the size distribution of their 

catch since the initiation of fishing, particularly for species that are not of high commercial 

interest (Jackson et al., 2001). The importance of recording these parameters is reflected in 

studies such as Ward and Myers (2005), which shows that continuous fishing of open-

ocean predatory species can lead to reductions in their average body mass, which has 

implications to their life histories and ecological roles. They demonstrated that 11 of the 

12 predatory species assessed experienced reductions in body mass between 29–73%. 

Changes in average body mass is one of the many alterations in life history traits or 

phenotypic characteristics attributed to fisheries exploitation (Walsh et al., 2006). Fishing 

may also reduce the age and size at maturation of exploited stocks (Rochet, 1998; Law, 

2000; Jorgensen et al., 2007). Although the causality of these changes is still contested - 

whether triggered by fisheries-induced genetic changes or environmental changes 

(Kuparinen and Merilä, 2007; Garcia et al., 2012) - a study which analyzed these trends in 

143 fishing time series (from 37 separate stocks) asserts that the changes in maturation are 

highly correlated, and can be attributed to increases in fishing pressure (Sharpe and 

Hendry, 2009).  
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Impacts of size-based targeting: Demographic changes 

The traditional management approach of highly mobile oceanic species through single-

stock assessments does not consider the spatiotemporal distribution and connectivity of 

the stock and may thus obscure some of the ecological impacts of their exploitation. While 

catch metrics of a species may be steady across time in a fishery, not accounting for the 

spatial location of the catch may be masking local extinctions, range contractions or 

structure-level effects in the stocks (Worm and Tittensor, 2011; Taylor et al., 2011; Goethel 

et al., 2012). Worm and Tittensor (2011) used multidecadal catch datasets to address the 

range-abundance relationship in stocks of 13 exploited marine predators and 

demonstrated range contractions in 9 of the 13 species of tuna and billfish assessed, mostly 

along the edge of the ranges. Interestingly, they also quantified range expansions in two 

of the species (skipjack tuna (Katsuwonus pelamis) and sailfish (Istiophorus platypterus)), 

which may be a result of changes in the trophodynamics in their communities - such as 

predatory release, which we discuss later in this review. However, the range expansions 

of these two species was not replicated across ocean basins, highlighting the necessity of 

spatially discrete assessments on a regional basis.  

 

Changes in range may also result from the asymmetric exploitation of populations. 

Oceanic species such as Atlantic swordfish (Xiphias gladius), exhibit differences in their 

ranges at different stages of their life cycle, where adult individuals display larger ranges. 

Thus, if particular age classes are targeted more heavily, changes in the realized niche of 

the species could take place (Neilson et al., 2014). This asymmetric exploitation of the older 
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age-classes across open-ocean taxa may also be removing the age-classes that are more 

physiologically tolerant, which could be leading to range contractions along the 

latitudinal edges of the range, where temperatures may only be tolerated by those age-

classes.  

 

Dulvy et al. (2003) suggest that dispersal and geographic range size play a role in 

regulating the risk of extinction of wide-ranging marine species, where large geographic 

ranges add an extra layer of ecological resilience by reducing their catchability at low 

densities. However, certain highly migratory species display dense annual aggregations 

on feeding and breeding grounds. This is the case of Thunnus thynnus, which congregate 

in the Gulf of Mexico and Mediterranean waters to spawn; this life history trait can lead 

to heavy exploitation of even highly vagile stocks (Block et al., 2001; Fromentin and 

Powers, 2005).  Together with the truncation of stock age-structure, the loss of geographic 

substructure within populations makes them more susceptible to climate-induced 

alterations (Marshall and Browman, 2007) and genetic changes addressed below. 

 

Impacts of size-based targeting: Genetic changes 

Another significant - yet more cryptic - impact on target and non-target species, comes in 

the form of genetic changes which, in the context of this review, we address as potential 

impacts given the lack of consolidated evidence of fisheries-induced genetic impacts on 

open-ocean species. The earliest evidence of harvest-induced genetic impacts on fish 

originated in aquaculture programs and experiments where variations in heritable genetic 
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traits were induced in a short temporal window of just a few generations (Gjedrem, 1983; 

Garcia et al., 2012). In wild fisheries, evolutionary changes may be induced by selecting 

against certain life history traits, through high selectivity towards size and age, and by 

removing large proportions of the population (Stokes and Law 2000).  For example, in the 

last half century, the adult biomass of the 26 harvested stocks of tuna has been halved 

(Juan-Jordá et al., 2011) and a few have been fished to <10% of their 1950 levels (CCSBT, 

2014, Harley et al., 2014). 

 

Fishing-induced genetic changes can increase the risk of extinction and decrease the rate 

of recovery of overfished stocks (Olsen et al., 2004; Walsh et al., 2006). There are three main 

types of genetic change: alteration of sub-population structure, decrease in genetic 

variation and selective genetic changes (Allendorf et al., 2008). Populations may be 

comprised of spatially discrete breeding groups (sub-populations) that, unless 

characterized genetically, will be erroneously managed as a single, genetically 

homogenous population. The steep declines in abundance of many of open-ocean 

taxonomic groups mentioned above have taken place without significant considerations 

of their sub-population structure. For example, there is evidence that migratory species 

such as Thunnus thynnus show sub-population structure, which is not reflected in their 

management strategies (Fromentin and Lopuszanski 2013). This lack of consideration of 

the genetic stock structure may not only be translating into reductions in genetic diversity 

at the population level, but also the sub-population level (Allendorf et al., 2008).  
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There are two main ways to assess this variation: heterozygosity and allelic diversity. 

Reductions in heterozygosity of a population can be quantified through its effective 

population size, which is affected by factors such as demography, sex ratios and 

fecundity. By reducing the effective population size, selective fishing can thus exacerbate 

the loss of genetic variation (Allendorf et al., 2008). On the other hand, loss of allelic 

diversity can be caused through high rates of both targeted or non-selective exploitation 

(Ryman et al., 1995). Reductions in allelic diversity dura to fishing pressure may also 

reduce the species’ ability to adapt to changing climactic conditions and represents one 

way in which fisheries and climate (i.e., top-down and bottom-up controls on the system) 

may act synergistically on populations of marine species (Soule and Wilcox, 1980; 

Brander, 2007). While species can theoretically maintain levels of genetic heterozygosity 

during population bottlenecks, allelic diversity can be severely reduced in such events 

(Allendorf, 1986). Given very limited genetic research on open-ocean species, we can only 

address this as a potential impact of fishing pressure, likely most relevant for those species 

or populations that have experienced steep declines in abundance. 

 

Bycatch and other sources of inadvertent mortality 

The impacts of fisheries on open-ocean species can extend beyond those taxonomic 

groups targeted commercially, through the unintentional catch of other taxa that is either 

unused or unmanaged; this catch is defined as bycatch. Pelagic longline fleets primarily 

targeting billfish and tuna are the most widespread fisheries in open-ocean systems 

(Worm et al., 2005) and the source of most pelagic bycatch across ocean basins. Bycatch in 
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open-ocean fisheries can incur high mortality rates and have been implicated in the 

collapse of many sea turtle (Wallace et al., 2010), seabird (Anderson et al., 2011), marine 

mammal (Lewison et al., 2014) and shark (Dulvy et al., 2008; Oliver et al., 2015) populations. 

For example, bycatch of Pacific loggerhead (Caretta caretta) and leatherback (Dermochelys 

coriacea) turtles in pelagic longline gear have played a key role in the severe (>80% and 

>95%, respectively) declines in the nesting populations of these species over 20-30 years 

(Spotila et al., 2000, Limpus and Limpus, 2003; Lewison et al., 2004). Further, all 22 species 

of albatross and 19 of 21 oceanic elasmobranchs are listed as at least Near Threatened by 

the IUCN with bycatch cited as the main threat (Robertson and Gales, 1998; Dulvy et al., 

2008; Anderson et al., 2011; IUCN, 2015).      

 

Quantifying the global estimates of bycatch in the open-ocean remains a challenge due to 

lack of data (Alverson et al., 1994; Kelleher, 2005). Gilman et al., (2014) estimated that two 

thirds of RFMO fisheries targeting open-ocean species lack adequate observer coverage, 

which is a basic requirement to obtain robust bycatch estimates. While global bycatch 

estimates are useful for starting the discussion on the impacts of bycatch of open-ocean 

species, taxa-specific studies for the main bycatch taxonomic groups do exist: sea turtles, 

seabirds, marine mammals and sharks (Wallace et al., 2010; Anderson et al., 2011; Molina 

and Cooke, 2012 Lewison  et al., 2014; Oliver et al., 2015). 

 

Many of the species that belong to these taxonomic groups are wide-ranging open-ocean 

species, whose distributions overlap significantly with multiple open-ocean fishing fleets; 
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this implies that obtaining bycatch estimates for open-ocean species requires the collection 

of data across several fleets, gear types and marine regions (BirdLife International, 2004; 

Block et al., 2011; Queiroz et al., 2016).  For example, in a recent publication, Queiroz et al. 

(2016) quantified an 80% spatial overlap between the distributions of six species of oceanic 

sharks tracked via satellite and that of two longline fishing fleets, and noted how both 

sharks and fishermen were tracking similar biophysical cues in the marine environment: 

thermal fronts and areas of high productivity.  

 

Just like highly mobile sharks, many of the open-ocean seabird species threatened with 

extinction, such as albatrosses and petrels, are wide-ranging species whose distributions 

overlap greatly with those of marine fishing fleets worldwide (BirdLife International 

2004). Mortality due to interaction with longline gear has been cited as a critical threat to 

these species (Brothers et al., 1999; Klaer and Polacheck, 1997; Tuck et al., 2001). However, 

seabird bycatch mitigation measures have resulted in strong declines in seabird bycatch 

rates in many longline fisheries over the last decade (Gilman et al., 2005). As previously 

mentioned, pelagic longlines have also been implicated in severe declines of sea turtle 

populations. Sea turtle bycatch mitigation has also seen advances over the last two 

decades, though with more limited success than with seabird bycatch mitigation (Gilman 

et al., 2006). 

 

Quantifying the degree to which these pelagic species interact with fishing gear in the 

open-ocean is a very challenging issue given the small amount on information available 
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on the distributions of both the animals and fishing fleets at high spatiotemporal 

resolutions; but as seen in Queiroz et al. (2016), improvements in tracking and vessel 

monitoring data are allowing for these types of inferences. This issue is catalyzed by the 

low observer coverage and low bycatch reporting rates across open-ocean fisheries 

(Gilman et al., 2014) and is not unique to seabirds, marine mammals, sea turtles or sharks, 

as a much wider spectrum of open-ocean species are caught as bycatch and are rarely 

reported or considered in the management strategies. 

 

Other impacts of non-targeted catch 

Other more cryptic sources of indirect or unaccounted mortality include pre-catch losses, 

which occur when an organism is caught and killed by fishing gear, yet it is not 

commercialized for reasons such as depredation by predatory species (Hernandez-Milian 

et al., 2008), or simply because the catch or bycatch falls from the gear before it is hauled 

(Gilman et al., 2014). Another source of mortality that is regularly unaccounted for in 

fisheries management and population models is that of post-release mortality, whereby 

specimens that are caught in fishing gear are released alive, but because of post-release 

stress and/or injuries, may later die (Gilman et al., 2005; Campana et al., 2009). Not 

accounting for these sources of mortality may lead to underestimation of bycatch 

mortality which can, in turn, compromise the quality of population models for those 

species (Gilman et al., 2005; Coggins et al., 2007; Molina and Cooke, 2012).   
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Understanding the post-release mortality of specimens that are discarded alive is of major 

importance, as it may otherwise lead to underestimations of bycatch-induced mortality 

(Coggins et al., 2007, Molina and Cooke, 2012). A 2009 study used archival satellite pop-

up tags to quantify the mortality rate of one of the most frequently discarded fish species 

in marine open-ocean longline fisheries: blue sharks (Prionace glauca) (Campana et al., 

2009). They concluded that while all healthy sharks survived, over a third of those that 

were injured died within a few days/weeks, which raises a fundamental question about 

what the true mortality rate for discarded species really is and how knowledge of that rate 

might affect both stock-level and ecosystem-level models. Fitness of bycaught specimens 

that are not killed by injuries may also be compromised due to potential disturbances in 

their behavior or physiology, which could affect their capacity to find and catch prey, as 

well as their ability to avoid predators (Skomal and Mandelman, 2012). This impact may 

increase their natural mortality and influence the trophic interactions in the biological 

community. 

 

Another less acknowledged source of indirect mortality is the death by starvation of 

young individuals if the parent(s) on which they depend for feeding is killed. For example, 

if an adult albatross from a breeding pair is killed, the chick may starve to death and it 

may take years before the other adult albatross procreates again (Tasker and Becker, 1992; 

Brothers, 1995; Gilman et al., 2005). Given their life history strategies, seabirds and marine 

mammals may be more vulnerable to this type of indirect impact. 
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Community-level impacts (indirect) 

Most of the impacts of fishing at the community level concern the trophic relationships 

and are tightly linked with changes at the species level. Changes in the trophic dynamics 

of the system are caused by: changes in species abundance, alterations of species size and 

behavior, and changes in the growth and reproductive rates of populations. The 

community-level impacts come in the form of imbalances in the trophic control 

mechanisms of the community, where the trophic pressure, feeding rate or dietary 

composition of species have changed as a direct or indirect result of fishing pressure on 

open-ocean species. Top-down trophic control of prey abundance by higher trophic level 

organisms (Paine, 1980) can propagate across multiple trophic levels and is generally 

characterized by opposing changes in biomass from one trophic level to the next. This 

asymmetric trophic imbalance is known as a trophic cascade (Pace, 1999). 

 

Trophic cascades 

In the last two decades, there has been a growing body of scientific literature which 

addresses the role of top-down trophic processes in defining the composition and 

structure of marine communities and how marine fisheries may be triggering changes in 

these dynamics (Cury et al.,2000; Worm and Myers, 2003; Ainley et al., 2007; Nicol et al., 

2007; Polovina and Woodworth-Jefcoats, 2013). Top-down trophic control of marine 

community composition, in the form of trophic cascades, has been demonstrated in 

variety coastal marine systems (Jackson et al., 2001; coral reefs, Bellwood et al., 2004; rocky 
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intertidal ecosystems, Menge, 2000; kelp forests, Estes and Palmisano, 1974; and reviewed 

across coastal ecosystems, Pinnegar et al., 2000; Steneck and Sala, 2005). However, 

detecting and characterizing these changes in open-ocean biological communities has 

proven to be a challenge. Data availability is the main factor limiting any effort to evaluate 

the impacts of fisheries on the integrity of marine populations, biological communities 

and ecosystems, and explains why our understanding of open-ocean impacts has lagged 

behind coastal ecosystems (Webb et al., 2010; Colléter et al., 2015). Further, open-ocean 

pelagic food webs are highly dynamic and heterogeneous in composition, making them 

especially challenging to model in space and time. Despite the paucity of data and 

obstacles to model development, ecosystem-level models have begun to reveal 

community-level impacts of marine fisheries on open-ocean communities (Kitchell et al., 

2002; Hinke et al., 2004; Kitchell et al., 2006; Polovina and Woodworth-Jefcoats, 2013). We 

review these models and the evidence for community-level impacts in open-ocean 

ecosystems below. 

 

One of the best-studied regions for the impacts of fisheries on open-ocean communities is 

the Pacific Ocean basin, where a series of ecosystem mass-balance models have been 

assembled for this purpose. Hinke et al. (2004) reviewed the impact of commercial tuna 

fisheries in two published oceanic food-web modeling studies in the Eastern Tropical 

Pacific (ETP) and Central North Pacific (CNP) ecosystems. Although similar in terms of 

their biological structure, these systems differ in their fishery histories and in the 

composition of their target and bycatch species (Cox et al., 2002; Olson and Watters, 2003). 
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Based on the mass balance models, Hinke et al. (2004) concluded that increases in catch by 

the pelagic tuna fisheries (both purse-seine and longline gears) had similar impacts on the 

food-web structure in both systems: fishery-induced reductions in the top predators were 

followed by increases in the biomasses of lower trophic levels (Hinke et al., 2004). The 

impacts of both fishing gear types were stronger in the upper trophic levels (particularly 

longline fisheries), while the purse-seine fishery seemed to have a more profound impact 

on the abundance of intermediate trophic levels. 

 

Further empirical and model-based evidence for mesopredator releases in oceanic 

systems caused by declines in apex predator guilds is becoming plentiful (Lilly et al., 2000, 

Carscadden et al., 2001; Ward and Myers, 2005; Myers et al., 2007). However, it is important 

to note that certain studies have not found such evidence, or only limited evidence of 

trophic cascades. This is the case of Botsford et al. (1997) and Pace et al. (1999), who made 

some of first comprehensive assessments of the potential impacts of marine fisheries. Both 

studies reviewed the potential trophic cascade in the Bering Sea stemming from large 

fisheries-induced fluctuations in the abundance of pink salmon (Oncorhynchus gorbuscha) 

(Shiomoto et al., 1997). However, the evidence was weak and was only statistically 

significant between two trophic levels (Shiomoto et al., 1997). In their ecosystem model of 

the Central North Pacific, Kitchell et al. (2006) assessed changes in community structure 

as a result of increases in fishing mortality of different predatory species (billfishes, sharks 

and tunas). They found that the removal of billfishes and sharks led to weak effects on the 

structure of the Central North Pacific marine community, suggesting that top predators 
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in open-ocean systems may not always be keystone species. Increasing the fishing 

mortality of yellowfin tuna (Thunnus albacares), however, led to rapid changes in the 

trophic structure of the system, which was attributed to their role as both predator and 

prey. Nonetheless, they concluded that none of the predatory taxa were indispensable for 

the functioning of the ecosystem, as the dietary composition and range of many of the 

predators overlapped (Kitchell et al., 2006). This question of the “keystoneness” of species 

in oceanic environments was partly addressed in a recent study, which quantified the 

keystone role of species in marine communities through three different indices in over 100 

Ecopath with Ecosim (EwE) models; 19 of which were oceanic models (Valls et al., 2015). 

Keystone species were identified in five of the models, however, only one of the models 

belonged to an open-ocean ecosystem (Kitchell et al., 2002); this model identified blue 

marlin (Makaira nigricans) as a keystone species in the Central Pacific Ocean. The limited 

evidence together with the opportunistic nature of feeding behavior in the open-ocean 

suggest a limited role for keystone species in this environment. 

 

The concurrent exploitation of multiple species, as seen in Kitchell et al. (2006), makes it 

more difficult for ecosystem modelers to discern the trophic mechanisms shaping the 

biological community. Perhaps with the exception of purse-seine fisheries, most open-

ocean pelagic fisheries are multispecies fisheries, which target different trophic levels 

simultaneously. The interaction between different fisheries targeting different trophic 

levels in the same ecosystem may offset fishery-induced trophic imbalances in the 

community. In the CNP it was demonstrated that the purse-seine fishery reduced the 
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abundance of skipjack tuna, however, parallel declines in bigeye tuna (Thunnus obesus), 

one of its natural predators, resulted in a partial predatory release on skipjack, which 

reduced the overall impact of fisheries on the community structure (Cox et al., 2002). The 

simultaneous exploitation of different trophic levels may thus mask the trophic effects 

associated with declines of upper trophic level predators, which does not imply that there 

is no impact on the community, but that the depletion across trophic levels is not 

destabilizing.  

 

As described in the section on species-level impacts, selective fishing can result in steep 

declines in not just the abundance of a stock, but also the average size of its individuals. 

In the context of a trophic cascade, declines in body size of apex predators can result in 

body sizes of lower trophic level taxa either being maintained or increased (Ward and 

Myers, 2005). A reduction in the average body size of a predatory species reduces the size 

ratio between predator and prey and can thus reduce the magnitude of the top-down 

trophic control that the predator exerts on the system (Woodward et al., 2005). Animal 

body size is also positively correlated with parameters such as longevity and trophic 

status, and negatively correlated with factors such as the rates of growth and turnover of 

a species. Thus, changes in body size of species may affect the trophic interactions of the 

species, which in turn affect the stability and rate of propagation of trophic control 

mechanisms through the system (Emmerson et al., 2004; Woodward et al., 2005). 

Recent studies have highlighted how these fishing-induced trophic imbalances caused by 

the heavy exploitation of predatory species may increase the abundance of commercially 
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valuable fish species, thus allowing for the creation or expansion of fisheries that target 

these lower trophic level released prey (i.e. cultivation effects) (Brown and Trebilco, 2014). 

While the concept of fisheries benefiting from large-scale biomanipulation is not new 

(Brander, 2010; Lindgren et al., 2010), caution must be exercised, as the food-web impacts 

of fishing may also lead to the proliferation of commercially unattractive species (Brown 

and Trebilco, 2014); as shown by Ward and Myers (2005) with the large increase in pelagic 

stingray (Dasyatis violacea) abundance; an elasmobranch species of low commercial value 

(Báez et al., 2015). Additional research demonstrates the proliferation of species of low 

economic interest for which no fisheries have been created (Carscadden et al., 2001; 

Daskalov, 2002; Walters and Kitchell, 2003).  

 

Non-Consumptive effects 

Decreases in the abundance of predatory species may also be causing changes in the 

behavioral dynamics of open-ocean communities, which indirectly affect the 

trophodynamics. These are known as ‘non-consumptive’, ‘trait-mediated’ or ‘risk’ effects. 

Given that prey respond to the presence of predatory species through a series of traits 

aimed to reduce mortality, the reduction in top-down predator pressure may cause 

behavioral changes that propagate to other species groups in the community (Peacor and 

Werner, 2008). In certain cases, non-consumptive effects can also induce changes in prey 

growth and development (Peckarsky et al., 2008). Better understanding of these dynamics 

may help explain top-down trophic controls in open-ocean systems (Baum and Worm, 

2009).  
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Ecosystem-level impacts 

Healthy marine ecosystems provide a series of services which maintain the functionality 

the system and provide for a variety of societal needs, which include the provision of 

protein and micronutrients for millions of people worldwide (Holmlund and Hammer, 

1999; Postel et al., 2012). Fisheries mismanagement, overfishing, bycatch and IUU fishing 

not only threaten the availability of food for millions of people, but may also lead to 

irreversible changes in the integrity and state of marine ecosystems and the ecosystem 

services they provide. Fisheries are thus considered a key industry in addressing food 

security concerns (Godfray et al., 2010; FAO, 2014). Our understanding of the ecosystem-

level impacts of biotic exploitation in coastal systems is very developed. Studies have 

shown that the impacts of fisheries exploitation range from alterations in primary 

productivity and changes of the physical environment, such as coastal erosion (Estes and 

Duggins, 1995), to changes in both ecosystem structure and function at large spatial scales 

(Dulvy et al., 2004). In the case of coastal reef systems, it has been demonstrated that the 

overharvesting of higher trophic level species has led to profound changes in ecosystem 

structure and function (Dulvy et al., 2004). Because the ecosystem-level impacts in offshore 

oceanic fisheries are less well studied, inferences from studies of similar systems must 

pave the way for new research avenues. 
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Changes in ecosystem-state and biodiversity 

In the open-ocean, where the water column generally lacks physical habitat, changes at 

the ecosystem level are mostly expressed as transitions between alternative states of the 

ecosystem, that affect both the system’s dynamics and functionality; these are known as 

regime shifts (Scheffer et al., 2003; Daskalov et al., 2007; de Young et al., 2008; Beaugrand et 

al., 2015). These changes in dynamics compromise the ability of the ecosystem to provide 

ecosystem services. In the marine realm, this concept was first applied to describe 

synchronicities between climatological and fish stock indices in coastal ecosystems (Steele 

2004; Wooster and Zhang, 2004) and since then, it has been used to describe general 

disruptions of ecosystem structure and function (Möllmann and Diekmann, 2012). 

Although regime shifts can be induced through anthropogenic stressors, most of the 

studied regime shifts in pelagic marine systems have been triggered by large scale 

climatological processes, which have led to structural changes in the functioning of the 

biological community (Hare and Mantua, 2000; Möllmann et al., 2009). This review 

focusses on the role that a top-down anthropogenic stressor - in this case open-ocean 

fisheries - can play in triggering regime shifts in open-ocean ecosystems and how they 

may interact with other drivers such as climate to reach these tipping points or stability 

thresholds. 

 

A shift between ecosystem states depends on two main factors: the magnitude of the 

perturbation (whether anthropogenic or natural, biotic or abiotic) that drives the shift, and 

the current condition of the ecosystem when the perturbation takes place, a concept 



 

46 

 

known as the “size of its attraction basin” (Scheffer et al., 2001; Scheffer and Carpenter, 

2003; Möllmann and Diekmann, 2012). Based on this concept, there is an inverse 

relationship between the integrity of the ecosystem and the magnitude of the stressor 

which would lead to a regime shift: where a weak stressor may cause a regime shift in a 

“stressed” system and a much larger stressor would be needed to have the same effect on 

a “healthy” system (Möllmann and Diekmann, 2012). Stressed systems, where reductions 

in biodiversity or changes community structure have taken place, will have a smaller 

attraction basin, which translates to a reduction in the levels of perturbations that they can 

withstand, i.e. its resilience. Ample evidence supports the claim that regime shifts are 

more likely to occur when the resilience of an ecosystem is diminished by actions such as 

the reduction of biodiversity, removal of functional groups of species or trophic levels 

from a biological community (Folke et al., 2004; Worm et al., 2006).  

 

A global assessment of the diversity of open-ocean predators concluded that fishing was 

the main driver of long-term loss of predatory biodiversity loss across ocean basins 

(Worm et al., 2005). Their study concurred with that of Ward and Myers (2005) in 

identifying fisheries-induced changes in oceanic species abundance, composition and size 

as the main long-term drivers of biodiversity loss in open-ocean communities. While some 

of these studies have been criticized (reviewed in Banobi et al., 2011), those critiques 

question the magnitude of the declines in the abundance of species, not the impact of loss 

of biodiversity on the system. Given the connection between fisheries and biodiversity 
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loss in open-ocean ecosystems, it is unsurprising that fisheries exploitation has also been 

implicated in regime shifts in pelagic systems (Daskalov et al., 2007; Möllmann et al., 2009).  

 

Worm et al. (2006) alleged that these losses in marine biodiversity could compromise the 

ability that marine ecosystems have to provide ecosystem services such as seafood 

provisioning. Over the last 60 years the biodiversity of open-ocean predators across all 

ocean basins has declined between 10 and 50%; these trends coincide with increases in 

fishing pressure, while no trend was found between these changes in diversity and major 

decadal changes in oceanography during the study period (1960s-1990s) (Worm et al., 

2005). It is noteworthy that the declines in tuna and billfish diversity were more 

pronounced in intensely fished tropical areas, where species richness and density had a 

strong inverse relationship with fisheries catch values from the 1950s until the early 2000s 

(Worm et al., 2005). 

 

Evidence of regime shifts in pelagic systems 

No fishing-induced regime shifts have been identified in open-ocean ecosystems as 

defined by this paper.  However, a number of very large pelagic ecosystems (e.g. enclosed 

seas and continental shelves) have encountered regime shifts, and are reviewed here to 

illustrate the potential for regime shifts to happen in dynamic pelagic systems.  Although 

there is a lack of empirical evidence of abrupt ecosystem-level oceanic changes induced 

solely by fishing, heavy fisheries exploitation may be gradually corroding the resilience 

of the system by reducing its biodiversity and restructuring its biological community; 
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making it more vulnerable to regime shifts when exposed to changes in climate. However, 

the relationship could be reversed if climatological factors push the system towards a 

tipping point, which is reached by the top-down pressure of fisheries. 

Subsequent studies have evaluated the community-level trophic changes that have taken 

place in the Eastern Scotian Shelf ecosystem along with the collapse of the stock of Atlantic 

cod (Gadus morhua), to assess the ecosystem-level changes in the Eastern Scotian Shelf 

from 1960-2002 (Choi et al., 2004; Choi, 2005). The analysis revealed ecosystem changes of 

the system during the 1970s and 1990s, and identified that changes in variables related to 

the abundance of upper trophic level species and conditions of these, such as size and 

body mass, were the principal explanatory elements of the ecosystem changes in the 1990s 

(Choi, 2005). The author, however, stated that the fishery-induced changes could not 

explain the ecosystem shift alone. Further multivariate analysis demonstrated that 

climatological changes between the mid-1970s and late 1980s and between the late 1980s 

and late 1990s, in the form of changes in water temperature or oceanic front positions, 

interacted with the fisheries-induced ecological effects and led to the regime shift of the 

system. Kenny et al. (2009) reached similar conclusions in the North Sea, where the authors 

interpreted that abiotic changes, in the form of an abrupt water temperature increase by 

the late 1980s, catalyzed the shift in ecosystem state, which had most likely been started 

by the interaction of intense fishing pressure and gradual sea surface warming 

(Beaugrant, 2004). The state shifts described by the authors (1983-1993 & 1993-2003) 

involved a change in the control mechanisms for the pelagic stocks, from top-down 
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(fishery) control prior to the shift, to bottom-up (climatological) control after the regime 

shift (Kenny et al., 2009). 

 

The Black Sea ecosystem has undergone profound ecological changes since the 1970s, and 

may be a good indicator of how the cumulative impacts of biotic, abiotic and 

anthropogenic stressors can lead to several shifts in states in large pelagic systems 

(Daskalov et al., 2007; Oguz and Gilbert, 2007). Although the Black Sea is almost an 

entirely land-locked basin, which does not fulfill all the requirements of what we define 

as an open-ocean ecosystem, we find that its characteristics (e.g. average depth of 1,253 

meters and holopelagic community) are similar enough to that of open-ocean marine 

ecosystems to be used as a comparative example. From 1960 to 2000, the Black Sea 

experienced multiple regime shift episodes that were triggered by fisheries exploitation, 

changes in its biological community, climatological events and eutrophication (Oguz and 

Gilbert, 2007). The depletion of pelagic stocks caused a trophic cascade in the ecosystem, 

which together with abiotic changes in the system (nutrients and temperature), led to a 

regime shift in the early 1970s. Carnivorous plankton became a dominant taxonomic 

group until the pelagic fish populations recovered during the late 1990’s. Their recovery 

acted together with a reversal of the climatic state and reductions in nutrient loading, to 

revert the system to its original “low production” regime state (Oguz and Gilbert, 2007). 

 

Restoring the state of a system to that prior to a regime shift is a challenging objective. Not 

only is it unlikely that an ecosystem is able to return to its original state, but studies show 
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that adjusting the sources of external pressure (e.g. fishing) to the levels prior to the shift, 

will be costly and insufficient to restore the biotic balance (Möllmann and Diekmann, 

2012). Different studies indicate that restoring the ecosystem balance would require a 

reduction of external pressures at much more pronounced levels than the original levels 

that led to the regime shift which, in terms of fisheries, would imply significant 

socioeconomic impacts (Suding et al., 2004; Möllmann and Diekmann, 2012). 
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Discussion 

The existing body of scientific work on the impacts of fisheries in the open-ocean is 

sufficiently comprehensive to provide answers to the three research questions I had for 

this Chapter. Per the first research question, we can reject the null and first alternative 

hypotheses and accept the second alternative hypothesis, which suggests that there is 

sufficient scientific evidence supporting negative impacts of commercial fisheries on 

open-ocean nektonic species that transcend changes abundance and structure, as 

additional impacts on factors such as the genetic composition of the stock and decreases 

in average body size have been recorded. Regarding the second research question, we can 

also reject the null hypothesis. The first alternative hypothesis stands based on the 

available evidence, however, there is no evidence that community-level impacts of 

fisheries in the open-ocean transcend all trophic levels in the food web and therefore reject 

the second alternative hypothesis and accept H1. In the case of the last research question, 

we can accept the null hypothesis since there is no evidence that commercial fisheries have 

resulted in regime shifts in the open-ocean. 

 

Among its many mandates, the parties of the 1982 UN Convention on the Law of the Sea 

(UNCLOS) reached an agreement to cooperate in the establishment of regional or 

subregional fisheries management organizations, intended for the conservation and 

management of living resources within jurisdictional waters and the high seas (Part VII, 

Section 2, Article 118) (UNCLOS,1982). UNCLOS entered into force in 1992 and by 1995 

had been built on by the UNFSA (UNFSA, 1995). The UNFSA promoted the conservation 
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and management of straddling and highly migratory fish stocks through an ecosystem-

based approach (UNFSA, 1995: General Principles – Article 5), exercised both within and 

beyond the 200 nm jurisdictional boundary of coastal states. The components of the 

ecosystem approach are derived from the mandate in the UNFSA and laid out specifically 

in a FAO technical report (Garcia et al., 2003) and the Code of Conduct for Responsible 

Fisheries (Fisheries, 1995; UNFSA, 1995). The mandate includes requirements for 

monitoring and managing impacts not just to target species, but to “species belonging to 

the same ecosystem or associated with or dependent upon the target stocks” (Fisheries, 

1995; UNFSA, 1995). 

 

Although an ecosystem approach to fisheries has been incorporated into the mission of 

many RFMOs, Gilman et al. (2014) identified up to five RFMOs that do not currently work 

towards mitigating their impacts on non-target fish species and non-fish species. While 

some tuna-RFMOs (e.g., the International Commission for the Conservation of Atlantic 

Tuna, ICCAT) have expanded their management efforts to account for impacts on other 

species groups such as sharks (https://www.iccat.int/), the single-stock assessment 

approach that dominates RFMO management does not account for impacts on non-target 

species and the marine biological community as a whole. Gilman et al. (2014) further 

estimated that only one third of the bycatch problems are addressed through legally 

binding measures and that over two thirds of RFMO fisheries lack adequate observer 

coverage. This lack of observer coverage feeds into a more general problem that underlies 

why it has taken so long to identify impacts of fisheries on open-ocean ecosystems: the 
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limited number of exhaustive multispecies fisheries time series. In this Chapter, we have 

demonstrated the importance of long-term multispecies catch datasets for understanding 

not just population-level impacts on target and non-target taxa, but also to parameterize 

community-level mass-balance models to demonstrate community and ecosystem-level 

impacts of fishing on the open-ocean. However, such datasets and the monitoring 

programs required to develop them are relatively new features of fisheries management 

and many RFMOs (including at least one with competency for pelagic species) had no 

observer coverage as of 2013 (Gilman et al., 2014).  Further, observer coverage is not split 

evenly among fisheries within an RFMO or across the national observer programs related 

to transboundary stocks.  Additional biases in taxonomic identification and spatial 

coverage across fisheries and RFMOs contribute and widen some of the current 

knowledge gaps, which make their way into the published scientific literature. In a recent 

study on the global trends of shark bycatch, Molina and Cooke (2012) highlighted the 

regional and taxonomical bias found in 103 papers on shark bycatch, and noted that the 

South Atlantic, South Pacific and Indian Oceans and commercially unimportant shark 

species (such as species of the order Hexanchiformes and Orectolobiformes) were 

underrepresented in the shark bycatch literature.   

 

If long-term multispecies monitoring programs are not established, we will continue to 

remain blind to the broader ecological impacts of fisheries on open-ocean ecosystems and 

at risk of failing to recognize early-warning signals of trophic cascades or fisheries-

induced regime shifts. To ensure the sustainability of open-ocean fisheries, the extent and 
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thematic coverage of observer programs must be increased and include non-target 

species, as well as other forms of monitoring such as community-level modeling efforts 

and genetic sampling. Genetic monitoring of harvested wild populations is the most 

powerful method of tracing genetic changes induced by exploitation (Allendorf et al., 

2008). 

 

A number of challenges to effective monitoring of open-ocean ecosystems by RFMOs 

exist.  Competency for the management of species in a single ocean basin can be divided 

among RFMOs, leading to shared management of resources and impacts. Strongly 

coordinated monitoring by RFMOs of a shared ecosystem is essential. While RFMOs 

clearly have a duty to monitor ecosystem components beyond target species, even strong 

coordination among RFMOs is unlikely to be sufficient to monitor species, community 

and ecosystem level indicators given current budgets. There is a strong need for enhanced 

cooperation between organizations with competency for managing open-ocean 

ecosystems and large-scale biodiversity monitoring programs like the Global Ocean 

Observing Systems (GOOS). Similarly, the analytical requirements related to monitoring 

of ecosystem impacts go beyond the capacity of the RFMOs and may require 

collaborations with industry and academic institutions. The current barriers to such 

collaborations are largely constructed from lack of funding, poor communication on all 

sides and data availability. Only by increasing coordination among RFMOs, cooperation 

between RFMOs and other competent organizations, and collaboration between RFMOs, 
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industry and academia will we begin to be able to appropriately monitor, and thus 

manage, open-ocean ecosystems. 

 

The costs of mismanaging open-ocean biological resources extends from the ecological 

dimension into the socioeconomic dimension. Evidence indicates that reversing the 

ecological impacts of regime shifts would be more costly in socioeconomic and 

management terms than applying a precautionary approach, which would prevent the 

shift in ecosystem state by avoiding trophic imbalances and loss of biological diversity 

(Suding et al., 2004; Friberg et al., 2011; Möllmann and Diekmann, 2012). Moreover, given 

that in 2013 fish represented 17% of the global intake of animal protein (FAO, 2016), the 

social cost of unhealthy open-ocean ecosystems in the terms of food security is too high to 

ignore. With human population estimates exceeding 8 billion in 2025 and reaching up to 

9.7 billion in 2050, it is clear that the management of marine fisheries and their impacts in 

the open-ocean over the next few decades will have implications in both ecological and 

human dimensions worldwide (FAO, 2016). 
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Chapter III: High seas fish biodiversity is slipping through the 

governance net  

 

Introduction 

Over the past 70 years, commercial fisheries have expanded farther and deeper into the 

open ocean (Anticamara et al., 2011; Kroodsma et al., 2018; Merrie et al., 2014; Morato et al., 

2006), impacting many forms of marine biodiversity that exist in areas beyond national 

jurisdictions (ABNJ; generally, the area beyond 200 nautical miles from shore)(Clark et al., 

2015; Ortuño Crespo et al., 2018). The growth of other industries, such as shipping, has 

further expanded the presence of humans in the open ocean, while new activities, such as 

seabed mining, are on the horizon (Merrie et al., 2014). These impacts are compounded by 

the effects of a changing climate, deoxygenation and ocean acidification (Cheung et al., 

2009; Levin and Le Bris, 2015; Möllmann and Diekmann, 2012). In 2017, after more than a 

decade of informal discussions at the United Nations (UN) regarding gaps in the legal 

framework for the conservation and management of marine biodiversity beyond national 

jurisdiction (known as the BBNJ process), states agreed to convene an intergovernmental 

conference for the negotiation of an legally binding instrument under the UN Convention 

on the Law of the Sea (UNCLOS) (an ‘implementing agreement’)(United Nations, 2018, p. 

249). The agreement to launch the negotiations was partly achieved by the consensus that 

any new instrument “should not undermine existing legal instruments and frameworks 

and relevant global, regional and sectoral bodies”10. This has generally been assumed to 
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mean that the new instrument should complement and strengthen the existing framework 

and prevent the adoption of weaker or dissonant management measures. 

However, a small number of states wish to see commercial fisheries (including all forms 

of fish biodiversity, which they group as a commercial resource whether or not it is 

harvested) excluded from a new agreement and are concerned that any new provisions 

will inevitably undermine existing fisheries management bodies. However, there is a 

significant difference between the number of fish species subject to management and the 

number of fish species in ABNJ that may be impacted by commercial fishing activities. As 

fish are a major component of marine biodiversity in ABNJ and have a major role in 

marine ecosystem functioning, it is important to understand what regional fisheries 

management organizations (RFMOs) are in fact responsible for monitoring and 

managing. Here, we contrast fish biodiversity estimates in ABNJ with a comprehensive 

database of existing fish population assessments to help delineate the current 

competencies of RFMOs and identify areas of improvement that could be addressed both 

through the new agreement as well as by strengthening the mandates and actions taken 

by such bodies. 

I first describe the overarching legal framework for high-seas fisheries, then enumerate 

how many fish species are either targeted, affected or simply unstudied and potentially 

at risk of slipping through the cracks of the current management arrangements. The final 

section analyses how these gaps are relevant to ongoing negotiations at the UN for a new 

treaty and concludes with specific recommendations. 
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Research objectives, questions and hypotheses 

 

The research objective of this Chapter is to assess the degree to which existing multilateral-

fisheries management bodies are fulfilling their international mandates and 

responsibilities under the UN Convention on the Law of the Sea (UNCLOS) and the UN 

Fish Stocks Agreement (UNFSA) to monitor adverse impacts of fishing activities on target 

and non-target biodiversity. The assessment of indirect impacts of fisheries on non-target 

species is a foundational principle of an ecosystem approach to fisheries management 

(Garcia, 2003; Morishita, 2008) and heavily relies on the collection and evaluation of 

fisheries observer data (Gilman et al., 2017). While collection of observer data is the 

responsibility of fishing nations, the expectations of the observer coverage and 

spatiotemporal and taxonomic resolution of the data are set by RFMOs and are 

intrinsically tied to their mandates and the scope of the UNFSA. I consider that reviewing 

these mandates based on the capacity of fishing nations and RFMOs is an essential step 

towards compartmentalization of biodiversity monitoring objectives in the high seas and 

how the new BBNJ instrument will interact with existing bodies and implementing 

agreements under UNCLOS (Figure 1). 

 

Research Question 1: To what extent are fishing nations and multi-lateral international 

fisheries bodies fulfilling their mandate to monitoring the trajectories the range of target 

and non-target high seas fish biodiversity. 
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Hypothesis0: fishing nations and multi-lateral international fisheries bodies 

are fulfilling their mandate to monitor the trajectories of target and non-

target high seas biodiversity by providing relative abundance estimates for 

a large portion of the species affected directly or indirectly by commercial 

fishing. 

Hypothesis1: fishing nations and multi-lateral international fisheries bodies 

are partially fulfilling their mandate to monitor the trajectories the range 

of target and non-target high seas fish biodiversity by providing relative 

abundance estimates for the main target and non-target species caught 

directly by commercial fisheries. 

Hypothesis2: fishing nations and multi-lateral international fisheries bodies 

are failing their mandate to monitor the trajectories the range of target and 

non-target high seas fish biodiversity by only providing reliable 

abundance estimates for target species. 

 

Research Question 2: Are there relative differences in the proportion of species 

with abundance estimates based on their general habitat type? 

Hypothesis0: the relative proportion of species with or without abundance 

assessments is evenly distributed across habitat types. 

Hypothesis1: the relative proportion of species with abundance 

assessments is skewed towards shallower habitat types, where the 

majority of open-ocean fleets operate. 
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Governance of high seas fish  

The 1982 UNCLOS defines the scope of maritime rights, jurisdictions, duties and activities 

in the ocean. In the high seas, beyond 200 nautical miles from shore, UNCLOS recognizes 

the right of all states to engage in fishing. This right is subject to obligations, including a 

duty to cooperate in the adoption of management measures through the establishment of 

subregional or regional organizations (UNCLOS, Part VII, Articles 116 and 117). The UN 

adopted a new implementing agreement under UNCLOS in 1995 for the Conservation 

and Management of Straddling Fish Stocks and Highly Migratory Fish Stocks (UN Fish 

Stocks Agreement (UNFSA))(Gjerde et al., 2019). The UNFSA provided an enhanced set 

of obligations for fisheries and ecosystem conservation and a stronger framework for 

cooperation through establishing RFMOs as the principal mechanisms for fisheries 

management in ABNJ. The UNFSA obliges states, acting individually and cooperating 

through RFMOs, to “assess the impacts of fishing, other human activities and 

environmental factors on target stocks and species belonging to the same ecosystem or 

associated with or dependent upon the target stocks” and assess impacts on “non-target 

and associated or dependent species and their environment” (UNFSA, Part II, Articles 5 

and 6). Further, they are required to: develop data collection and research programs and 

plans to ensure the conservation of such species and protect habitats of special concern; 

protect biodiversity in the marine environment; and apply the precautionary approach 

widely, ensuring that caution is taken when information is uncertain, unreliable or 

inadequate (UNFSA, Part II, Articles 5 and 6). These obligations are substantial 

obligations, both in terms of assessing the impacts of fishing on non-target, associated or 
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dependent species and even more so in regard to assessing the impacts of other human 

activities and environmental factors on these species. The implementation of these 

obligations could be significantly enhanced by mechanisms established under a new 

treaty. These obligations, however, have never been formalized through specific 

taxonomic lists across RFMOs. 

 

High-seas fisheries have been shown to have both direct and indirect impacts (for 

example, through trophic linkages) on a wide range of species beyond those targeted5. 

Nevertheless, management and monitoring efforts remain focused largely on species of 

commercial importance without a systematic approach to assessing the status of or 

minimizing the catch of, or impacts on, BBNJ as a whole. Recent studies regarding tuna 

management, for example, have shown that, although many of the elements necessary for 

ecosystem-based management are already present in the RFMO frameworks, they have 

been “implemented in an ad hoc way, without a long-term vision and a formalized 

plan”(Juan-Jordá et al., 2018). Similar progress as well as significant shortcomings have 

been shown to exist within non-tuna RFMOs (Wright et al., 2015). This raises a basic 

question: what species are being actively assessed and managed by RFMOs and who is 

responsible for monitoring the impacts of fishing on fish species and biodiversity not 

actively being assessed and managed by RFMOs?  
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Scope of management in ABNJ  

While UNCLOS and the UNFSA provide both a framework and detailed obligations of 

states for the governance and management of fisheries in ABNJ, they do not describe the 

specific scope of BBNJ that fall under the mandate of RFMOs. To provide insight into the 

scope of unmanaged fish species, we describe known fish biodiversity in ABNJ and assess 

the degree to which their populations are being monitored. We calculated this by 

contrasting high-seas fish biodiversity estimates, from the Ocean Biogeographic 

Information System (OBIS; www.iobis.org), with the RAM Legacy Stock Assessment 

Database (Ricard et al., 2012) which reflects the number of (mostly target) harvested 

species that are being monitored and managed (Cortés et al., 2015; Webb et al., 2010). We 

also contrasted the list of high-seas fish biodiversity against the International Union for 

Conservation of Nature (IUCN) Red List, which provides another source of information 

about extinction status and abundance trends for some species. Of the 4,018 fish species 

in the high seas recorded in OBIS, 42.4% did not show up on the IUCN Red List based on 

the scientific name taken from the OBIS record (which is drawn from the World Registry 

of Marine Species). Of the 2,315 species with IUCN Red List records, the abundance trend 

of <1% was increasing, 17% were stable, 7% were decreasing and the remaining ~75% were 

either unknown or unavailable. Collectively, this means that 85.7% of the high-seas fish 

species do not have any information on population trends under the IUCN. Of the same 

group of species with IUCN Red List records, 1,903 were labelled as Least Concern of 

extinction, which we found surprising since 57.8% of high-seas fish under OBIS have less 

than 10 records in the historic series. 
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The IUCN Red List portal suggests that “Least Concern or Data Deficient species may 

warrant reclassification” as more data become available 

(www.iucnredlist.org/assessment/process). The call by the UNFSA for RFMOs to assess 

the impacts of fishing on species belonging to the same ecosystem is quite daunting given 

the taxonomic diversity of high-seas ecosystems. More ambitious taxonomic mandates of 

existing RFMOs are needed where such bodies have mandates that restrict their 

application to species potentially impacted by fisheries under their management. The new 

high-seas treaty can help ensure that complementary management or monitoring 

frameworks can be developed for those species that are not currently being assessed (that 

is, approximately ~95% of fish biodiversity in ABNJ). It is not economically feasible to 

conduct stock assessments for the almost 4,000 unmonitored species; however, other 

forms of abundance and status assessment are available. It is also important to note that 

this study is limited to high-seas fish biodiversity, whereas the direct and indirect impacts 

of human activities in ABNJ extend to other taxonomic groups, including sea birds and 

marine invertebrates. 

 

 

 

 

 

http://www.iucnredlist.org/assessment/process
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Strengthening management 

As UN members begin negotiating a landmark international treaty for high-seas 

biodiversity conservation, we stress the need to discuss and adopt an instrument that 

establishes or enhances mechanisms to assess impacts of fisheries non-target species. 

These should include fish species and need to complement mechanisms already 

established by RFMOs. If fisheries are exempted from a new high-seas treaty, fisheries 

impacts on non-fish biodiversity will also slip through the gaps of the new global ocean 

governance net. Moreover, coverage of high-seas fish biodiversity through the new 

agreement could complement and enhance the strengthening of existing mechanisms and 

requirements for ecosystem approaches across all sectors including fisheries. By 

providing common principles, obligations and standards for states, together with a more 

rigorous global review process to assess implementation and overall progress, the BBNJ 

treaty can help ensure that all organizations with management competency in ABNJ 

(including RFMOs) effectively and consistently apply an ecosystem approach and avoid 

or prevent adverse impacts on biodiversity as a whole. The new agreement could also call 

for global mechanisms to fill geographic (for example, the Arctic or the Southwest 

Atlantic) and taxonomic governance gaps where regional and sectoral bodies cannot be 

developed, or mandates cannot be extended. While the taxonomic mandates of existing 

RFMOs could be expanded, it is improbable and unrealistic to expect that this expansion 

would functionally lead to monitoring efforts across all “species belonging to the same 

ecosystem or associated with or dependent upon the target stocks” (UNFSA, Part II, 

Article 5). Complementary approaches under the new treaty may include a call on 
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regional seas organizations and global or regional observing systems to provide 

monitoring and assessment of cumulative impact on biodiversity (including fish 

biodiversity). Any new agreement could also provide a global framework for how the 

interests of states not engaged in resource extraction in ABNJ may be considered in 

sectoral management bodies. In addition, to implement an ecosystem approach to the 

conservation of high-seas biodiversity across all sectors, the new treaty will need to 

contain strong provisions for (1) establishing and implementing cross-sectoral marine 

protected areas and applying other area-based management tools, and (2) requiring and 

guiding environmental impact assessments and strategic environmental assessments 

across all high-seas taxa and ecosystems (Wright et al., 2015). However, if fish are not 

considered part of the biodiversity covered by a new treaty, no area-based management 

tools or environmental impact assessments will be designed and implemented for their 

conservation under the agreement. On the contrary, by including fish as part of the 

agreement whether explicitly or implicitly, the agreement would probably enhance the 

capacity of states and RFMOs to assess the impacts of fisheries, other human activities and 

the environment on nontarget, associated or dependent species or species belonging to 

the same ecosystems. 

 

This would enhance implementation of the UNFSA, probably lead to better conservation 

of such species and, crucially for RFMOs, help identify impacts of other activities on fish 

populations, including cumulative impacts, and actions needed by other sectors to 

conserve fish biodiversity as well. Mechanisms to enhance cooperation and data sharing 
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among sectors and competent organizations will be critical to the successful 

implementation of an ecosystem approach through the new instrument. In particular, 

there is a strong role for existing entities such as OBIS and the Global Ocean Observing 

System (GOOS) to support the development of data standards and means of 

dissemination to operationalize data sharing and improve data streams used by fisheries 

managers and other sectors. Such a recommendation could be supported globally as part 

of the UN Decade for Ocean Science for Sustainable Development. 
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How much do we know about fish in ABNJ? 

OBIS is a global open-access information clearinghouse for marine biodiversity 

observations.  OBIS contains records of 4,018 species observed in ABNJ, comprising the 

known fish biodiversity in the high seas. It is also worth noting that most of these recorded 

species are grossly understudied, as only a quarter (n = 1,098) have more than 10 records 

and almost a third (n = 1,224) have only one record in OBIS. The abundance assessments 

available as part of the RAM Legacy Stock Assessment Database14 included 51 different 

methods of assessment, including stock assessments. Abundance or stock assessments, 

which are generally data intensive and require sophisticated modelling efforts, are 

primarily conducted for commercially valuable species. These constraints have resulted 

in only 193, or 4.8%, of the observed fish species in ABNJ 

being assessed. Most high-seas fish species (~95%) are not known to be targeted (Hilborn 

and Ovando, 2014) or assessed by any RFMO or fishing state, yet may still be at risk from 

the impacts of fishing (Levin and Le Bris, 2015). It is important to note that in most cases 

a stock is only one population of a species, thus our estimate of percent species assessed 

would be far smaller if we considered individual stocks as opposed to entire species. We 

note that this knowledge gap affects fish biodiversity across various habitat types in the 

high seas including the deep-water column. 

Species with slow growth and late maturity, as well as species with large range migration 

patterns, are particularly vulnerable to mismanagement and ecological extinction (Gianni 

et al., 2016). One illustrative example is the status of migratory or possibly migratory 

chondrichthyan species. A UN report found that out of the 1,093 species in the class 
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Chondrichthyes, 153 are migratory or possibly migratory (Fowler, 2014). Of those 

migratory sharks and rays, 46% were classified as Vulnerable, Endangered or Critically 

Endangered under the IUCN Red List and a further 23% were Data Deficient (Fowler, 

2014). We found that only 9 of the 153 (5.8%) migratory chondrichthyans had stock 

assessments or analogous assessment methods recorded in the RAM Legacy Stock 

Assessment Database, of which six are Vulnerable or Endangered according to the IUCN. 

None of the nine species have had catch limits established. The geographic and taxonomic 

limitations of existing abundance assessment repositories make it difficult to ascertain the 

exact proportion of fish biodiversity in ABNJ that has been assessed. 

 

Institutionalizing cross-sectoral support for coordinated monitoring programs is the only 

possible means of moving towards more holistic assessment and conservation of the 

remaining ~95% of fish biodiversity, as well as high-seas biodiversity as a whole. As 

fisheries management can benefit from improved biodiversity data being fed into their 

data streams from groups such as OBIS and GOOS, so too should RFMO members 

contribute to the data streams used to manage other sectors via global data 

clearinghouses; which may require reinforcing the coverage of fisheries observer 

programs to enable the collection of biodiversity data across regions and fisheries. 
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Figure 2: Species assessment status. Representation of the number of stock assessments (n = 193; 

from the RAM Legacy Stock Assessment Database) for fish species in the high seas (n = 4,018; OBIS). 

High-seas fish species are separated by general habitat type (from FishBase.org). The species 

comprising the group ‘Other’ (n = 87) were not assigned a habitat type on FishBase.org. 

 

A new treaty could provide consistent obligations across sectors for member countries to 

transparently share detailed biodiversity data (for example, catch/bycatch documentation 

by RFMO member countries) to the global community at appropriate spatial, temporal 

and taxonomic resolutions. RFMOs are in a unique position to both benefit from and 

contribute to the conservation and sustainable use of BBNJ under a new international 

legally binding instrument. They have a specific mandate to monitor and manage the 

impacts of fisheries on target species and associated species or species belonging to the 

same ecosystem, which should not be undermined, but rather their capacity to implement 
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this mandate enhanced by a new treaty. However, the taxonomic vagueness of their 

mandate and current assessment efforts has created a governance vacuum for ~95% of fish 

biodiversity in ABNJ. Despite being fish species, they are not assessed by fisheries 

management organizations, nor are they being considered as part of the biodiversity to be 

monitored by a new international treaty. To close the legal gaps under existing 

frameworks that allow thousands of fish species potentially impacted by fisheries and 

other activities to slip through the cracks of global ocean governance, fish biodiversity 

needs to be addressed in the new BBNJ treaty.  

 

Based on these findings, I can unequivocally reject the null hypothesis of the first research 

question I set out to answer in this Chapter and, hesitantly, reject the second alternative 

hypothesis since there is evidence that they are collecting population-level information 

for target and some non-target species, accepting the first alternative hypothesis. Per the 

second research question, the large knowledge gaps on the population status of deep-

dwelling species means that the null hypothesis has to be rejected. Intuitively, we know 

most about the population status of pelagic species that inhabit the epipelagic and 

mesopelagic zones since that’s where the majority of commercial fishing operations take 

place in the high seas, resulting in more data, and are more readily accessible to 

researchers. 
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Chapter IV: The environmental niche of the global high seas pelagic 

longline fleet 

 

 

Abstract 

International interest in appropriately managing high seas biodiversity has been growing 

in recent years. There is an opportunity for new technologies and resources to contribute 

to this process and to provide novel approaches to understanding the spatial ecology of 

the global human footprint upon the ocean. Here we use boosted regression trees and 14 

environmental covariates to characterize the environmental preferences of the major 

longline fishing States. Our results show that fishing distribution is correlated with 

environmental conditions and that the strength of such correlation varies within years. 

Some of these environmental correlates hold great resemblance with conditions known to 

affect the distribution of target pelagic species. We find that the high seas longline fleet is 

only using 38-64% of the available environmentally suitable longline fishing habitat and 

contemplate how changes in the abundance and ranges of target species may be shrinking 

what once were more extensive suitable fishing grounds.   
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Introduction 

The high seas (or areas beyond national jurisdiction; ABNJ) encompass more than 45% of 

the world’s surface area and 90% of the ocean’s volume. Prior to the 1950s, limitations in 

fisheries technologies predominantly restricted global marine fisheries to coastal and shelf 

waters. However, technological advancements after World War II, such as improved 

refrigeration, increased engine power, and acoustic sonars prompted a rapid expansion 

of marine fisheries into ever more remote high seas waters (Swartz et al., 2010). 

Meanwhile, high seas fisheries catch increased by ten-fold, from 450,000 tons in 1950 to 

about 6,000,000 tons by 2014 (Pauly and Zeller (Editors) (2015) Sea Around Us Concepts, 

Design and Data (www.seaaroundus.org)). As of 2015, high seas fisheries represented 

12% of the global annual marine fisheries catch by mass and 15% by value (Rogers et al., 

2014). Tuna and billfish make up the majority of the reported high seas catch by longliners 

and purse seiners, and by 2012, represented 9.3% of global annual marine fisheries  (Juan-

Jordá et al., 2011; FAO, 2014). This expansion also entailed novel impacts on oceanic and 

deep-sea systems  (Clark et al., 2015; Crespo and Dunn, 2017).  While the importance of 

the high seas for the global seafood industry has continued to grow, the regulatory 

frameworks and monitoring mechanisms necessary to support their sustainable use have 

lagged (Druel and Gjerde, 2014). 

 

The current governance frameworks for management of marine life in ABNJ were 

established by the third United Nations Convention on the Law of the Sea (UNCLOS) and 

were further developed by the 1995 UN Fish Stocks Agreement (UNFSA) through the 
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establishment and consolidation of Regional Fisheries Management Organizations 

(RFMOs). RFMOs have the legal responsibility to manage high-seas fish stocks, but also 

non-fish species [UNFSA Article 5(g)], and biodiversity [UNFSA Article 5(f)]. The 

performance of these bodies in protecting biodiversity beyond their target commercial 

species has been questioned recently (Cullis-Suzuki and Pauly, 2010) (Eric Gilman et al., 

2014). According to the UN Food and Agriculture Organization, migratory and straddling 

stocks harvested in ABNJ are overfished or are experiencing overfishing at twice the rate 

of stocks found within national waters (64% vs. 28.8%)(FAO, 2014). A separate assessment 

of the status of the stocks managed by the world’s RFMOs concluded that 67% of these 

were either overfished or depleted (Cullis-Suzuki and Pauly, 2010) and several of these 

have experienced range contractions due to overharvesting (Worm and Tittensor, 2011). 

Some of the existing concerns about RFMO management include insufficient monitoring 

and weak implementation of ecosystem-based management measures due to the 

consensus-based RFMO governance process (Eric Gilman et al., 2014). Exemplifying this, 

the observer coverage of some pelagic longline fleets is ~5%, but can be can lower (Allain 

et al., 2012). Novel forms of electronic monitoring are helping to address challenges related 

to the monitoring of catch, bycatch, reporting of fishing effort and vessel distribution 

(Merten et al., 2016). These new technologies include vessel tracking systems such as 

Vessel Monitoring System (VMS) or Automatic Identification System (AIS), which can 

help with the surveillance and monitoring of marine fisheries (McCauley et al., 2016) 

(Natale et al., 2015) even in remote waters. A growing number of programs have recently 

emerged using satellite-based AIS geolocation data to track and monitor fishing at sea. 
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Some monitoring programs such as the Pew Charitable Trust’s Eyes on the Sea program 

focus on identifying illegal and unreported fishing, while other programs such as Global 

Fishing Watch (GFW; www.globalfishingwatch.org) classify the behaviors of fishing 

vessels, providing open access data on the global distribution of fishing effort across the 

main gear-types (Merten et al., 2016). Monitoring vessel activity using AIS data is an active 

area of research (Mazzarella et al., 2014) (de Souza et al., 2016).  

 

Ecosystem-based fisheries management requires addressing impacts of fishing such has 

habitat destruction and alterations of biological communities via solutions that can 

monitor current activities and predict and manage future ones. Many of the management 

and conservation conflicts addressed by the ecosystem-based fisheries management 

framework are a result of lacking information on the spatiotemporal distribution of 

resources and resource users. One mechanism to understand existing impacts on high-sea 

biodiversity is to compare the distribution of fishing effort with bycatch species such as 

sharks (Queiroz et al., 2016) or seabirds (Cuthbert et al., 2005).  While these studies are very 

useful for gaining an initial understanding of the overlap of fisheries and their associated 

species (which RFMOs are required to manage), they are retrospective and do not capture 

the underlying dynamic oceanographic processes which result in the spatiotemporal 

overlap. To understand potential future interactions, mechanistic or correlative models 

that explore the distribution or density of species in relation to environmental predictors 

are necessary (e.g., (Druon et al., 2016; Hazen et al., 2013; Roberts et al., 2016). Such studies 

have been conducted on many marine vertebrate species - yet very few studies (Soykan et 
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al., 2014) have analyzed the environmental correlates of human (fisheries) distribution and 

attempted to understand their impacts through this lens. The distribution of prey species 

has been identified as an important driver of animal predator distributions (Schick and 

Lutcavage, 2009). Thus, environmental drivers of prey species (e.g., target species for 

fishermen) are expected to also influence predator distribution. Given the range of species 

targeted by the pelagic longline fleet, it is likely that environmental drivers of target 

species are métier-specific. Consequently, climate change impacts (e.g., changes in 

temperature, oxygen, and primary productivity), and the impacts of fishing (e.g., range 

contractions) may influence the global distribution of fishing effort. 

 

I developed environmental niche models of fishing effort derived from satellite-based AIS 

data to explore the spatial ecology and drivers of the global distribution of the pelagic 

longline fishing fleet in the high seas. We built our environmental niche models using 

booster regression trees (BRTs) and associating presence and pseudoabsence fishing 

locations to 14 biophysical and physiographic predictors: sea surface temperature (SST), 

temperature at 400 meters (T400), turbulent kinetic energy (TKE), particulate organic 

carbon (POC), net primary productivity (NPP), mixed layer depth (MLD), surface oxygen 

concentration (SOC), oxygen concentration at 400 meters (O400), sea surface salinity (SSS), 

salinity at 400 meters (S400), euphotic depth (ZEU), bathymetry (BATH), distance to 

continental shelf (DCS) and distance to seamount (DSM). By applying concepts that were 

originally developed to explore the ecological niches of terrestrial and marine species, we 

aim to better understand the fundamental niche of longline fishing fleets in ABNJ, and to 
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shed light on the factors shaping their distributions at large scales, which opens new 

avenues for predictive forecasting of future spatial patterns of global longline fishing 

effort and concomitant stresses on the high seas. 
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Research objectives, questions and hypotheses 

The research objectives of this Chapter are to determine whether the horizontal patterns 

of distribution of high seas longline fishing effort are correlated with static or dynamic 

environmental conditions and if these potential associations can be used to infer the likely 

distribution of fishing events based solely on oceanographic and physiographic 

parameters. The following research questions helped guide the analysis in the Chapter: 

 

Research Question 1: Is monthly the horizontal distribution of high seas longline fishing 

effort correlated with dynamic oceanographic or static physiographic conditions? 

Hypothesis0: The distribution of high seas longline fishing effort is not correlated 

with any environmental conditions, whether oceanographic or physiographic. 

Hypothesis1: The horizontal distribution of high seas longline fishing effort is 

correlated with oceanographic or physiographic predictors only during certain 

times of year. 

Hypothesis2: The horizontal distribution of high seas longline fishing effort is 

correlated with a rage of oceanographic or physiographic variables throughout the 

entire year. 

 

Research Question 2: Can the statistical associations between monthly horizontal 

distribution of high seas longline fishing effort and different environmental parameters 

be used to predict the monthly distribution of future fishing effort. 
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Hypothesis0: The distribution of monthly horizontal longline fishing effort cannot 

be accurately predicted based on past associations of fishing effort to 

environmental conditions. 

Hypothesis1: The distribution of monthly horizontal longline fishing effort can be 

predicted to future environmental conditions with various degrees of accuracy. 
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Data and Methodology 

I used BRTs to predict fishing hours by longline fishing vessels (as reported by Global 

Fishing Watch) from biophysical variables primarily obtained from increasingly available 

remote sensing sources (Kacev and Lewison, 2016). I used the processed AIS geolocation 

data from GFW in the form of gridded fishing hour estimates for 2015 and 2016 as 

observations to fit the environmental niche models. 

 

Automatic Identification System fishing effort data 

GFW analyzes and provides online interactive maps of the behavior of fishing vessels 

from global AIS and VMS data (Kroodsma et al., 2018). AIS was originally designed as a 

tool to avoid collisions at sea as part of the International Maritime Organization (IMO) 

Safety of Life At Sea Treaty (SOLAS Treaty, Chapter V; (Cervera and Ginesi, 2008)). 

Vessels equipped with an AIS transponder signal their position and vessel identification 

data such as IMO number, maritime mobile security information number, call sign, ship 

type, speed and course over ground, and other information to ships nearby carrying the 

transponders as well as to receiving ground stations and low-orbit satellites. Signal 

transmission frequencies vary with speeds between a few seconds and a few minutes. This 

high-resolution tracking data is then analyzed by GFW to assess ship movements and 

behavior, using neural network algorithms to classify different fishing gear types as well 

as the points in space and time where individual vessels deploy their fishing gear (de 

Souza et al., 2016). It is worth noting however, that GFW only uses satellite-based AIS data, 
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which has limitations such as a maximum number of individual signals which can be 

detected simultaneously, heterogenous satellite spatiotemporal coverage or gaps near 

coastlines, where shore-based stations receive the signal which the satellite can no longer 

detect. It is unlikely for areas in the high seas to experience satellite channel saturation 

and vessel AIS signals are also unlikely to be detected by shore-based stations. Fishing 

effort is detected and calculated, as hours of fishing, for individual fishing gear types: (1) 

pelagic longlines; (2) trawls, (3) purse seines; (4) fixed gear; (5) other fishing gears. 

However, each of these is subject to behavior classification errors. For this study, estimates 

of global pelagic fishing effort for the years 2015 and 2016 were extracted from the GFW 

database, including vessels from 114 countries and territories. 

 

I filtered the GFW fishing effort estimates spatially to only include longlining events in 

the high seas. Within the high seas, fishing effort by pelagic longliners accounted for 88.9% 

and 80.4% of the quantified fishing effort (hours) in ABNJ across all gear groups in 2015 

and 2016 respectively (Appendix II - Figure 1). The dominance of longline fishing effort 

in ABNJ and its known negative impacts on multiple non-target species (Lewison et al., 

2004) underscores the importance of understanding the potential drivers of its global 

distribution. Hence, I focused on longlines only in our modeling efforts, particularly the 

distribution of fishing events rather than fishing intensity.  

 

According to GFW fishing effort estimates, 45 - 50 fishing States and territories deployed 

longlines in ABNJ throughout 2015 and 2016. I refined the list of countries to only include 
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those that accounted for the >80% of the observed fishing effort; this reduced the list of 

fishing States and territories to five (Appendix II – Figure 2). I further selected the fishing 

effort data used to build the environmental niche models by only including these five 

major fishing States and territories. The fishing effort applied by these countries were 

aggregated spatially to 1⁰ by 1⁰ cells for 2015 and 2016 (Figure 3) given the global extent of 

the analysis (Dunn et al., 2008) and then partitioned temporally into 24 months (Figure 

4Error! Reference source not found.). Environmental data layers specific to each month 

were then used to parameterize the 24 environmental niche models. The use of monthly 

averages and monthly climatologies as predictors inevitably resulted in the loss of some 

fine-scale environmental features that may influence the distribution of fishing effort at 

sub-monthly time-steps, but is appropriate given the spatial scope of the study and the 

need to incorporate the effect of seasonal environmental variability on the distribution of 

fishing effort. 

 

Environmental predictor variables 

The oceanographic biophysical variables selected for modeling the ecological niche of 

global longline fishing effort in ABNJ included both static (physiographic) and dynamic 

predictors (biophysical). Various habitat-modeling studies support the inclusion of 

biophysical and physiographic predictors across spatial and temporal scales for studying 

the ecology of species of commercial interest (Arrizabalaga et al., 2015; Hobday et al., 2011). 

The dynamic variables were extracted by month and consisted of SST, T400, TKE, POC, 

NPP, MLD, SOC, O400, SSS, S400, ZEU. The static physiographic variables included 
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BATH, DCS, DSM. All variables were extracted at 1⁰ by 1⁰ degree resolution cells or 

aggregated as necessary and had different temporal resolutions; some are monthly 

aggregates while others are climatological (Appendix II – Table 5) 

 

Boosted regression trees 

The use of boosted regression trees (BRTs) incorporates the strengths of tree-based models 

(which can utilize multiple types of response variables and missing data) and boosting 

(an adaptive method of sequentially modeling the residuals of each model iteration) (Elith 

et al., 2008). Many of the relationships between the distribution of marine species and their 

environment have proven to be non-linear (Arrizabalaga et al., 2015). BRTs have the ability 

to capture non-linear responses in environmental predictors and to identify the variables 

with the highest explanatory power. The machine learning dimension of BRTs allows the 

model to progressively learn the response through boosting, which unlike single 

regression trees, averages the outputs of a multitude of simple tree models iteratively 

placing more emphasis on unfitted observations from the first tree by fitting the residuals 

to a second tree and so on (Elith et al., 2008). Another reason why I chose BRTs as our 

modeling approach is because they incorporate an important element of stochasticity that 

improves model performance by fitting each new tree to a random subset of the data that 

is predetermined by the researcher and known as the ‘bag fraction’(Friedman, 2002); this 

improves model performance by reducing the variance of the final model. The 

contribution of each individual tree (hundreds to thousands) is then downscaled by 

assigning it a ‘learning rate’ weight. Our final models were the output of the summation 



 

83 

 

of all trees multiplied by the predetermined learning rate (Elith et al., 2008). The 

complexity or depth of the tree must also be determined, to control for number of splits 

or nodes in each tree. At each splitting point, the variable which has the most explanatory 

power is partitioned to reduces the prediction error, this is done sequentially for however 

many splits the tree had or until a predetermined minimum number of observations was 

reached in a branch of a tree. The learning rate and tree complexity parameters are then 

used in conjunction to determine the total number of trees that should be built. 

 

Environmental niche model fitting, validation and projection 

All BRTs were fitted to the fishing effort data using RStudio 4, a development environment 

for the open-access statistical software R. The models were fitted to the number of 

monthly fishing effort presence locations derived from GFW estimates and double the 

number background pseudoabsence locations from the high seas region; a low number of 

pseudoabsences is recommended for modeling approaches such as BRTs (Barbet-Massin 

et al., 2012). Background pseudoabsence locations were created on a monthly basis by 

randomly selecting from the unfished areas of ABNJ (Appendix II – Table 6 & Table 7). 

Randomly selecting background pseudoabsence locations from anywhere in the high 

seas, including polar and subpolar regions where almost no longline fishing effort occurs, 

biased the results and exaggerated the importance of latitudinally-structured variables 

such as SST and SOC (Appendix II – Figure 11). The distribution of background 

 
4 R Core Team (2017). R: A language and environment for statistical computing. R Foundation for Statistical 

Computing, Vienna, Austria. URL https://www.R-project.org/. 
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pseudoabsence locations was therefore constrained to cells that had SST values within the 

observed thermal range of the fished cells; this was done on a month-by-month basis by 

removing SST outliers from the fishing effort observations and then selecting 

pseudoabsence locations within the remaining thermal range. When fitting BRTs, special 

attention was paid to finding a balance between model accuracy and model overfitting. I 

used the R package ‘caret’ to optimize the four important parameters affecting BRTs: (1) 

tree complexity; (2) learning rate (or shrinkage); (3) number of trees; and (4) minimum 

number of observations in terminal nodes. An exploratory grid was set up where different 

values for these parameters would be assessed through k-fold cross-validation. These 

included, four different tree depths, two shrinkage rates, two minimum number of 

observations at terminal nodes and 10 different number of trees from 500 to 5000 in 

increments of 500 trees. A 10-fold cross validation of each of the 160 different model 

combinations was repeated five times to select the parameters that resulted in the highest 

accuracy rate. The optimal combination of parameters was found for each of the 24 

individual monthly models and BRTs were fitted to the monthly classified fishing effort 

data using the generalized boosted model (gbm) function in the R package ‘gbm’5. The 

parameters were adjusted for each model and a bernoulli distribution was used for all 

models given binomial nature of the response. After fitting each of the models, 1⁰ by 1⁰ 

degree raster layers of each of the environmental variables in ABNJ used in the monthly 

 
5  Greg Ridgeway with contributions from others (2017). gbm: Generalized Boosted Regression Models. R 

package version 2.1.3.  https://CRAN.R-project.org/package=gbm 
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models were superposed and stacked using ArcGIS 10.4.16 and the ‘raster’7 package in R. 

Each of the BRT models was mapped onto geographic space by projecting it to the 

multilayer grid. The resulting two-dimensional map represents a probability distribution 

surface where each grid-cell in ABNJ was assigned a value between 0 and 1. Confusion 

matrices were then computed to assess how well each of the monthly models could 

predict the distribution of longline fishing effort. Various model performance indices 

were calculated, including the AUC, Kappa statistic8, sensitivity9, specificity10 and 

accuracy values (Appendix II – Table 1; Table 2; Figure 4 & Figure 4). 

 

There are multiple possible approaches for selecting a probability distribution threshold 

to convert probability maps into binary maps. Here we explore the influence of two 

separate methods of selecting thresholds for obtaining binary habitat suitability maps. 

Areas with a monthly probability distribution above the set threshold were considered as 

suitable habitat for the studied organism. First, I calculated monthly thresholds based on 

ROC curves, which show the relationship between the true positive (sensitivity) and false 

positive (specificity) rates. The second type of threshold we calculated were based on the 

MPD of the monthly models. While both methods are widely accepted procedures 

 
6 ESRI 2011. ArcGIS Desktop: Release 10. Redlands, CA: Environmental Systems Research 

Institute. 
7 Robert J. Hijmans (2016). raster: Geographic Data Analysis and Modeling. R package version 

2.5-8.  https://CRAN.R-project.org/package=raster 
8 A measure of categorical agreement describing the difference between the observed and chance 

agreements 
9 The proportion of actual presences that are accurately predicted 
10  The proportion of actual absences that are accurately predicted 
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(Franklin, 2010) for establishing cutoff threshold values, the resulting binary habitat 

suitability landscapes can differ and results mustn’t be interpreted as final, but instead as 

different scenarios of pelagic longline fishing suitability in the high seas. 

 

Environmental niche model assessment and interpretation 

The binary (suitable vs. non-suitable fishing habitat) monthly habitat suitability 

projections were then used to calculate the annual persistence of longline fishing habitat 

in ABNJ, these surfaces were created to identify different levels of intra-annual suitability 

across the high seas (Figure 5 & 6). Persistence is a measure of the number of months that 

a location was classified as suitable habitat throughout the year. To identify the areas of 

the high seas with the highest variation in fishing habitat suitability, we computed the 

spatial coefficient of variation (Figure 7) for the combined mapped outputs for the months 

of 2015 and 2016. In addition to monthly persistence, fundamental niche occupancy for 

the pelagic longline fleet in ABNJ was quantified by calculating what proportion of the 

monthly environmental niches (determined by the binary maps) were fished each month 

(Figure 5 & 6). This was calculated for the binary surfaces obtained after applying the ROC 

and MPD cutoff thresholds. These outputs were then used to assess how much of the 

‘fishable’ environment in ABNJ is used by the high seas longline fleet each month (Table 

1). 

For BRTs, the VI scores are calculated by computing the number of times an 

environmental predictor is selected for splitting at each node of a tree and is then weighted 

by the squared improvement of the BRT model that results from each split; this is then 
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averaged for each of the trees that was fitted for the BRT (Elith et al., 2008).VI scores for 

each BRT are scaled to add up to 100, these values were obtained for each of the monthly 

environmental niche models; these scores allow for the identification of important 

variables within and between years (Figure 5 A & B; Table S3 & S4). I generated partial 

dependence plots for each of the response variables. Partial dependence plots are 

graphical representations of the dependency between the response (i.e. fishing effort) and 

individual predictors. The partial dependence plot of a given variable was calculated by 

averaging all other predictors in the model except the chosen predictor of interest. 
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Results 

 

After analyzing all satellite-based AIS fishing effort data from GFW for 2015 and 2016, we 

found that longline fishing effort accounted for 84% and 87% of the fishing effort (by hour) 

across gears in 2015 and 2016 respectively (Appendix II – Figure 1). Of the high seas 

longline fishing effort, 88.9% (2015) and 80.4% (2016) is attributable to five fishing States 

or territories: China, Japan, South Korea, Spain and Taiwan (Appendix II - Figure 2). 

Taiwan dominates global longline fishing effort (by hour) in the high seas, followed by 

Japan, Spain, China and South Korea. Our analysis focuses on these top-five fishing States 

or territories. The AIS-derived fishing effort data shows that the distribution of longline 

fishing effort in the high seas is heterogeneous across space (Figure 3 A & B), flag-State 

and time (Figure 4). During 2015 and 2016 the tropical (23.5⁰N to -23.5⁰S) and temperate 

(66.5⁰N to 24.5⁰N & -24.5⁰S to -66.5⁰S) regions aggregate 64.6% and 35.3% of the global 

fishing effort respectively. On average, the intensity of fishing effort in the high seas is 

higher during the boreal summers and peaks in July and August during 2015 and 2016 

respectively (Figure 4). 



 

89 

 

 

 

 

Figure 3 Distribution of global pelagic drifting longline fishing in ABNJ in 

2015 (A) and 2016 (B).  Dark blue areas depict exclusive economic zones 

(EEZs) which were excluded from this study. Fishing effort (hours) as 

calculated by GFW using satellite-based AIS data (data from Global 

Fishing Watch). 
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Figure 4: Monthly distribution of pelagic longline fishing effort in ABNJ by top five fishing States 

or territories, and all other countries combined.  The total calculated fishing effort between the 

years increases between 2015 and 2016, with China and Taiwan experiencing the largest increases 

in quantified fishing effort. 

 

The distribution of pelagic longline fishing effort, as shown by GFW fishing effort 

estimates (Figure 3 A & B), is not only prominent latitudinally in the temperate and tropical 

regions but also spatially heterogeneous longitudinally and dynamic over time. It seems 

like the model evaluation metrics used to assess how well the BRTs explained the 

distribution of longline fishing effort are closely tied with the choice of cutoff threshold. 

Thus, we examined two different approaches to threshold development using Receiver 

Operator Characteristic (ROC) curves and the mean probability distribution (MPD). The 

average area under the curve (AUC) model metric, which is used to assess how well a 

classification model performs (Appendix II – Table 1 & Table 2) and accuracy (Appendix 

II – Figure 3 & Figure 4) results vary based on the choice of threshold and year. The 



 

91 

 

threshold derived from the ROC curve, which is designed to minimize false presence 

rates, was more conservative on average when compared to the MPD threshold (0.37 vs. 

0.19). This resulted in a lower rate of false presences (higher specificity values) for the 

ROC threshold across years (0.85 and 0.90 for 2015 and 2016, respectively), when 

compared to the MPD threshold (0.66 and 0.75 for 2015 and 2016, respectively). The 

sensitivity rates showed the inverse relationship, where the lower MPD threshold yielded 

higher values (0.97 2015; 0.98 2016) than the ROC threshold (0.86 2015; 0.92 2016) 

(Appendix II – Table 1 & Table 2). 

 

The average AUC values for 2015 were lower than those of the predictions for 2016 across 

both threshold methods: -5.3% (MPD) and -5% (ROC) (Appendix II – Table 1 & Table 2). 

The same trend was observed for the accuracy estimates (Appendix II – Figure3 & Figure 

4). While the AUC and accuracy metrics remain high across years and threshold methods, 

the results show how the relative explanatory variable importance (VI) of the predictors 

fluctuate slightly on a monthly and inter-annual basis (Figure 5). The VI scores obtained 

from the monthly BRTs (Figure 5) show: (i) how the environmental preferences of the high 

seas longline fleet can be characterized by a few biophysical predictors, namely: SST, DCS, 

T400 and O400 and (ii) how the correlates of fishing effort distribution show both intra- 

and inter-annual variability. The four variables that showed to be consistently important 

throughout the year had annual average VI scores > 10: SST; DCS; T400 and O400. Our 

results also show how other environmental predictors with lower average VI scores (i.e. 

NPP, SOC, POC, MLD and S000) gain momentary importance during certain times of the 
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year (Table S3 & S4), although these may be difficult to interpret given their weak signal, 

and the extent and resolution of our models. 

 

SST had the highest average VI scores in both years. The 2015 and 2016 partial dependence 

plots for SST (Appendix II – Figure 5 & Figure 9) show a two-state response of fishing 

effort to SST, where a unimodal left-skewed response to higher temperatures peaks 

between January-February and progressively transitions to a bimodal response favoring 

cooler waters (~15⁰C - 20⁰C), this state is most apparent in the months of June-July. 

 

The monthly persistence maps for 2015 (Figure 6) and 2016 (Figure 7) help identify areas of 

the high seas where favorable environmental conditions for longline fishing are most 

stable and elucidate some of the spatial differences derived from applying different cutoff 

thresholds to the model outputs. The monthly persistence maps also help identify areas 

of the high seas which are not classified as environmentally suitable for longline fishing 

throughout the year. The relative interannual variability of that environmental suitability 

was assessed by mapping the average coefficient of variation of predicted high seas 

fishing suitability for each year (Figure 8). 

 

After obtaining binary estimates of suitable fishing habitat by applying the two threshold 

values discussed above, estimates of fundamental niche occupancy by the pelagic longline 

fleet in ABNJ were calculated for each of the monthly predictions (Table S5). In 2015 the 

average proportion of occupied niche was estimated to be 55% (ROC) and 38% (MPD), 



 

93 

 

whereas estimates were slightly higher for 2016 at 64% (ROC) and 47% (MPD). The lowest 

rates of occupancy ranged between 31-42% in 2015 (MLD threshold), while the highest 

were observed in 2016 when applying an ROC threshold, 54-72%. We used these results 

to map the distribution of classification errors for two months in 2015 (Appendix II – 

Figure 10) The average fundamental niche occupancy estimates were higher when using 

the ROC curve threshold and also higher on average in 2016.   
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Figure 5: Radar plots of the average monthly VI scores for each of the quarters (A) 2015 and (B) 

2016.          Q1 = January-March; Q2 = April-June; Q3 = July-September; Q4 = October-December. 
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Figure 6: Monthly persistence of suitable habitat in areas beyond national jurisdiction for 2015 

using two different probability distribution cutoff thresholds: (A) mean probability distribution 

and (B) ROC. 
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Figure 7: The monthly persistence of suitable habitat in areas beyond national jurisdiction for 2016 

using two different probability distribution cutoff thresholds: (A) mean probability distribution 

and (B) ROC. 
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Figure 8: The average coefficient of variation of predicted high seas fishing suitability for 2015 

and 2016. 

 

 

Table 1: Amount of fundamental niche occupied by pelagic longliners calculated as the 

percentage of monthly suitable habitat where fishing was detected in 2015 and 2016. 
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2015 ROC 49% 51% 59% 54% 61% 49% 55% 54% 54% 60% 59% 55% 

2015 MPD 31% 35% 38% 38% 39% 40% 42% 39% 37% 39% 35% 36% 

2016 ROC 62% 57% 68% 72% 66% 61% 67% 63% 66% 54% 66% 68% 

2016 MPD 45% 45% 47% 49% 49% 49% 53% 49% 49% 41% 40% 48% 
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Discussion 

 

In this Chapter, I demonstrate how environmental niche models can be used to explain 

and predict the spatiotemporal distribution of longline fishing effort in the high seas. We 

use these results to qualitatively explore the similarities between the main environmental 

correlates of longline fleet distribution in the high seas and those influencing the 

distribution of some of the main pelagic longline target species. What ecological niches 

have industrialized fisheries (i.e. the new ‘apex predators’ of marine food-webs) occupied 

in oceanic waters? Spatiotemporal studies of fisheries using similar approaches as those 

used in the study of marine predators has been suggested previously (Bertrand et al., 2007) 

and may provide opportunities to understand and predict the dynamics of fishing fleets. 

We suggest that models like the ones presented here may be useful for helping anticipate 

changes in the distribution of fishing effort and better focus effort on the monitoring, 

surveillance and management of living marine resources in the high seas. 

By aggregating the binary maps of monthly suitability derived from our models, I 

demonstrate how most of the year-round persistent suitable habitat for longline fishing 

(suitable for 6-12 months) is contained within the tropical and temperate latitudes, while 

showing longitudinal heterogeneity (Figure 6 & Figure 7). By comparing the persistence 

estimates to the coefficient of variation values (Figure 8), we can see how the tropical and 

sub-tropical latitudinal bands hold most of the persistent suitable habitat and also show 

most stability throughout the year based on the variability of monthly model predictions. 
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We also note slight reductions in the size of persistent areas of suitable fishing conditions 

when applying the ROC threshold, although the main latitudinal persistence patterns are 

maintained across cutoff thresholds. These areas are consistent with the global latitudinal 

habitat preferences displayed by the top-six tuna target species (Reygondeau et al., 2012) 

(Arrizabalaga et al., 2015), which are among the main target species of longliners in ABNJ. 

While there seems to be clear geographic overlap between the preferred habitat of the 

main tuna species and suitable fishing habitat for pelagic longliners in the high seas, our 

models offer the opportunity to confirm overlaps in environmental space. 

 

By exploring the partial dependence plots of the main environmental predictors and 

contrasting them with existing knowledge about the ecology of the main target species of 

the global high seas longline fleet, I gained insights on the environmental factors that may 

be responsible for driving the horizontal distribution of the global longline fleet. In 2015, 

this fleet showed strong preference for areas where the temperature at 400 m depth is 

between 8⁰C and 18⁰C (Appendix II – Figure 6); the VI scores of T400 are stable throughout 

the year and consistent with the thermal preference of some commercially exploited tunas 

in the mesopelagic zone (Evans et al., 2008). The O400 partial dependence response curve 

(Appendix II – Figure 8) shows that longline fishing effort in ABNJ is consistently found 

in waters where the dissolved oxygen concentration at 400 m is between 1 and 5 ml O2 l-1; 

this is also consistent with findings on the physiological preferences and thresholds of 

tuna, which show how different species have oxygen concentration tolerances as low as 

3.5 ml O2 l-1 for Skipjack tuna (Katsuwonus pelamis) and yellowfin tuna (Thunnus albacares) 
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and 1.5 ml O2 l-1 for bigeye tuna (Thunnus obesus) (Brill et al., 2005). We consider that the 

response to the DCS variable is partially masked by the 200 nm jurisdictional buffer which 

was used to exclude any within-EEZ fishing in this study; a separate analysis including 

coastal fishing may be required to interpret the true influence of this variable on longline 

fishing effort distribution. From the DCS partial dependence plot (Appendix II – Figure 

7), we can infer that the probability of fishing effort in the high seas increases with distance 

during some months of the year, which is likely driven by the high amounts of longline 

fishing in the central Pacific Ocean. Sea surface temperature, which had the highest 

average VI score across both years, show similar response patterns in 2015 and 2016 

(Appendix II – Figure 5 & Figure 9), where the relationship between fishing effort and SST 

fluctuates between a unimodal left-skewed positive response to higher temperatures and 

a bimodal response to both warm and cooler (~15⁰C - 20⁰C) waters. The overall preference 

for warmer waters likely results from the fact that many of the species targeted by the 

global pelagic longline fleet are tropical or sub-tropical (e.g. Thunnus albacares or Thunnus 

obesus). The bimodal response to SST that can be observed during the boreal summer 

months may be caused by the northward latitudinal shift of by some targeted species into 

more temperate waters during these months, as seen in swordfish (Xiphias gladius) 

(Neilson et al., 2014) or Atlantic bluefin tuna (Thunnus thynnus) (Walli et al., 2009). These 

findings are aligned with the conclusions of the study by Arrizabalaga et al., (2014), where 

sea temperature and dissolved oxygen were the variables that explained the most 

deviance when modeling tuna logarithmic catch per unit effort (Arrizabalaga et al., 2015). 

Despite differences in the spatiotemporal resolutions and extents of that study and ours, 
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as well as some variations in the characteristics of the abiotic predictors, the similarities in 

the environmental preferences of tunas and longliners suggest that the distribution and 

environmental preferences of pelagic longliners in ABNJ is aligned with the biophysical 

predictors driving the distribution of their main target species. We think that the high seas 

longline fleet may not have a static environmental niche, but instead, will adapt its 

distribution and ‘environmental preferences’ to maximize the overlap with its multiple 

target species throughout the year, in a potentially consistent and predictable manner. 

Given the wide range of species targeted by the global pelagic longline fleet, the 

environmental preferences of the fleet are not expected to bear exact resemblance with 

any one given taxa.  

 

The mean accuracy of the models improves from 2015 to 2016 (Appendix II – Figure 3 & 

Figure 4), as do the average AUC values using the ROC (+5%) and MPD (+5.3%) threshold 

methods. Improvements in fishing effort data availability and improvements of the 

detection and classification of longline vessels or longline fishing effort estimates between 

2015 and 2016 may have contributed to this increase. The average sensitivity (true 

positive) scores for each of the years was high across cutoff threshold methods, although 

sensitivity scores were 6-11% higher for models using the MPD threshold (Table S1 & S2). 

Conversely, the average specificity (false positive) values were lower for the models using 

a MPD threshold (ROC: 0.85 2015; 0.90 2016 & MPD: 0.66 2015; 0.75 2016). These results 

are expected as the MPD thresholds were lower than the thresholds derived from ROC 

curves. Lower probability distribution thresholds translate to larger areas of the high seas 
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being classified as suitable for longline fishing effort, thus, capturing more observed 

presence locations (explaining the higher sensitivity scores) and including more areas 

with no fishing observations (which explains the higher over-prediction or false positive 

rates). Nonetheless, our BRT models were able to explain most of the high seas longline 

fishing effort observations; potential explanations for the over-prediction of the models 

into areas where no fishing effort was observed follow later in the discussion. 

 

Through mapping the habitat suitability of the longline fleet in ABNJ across months we 

identify areas of the ocean with higher intra-annual variability of environmental 

suitability, which occur in the peripheries of the more stable year-round fishing ground. 

These areas of high intra-annual variability may correspond to waters where physical and 

biological oceanographic conditions show strong seasonal variability throughout the year, 

such as boundary currents in the peripheries of oceanic gyres. The poleward spatial 

expansion of latitudinally stratified variables, such as surface temperature or oxygen, 

during the boreal and austral summers is likely causing the temporary increase in 

suitability of areas within the temperate and sub-polar latitudinal bands. As 

aforementioned, some target species show stable north-south seasonal movements, which 

are likely also driven by improvements of seasonal habitat suitability in those waters. 

 

Our results show that the mean specificity of the models in 2015 and 2016 vary based on 

the threshold applied and that the yearly average specificity could be as low as 0.66 when 

applying a MPD threshold to the 2015 model projections. Low specificity values are 



 

103 

 

indicative of high false presence rates, where unfished areas are classified as suitable for 

fishing. While these could be classification errors, ecological theory provides an 

alternative explanation: decreased occupancy by target species of their fundamental 

niche. Multiple factors may influence whether a species occupies its fundamental niche, 

including limitations to dispersal, predator avoidance, exclusion by interspecific or 

intraspecific competition or lack of resources. Our results show that the average 

proportion of niche occupancy for high seas longliners fluctuated by year and threshold 

method. In both 2015 and 2016, the proportion of occupied niche was higher when using 

the ROC threshold, 55% and 64% respectively. The range of occupancy across the 24 

monthly models was bounded by January 2015 (31% occupancy, MPD) and April 2016 

(72%, ROC). We briefly explored the distribution of false negative and false positive 

classification for two months (January and July) in 2015 to explore potential seasonal 

effects or patterns and the influence of using different cutoff thresholds (Appendix II – 

Figure 10).  

 

I consider that while there might be a slight seasonal effect on the distribution of false 

positives (unfished suitable habitat), towards higher latitudes earlier in the year and lower 

latitudes in the boreal summer months, the distribution of false negatives (unsuitable 

fished habitat) did not seem to follow any patterns associated with latitude, longitude or 

environmental gradients when these areas were overlaid with various environmental 

predictors, including SST, T400, O400 and DCS. Just like an animal would avoid habitats 

with limited resources, unfished areas with appropriate environmental conditions may be 
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avoided by the high seas pelagic longline fleet due to reduced overlap with target species 

or insufficient abundances despite environmentally suitable conditions. The unfished 

parts of ABNJ which were classified as suitable fishing grounds are not closed to fishing 

by RFMOs and are not further away from commercial fishing ports than those areas fished 

in ABNJ. A recent study demonstrated how several pelagic target species have 

experienced contractions in their ecological range because of decreasing abundances 

(Worm and Tittensor, 2011). It is therefore conceivable that environmentally suitable 

fishing areas are avoided by longliners given changes in the distribution and abundance 

of pelagic target species, such as the range loss in the South Atlantic seen for Bluefin tuna 

(Worm and Tittensor, 2011). Have the last six decades of pelagic fishing led to the 

overfishing of a significant proportion of the suitable fishing grounds in ABNJ? Or are 

longline fleets just following changes of prey abundance influenced by other factors such 

as decadal oscillations or climate change?  Limitations in fleet capacity or fuel cost seem 

unlikely reasons for explaining the absence of fishing effort in 36-62% of suitable fishable 

habitat in ABNJ, as the high seas fishing fleet is supported by subsidies and the extent of 

their distribution suggest that no region of the ocean is too distant to be fished, although 

some areas will be more economically viable than others (Sala et al., 2018). The suite of 

explanatory variables used in our models is limited to the biophysical and physiographic 

dimensions and therefore does not take into consideration socio-economic factors that 

may be crucial for explaining observed patterns of fleet distribution. Fishermen are not 

subject to the same physiological and dispersal limitations as are marine species; their 

limitations are more likely to be political and economic. The distribution of high seas 
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longliners is therefore likely to also be influenced by socioeconomic factors including, but 

not limited to, catch quotas, market prices of commercial species, fleet communication, or 

selection of landing sites. Regional bioeconomic models of the distribution of fishing effort 

could be used to understand differences in the drivers of distributions of fishers and non-

target species and allow for the development of dynamic management measures based 

on the environmental and economic correlates (Hobday et al., 2011); we believe that our 

models could represent a meaningful component of these wider frameworks.  

 

Other reasons may explain the lack of observed occurrence of fishing activities in 

predicted suitable areas for fishing, including (1) misclassification and thus missed 

observations of longline vessels or fishing effort, (2) poor  spatiotemporal coverage or data 

from smaller fishing nations, and (3) intentionally switching AIS transponders off. We 

think that a more detailed understanding of the behavior of fishing vessels out at sea may 

help us identify the general areas of expected fishing vessel activity, thus bringing us one 

step closer to abating illegal fishing by designating enforcement resources more 

strategically.  

 

While the distribution of some sectoral activities, such as deep-sea mining or oil and gas 

exploration, are well mapped and monitored, the monitoring, control and surveillance of 

open-ocean fisheries still remains a challenge. The numerical models we present, could 

become a useful tool for managers to focus their efforts on the areas of likely fishing 

activity.  As high-resolution satellite imagery is increasingly being used to look for fishing 
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vessels, narrowing the areas of the ocean where fishing could be expected may help 

streamline the process of detecting legal or illegal fishing vessel activity. 

 

Here I follow a rigorous and systematic method to determine the number, complexity and 

depth of the BRTs, there are different opinions about the use of pseudoabsences in 

environmental niche models and, moreover, the number of pseudoabsences that should 

be used. We selected a number of pseudoabsences which is consistent with what is 

recommended in the literature (Barbet-Massin et al., 2012). Another parameter that 

influences the interpretation of the model outputs is the selection of a threshold to 

transform a continuous probability distribution surfaces into binary maps of habitat 

suitability. Through our study, we address this topic by selecting two cutoff thresholds 

supported in the environmental niche modeling literature (Franklin, 2010), and explore 

the differences between the resulting fundamental niche outputs. Given the global scale 

of our analysis, the spatial and temporal resolution of our predictors was coarse, which 

limited our ability to capture the influence of mesoscale ephemeral oceanographic 

features, such as oceanic frontal zones and eddies, on the distribution of fishing effort. 

However, given the spatial scale of our study, we consider that our models successfully 

explain the board environmental patterns that shape the distribution of the global longline 

fishing fleet in the high seas. 

 

I see great potential in improving the predictive ability of global longline fishing effort 

models through the development of future region-specific models which capture the 
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regional relationships between fishing effort and environment in more detail. 

Additionally, partitioning the niche models by fishing State may also be required to tease 

apart distinct environmental correlations and behaviors, leading to more accurate 

predictions. As the spatiotemporal coverage of satellites capable of recording AIS signals 

improves and fishing effort classification algorithms become more accurate, so will the 

estimates of fishing effort between years and behavior classification errors will decrease. 

Furthermore, with more years of data and improving spatiotemporal satellite coverage, 

the differences in environmental preferences between years will be more attributable to 

changes in fleet behavior rather than biases in fishing effort observations.  

 

As we combine an improved understanding of open-ocean fleet behavior with knowledge 

of the drivers of distribution of target and non-target marine taxa, our ability to predict 

the underlying environmental conditions that lead to the co-occurrence of fishing with 

sensitive species or ecosystems will improve and so will our ability to implement 

adequate management measures. As the intensity and overlap of human uses of ABNJ 

continues to grow, ocean governance structures will have to rely more heavily on different 

forms of dynamic spatial management to accommodate all users and activities (Ardron et 

al., 2008), which in turn rely on open-access remote sensing data and collaborations 

between researchers, fishers and the management community (Kacev and Lewison, 2016). 

Management and science bodies will have to continue collecting, processing and 

repurposing spatiotemporal information about user and resource distributions in the 

open-ocean for the development of sectoral and cross-sectoral area-based management 
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tools, including marine protected areas. Our research demonstrates how the global 

pelagic longline fleet exhibits traceable environmental preferences for various biophysical 

and physiographic predictors, which can be used to explore the current and future 

distributions of fishing fleets. Improvements in remote sensing and oceanographic 

forecasting for variables like SST open new and exciting opportunities for the 

implementation of adaptable ocean management measures that match the dynamics and 

distributions of ocean biological resources and resource users. Throughout the 20th 

century, managers broke the paradigm of single-species management and addressed the 

need for a more wholistic approach to manage marine ecosystems. As ocean changes 

intensify in the 21st century, advancements in predictive modeling, aided by new 

technologies, will help us move away from reliance on retrospective approaches to 

management and towards the ability to manage future oceans. A precautionary approach 

to fisheries management, which is one of the driving concepts of an ecosystem-approach 

to fisheries management (Garcia, 2003), relies on our ability to foresee future adverse 

impacts to vulnerable species or habitats and encourage preemptive management 

measures that would avoid or mitigate adverse impacts of fishing activities. In the context 

of high seas fisheries and their impacts on open-ocean ecosystems, predicting the areas of 

high vulnerability of pelagic species or biological communities is particularly challenging 

given the highly dynamic nature of the oceanographic conditions in the high seas, the 

species that inhabit it and the fishing fleets that operate beyond national jurisdiction. 

Improving our predictive capacity of the dynamic areas of high risk of overlap between 

target and non-target species is not a novel concept (Game et al., 2009; Hobday et al., 2011; 
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Howell et al., 2015; Hyrenbach et al., 2000), however, few studies have included the 

predicted distribution of fishing fleets as a means to further refine the areas of high 

bycatch or risk probability. The results presented in this Chapter represent the only effort 

that I am aware of to characterize and predict the distribution of commercial fisheries in 

the high seas, which I believe will be an important layer of information for precautionary 

fisheries time-area closures in the future as we continue working towards an ecosystem 

approach to fisheries management in the high seas. 
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Chapter V: Spatiotemporal modeling to assess bycatch risk in the 

North Pacific high seas 

 

Introduction 

 

The 1982 UN Convention on the Law of the Sea (UNCLOS) led to the creation of 200 nm 

jurisdictional maritime boundaries for coastal and archipelagic States and addressed, inter 

alia, responsibilities for conservation and best practices for different industrial and 

research activities, within national waters and shared areas beyond national jurisdiction 

(ABNJ; high seas). Almost four decades later, the scale (and resulting impacts) of today’s 

industrial activities in the marine realm are far greater than those anticipated in UNCLOS, 

particularly those derived from the shipping and fishing sectors. Signatory parties to 

UNCLOS reached an agreement to cooperate in the establishment of sub-regional or 

regional fisheries management organizations (RFMOs) with competency for the 

conservation and management of fisheries resources within jurisdictional waters and the 

high seas (Part VII, Section 2, Article 118; UNCLOS 1982). UNCLOS entered into force in 

1994 and by 1995 the UN Fish Socks Agreement (UNFSA; UNFSA 1995) was finalized, 

which further strengthened the mechanisms for oceanic fisheries management. The 

UNFSA promotes the conservation and management of straddling and highly migratory 

fish stocks through an ecosystem-based approach (General Principles – Article 5 (UNFSA 

1995.), which must be exercised both within and beyond EEZ boundaries. The UNFSA 

mandate includes requirements for monitoring and managing impacts not just to target 
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stocks, but also “species belonging to the same ecosystem or associated with or dependent upon 

the target stocks” (UNFSA 1995).  

 

As pelagic fisheries expanded and diversified, so did the range of their ecological impacts. 

The increases in intensity (Anticamara et al., 2011), and horizontal (Swartz et al., 2010) and 

vertical ranges (Morato et al., 2006; Merrie et al., 2014) of pelagic fisheries led to an 

intensification of their overlap with both target and non-target oceanic biodiversity, which 

has resulted in new population, community and ecosystems-level ecological impacts 

(Crespo and Dunn, 2017). Overall, industrialized open-ocean fisheries significantly 

impact the composition and abundance of oceanic biota worldwide (Crespo and Dunn, 

2017; Worm et al., 2005) and trends indicate that high seas fishing capacity is still on the 

rise. While not exclusively, the historic prioritization of management actions by tuna 

RFMOs have focused on the economic performance of the fisheries rather than the 

conservation of non-target species or the composition and function of biological 

communities. This has led to significant fisheries knowledge and management 

deficiencies in the high seas (Crespo et al., 2019; Cullis-Suzuki and Pauly, 2010; Juan-Jordá 

et al., 2018). 

 

Some of the existing concerns about RFMO management include insufficient monitoring 

and weak implementation of ecosystem-based management measures, such as bycatch 

quotas, or robust spatial management measures; this lack of decisive action likely stems 

from the consensus-based nature of the RFMO governance process (Gilman et al., 2014). 
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Exemplifying this, the observer coverage of some pelagic longline fleets is ~5%, and can 

be even lower (Allain et al., 2012). Although novel forms of electronic monitoring are 

helping to address challenges related to the monitoring of catch, bycatch, reporting of 

fishing effort and vessel distribution (Merten et al., 2016), their implementation rates by 

fleets that operate in the high seas, particularly longline fleets, is very low. These new 

technologies, which include onboard camera systems and vessel tracking technology such 

as Vessel Monitoring System (VMS) or Automatic Identification System (AIS), can help 

with the surveillance and monitoring of marine fisheries (McCauley et al., 2016; Natale et 

al., 2015).  This lack of consistent and reliable spatiotemporal information about the 

distribution of high seas fishing fleets is one of the factors that has precluded the 

development and implementation of spatial fisheries closures in the high seas, of which 

there are very few and none are designed to decrease the mortality of non-target species 

(Dunn et al., 2019). Implementation of key elements of the ecosystem approach to fisheries 

management framework, like management of bycatch and implementation of spatial 

closures as part of a precautionary approach, could greatly benefit from a more integrated 

use of spatiotemporal knowledge on the location of areas of high ecological risk.  

 

Attempts to address gaps in fisheries spatial ecology are hindered by limited access to and 

poor quality of fisheries logbook data, particularly the spatiotemporal and taxonomic 

extent and resolution of fisheries data. Given these constraints, spatial environmental 

models emerge as a useful tool to inform fisheries management. Over the last decade there 

has been a surge of studies exploring the relationship between the distribution of pelagic 
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species and their environment (Druon et al., 2016; Hazen et al., 2013; Roberts et al., 2016; 

Su et al., 2015), as well as studies addressing the environmental correlates of fishing fleet 

distributions (Crespo et al., 2018; Soykan et al., 2014).  Improving our understanding and 

predictive capacity of the spatiotemporal patterns of distribution of the high seas fishing 

fleets and target and bycatch species could be an important step towards assessing the 

distribution of fisheries impacts and evaluating potential spatially explicit forms of 

management. 

 

Bycatch reduction strategy 

 

Most of the existing rules for bycatch management relate to the handling and retention of 

certain species after they are caught (Poisson et al., 2014; Zollett and Swimmer, 2019). 

While positive, these measures are reactionary rather than precautionary and act once the 

bycatch event has already taken place. Reducing the spatiotemporal overlap of fleets with 

non-target species is a logical first step to take as part of a broader bycatch mitigation 

strategy (Figure 9). If spatiotemporal overlap is unavoidable, measures to reduce 

catchability and mortality would then follow.  
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Figure 9: conceptual diagram explaining the four sequential bycatch reduction actions that should 

be taken adopted by fisheries managers and how these are part of an overarching bycatch 

reduction plan that is driven by the mandate of the fishery management body as well as market 

forces. This framework supports that the reduction of spatiotemporal overlap between fishing 

fleets and non-target biodiversity should be  

the first action toward bycatch mitigation. 

Throughout the last 15 years, various studies have attempted to use predictive modeling 

to identify areas of high bycatch risk across various taxonomic groups, including fish 

(Hobday et al., 2011), sea turtles (Howell et al., 2015, 2008), marine mammals (Thorne et 

al., 2019) and a cross-taxa study that included a total of four species of mammals, sea 

turtles, sharks and billfish (Hazen et al., 2018). The geographic extent of these studies and 

tools is confined to EEZs, with the exception of TurtleWatch (Howell et al., 2015, 2008), 

which is being used to inform bycatch risk by the Hawaii shallow-set longline fleet. There 

is ample evidence that when bycatch mitigation measures are adopted to reduce the 

catchability or mortality of one species or species group, it can result in the unintended 
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increase of catch of a different set of non-target species (Coelho et al., 2012; Kerstetter and 

Graves, 2006).  

 

To date, a limitation of dynamic spatial modeling efforts has been their narrow taxonomic 

extent, ranging from one species (Thorne et al., 2019), to a maximum of four (Hazen et al., 

2018). I partnered with the U.S. National Marine Fisheries Service (NMFS) to explore the 

spatial ecology of 23 large pelagic species in the Eastern and Central Pacific high seas 

around the Hawaiian archipelago.  The output of this analysis will further our 

understanding of the drivers of species distribution in the region across spatial and 

temporal scales and provide a platform for decision makers to assess bycatch risk of non-

target species and catchability of commercially important taxa, not only for the US 

longline fleet, but also for other international fleets that operate in the region. Generating 

and integrating this type of knowledge as part of the bycatch reduction strategies of multi-

lateral fisheries management bodies in the high seas would represent an important step 

towards an ecosystem-approach to fisheries management, something that is an objective 

not only in most of their mandates, but their broader responsibilities under the UNFSA. 
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Research objectives, questions and hypotheses 

 

The main research objective of this Chapter is to characterize the environmental factors 

that shape the horizontal and vertical distribution of pelagic teleost and elasmobranchs 

caught by the Hawaii-based longline fishery. Secondary research objectives include 

determining whether or not multi-annual oceanographic oscillations affect the 

catchability of species in the fishery and providing insights on the oceanographic 

conditions that may be shaping the co-occurrence of target and non-target species in each 

of the fleets that comprise the Hawaii longline fishery. Outputs from the main research 

objective would provide a platform to explore the final objective, which is to gain a better 

understanding of the intra-annual distribution of areas higher bycatch risk. 

 

Research Question 1: Is the catch rate of the assessed target and non-target species in the 

Hawaii longline fishery impacted by Pacific multi-annual climate oscillations? 

Hypothesis0: There is no correlation between the catch rates of any species caught 

in the Hawaii longline fishery and multi-annual climate oscillations 

Hypothesis1: The catch rates of some species caught by the Hawaii longline fishery 

are correlated with a multi-annual climatic oscillation. 

Hypothesis2: The catch rates of all assessed species in the Hawaii longline fleet are 

correlated with a multi-annual climatic oscillation. 
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Research Question 2: What oceanographic conditions may lead to a higher likelihood of 

overlap between the main bycatch and target species in the Hawaii shallow- and deep-set 

longline fleets? 

Hypothesis0: No oceanographic conditions help explain the overlap between the 

non-target species and the main target species in the Hawaii longline fishery. 

Hypothesis1: Different oceanographic conditions will emerge as likely predictors 

of overlap at different times of year for each of the fleets, these may not be 

consistent across taxa. 

Hypothesis2: A small number of oceanographic variables will consistently emerge 

as likely explanatory factors for the co-occurrence of the main target and non-

target species across both fleets. 

 

Research Question 3: Which of the longline fleets has a higher predicted bycatch risk based 

on oceanographic conditions in the region? 

Hypothesis0:  There are no differences in the overall bycatch risk associated with 

the shallow-set and deep-set fleets since they catch a very similar set of species. 

Hypothesis1: The deep-set fleet has a higher predicted risk of bycatch since it has 

a larger geographic footprint and catches more species of elasmobranch than the 

shallow-set. 

Hypothesis2: The shallow-set fleet has a higher predicted risk of bycatch since it 

fishes surface waters at night, where conditions are much more stratified 

latitudinally and compressed vertically. 
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Fisheries impacts and management in the North Pacific Ocean 

 

The Pacific Ocean is the ocean basin with the highest levels of oceanic fishing activities for 

tuna and tuna-like species in the world (Miyabe and Nakano, 2004). Most of the tuna and 

tuna-like resources that occur in the South Pacific are confined to the EEZs of island 

nations which have significant power over the access and exploitation of the resources 

(Tarai, 2015). The opposite is true for the North Pacific, where most of the basin lies in 

ABNJ and is actively fished by many of the largest international oceanic fishing fleets in 

the world. With the exception of one seasonal purse seine closure in the Eastern Tropical 

Pacific, there are no other forms of pelagic fisheries spatial management in the Pacific high 

seas (Dunn et al., 2019). The lack of bycatch quotas or spatial management in the region 

has placed a lot of pressure on the oceanic biological community in the Central and North 

Pacific Ocean. There is evidence that decades of industrialized fishing in the region have 

led to significant changes in the size, distribution and composition of the upper trophic 

levels of the oceanic biological communities (Ward and Myers, 2005). A comparative 

study of the characteristics of the pelagic fish community in the region between 1950 and 

1990 revealed decline in predatory biomass by a factor of 10, which was accompanied in 

declines in mean body mass of predatory species and no change or marginal increases in 

the body mass of smaller species (Ward and Myers, 2005). This same study estimated that 

66% of the 10-fold reduction in the index of community biomass, which is the sum of the 

individual indices of biomass for all assessed species, could be explained by the decline 

in abundance and body mass of predatory fish. A subsequent study by Polovina & 
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Woodworth-Jefcoats (2013) assessed the changes in abundance and body mass of a similar 

subset of pelagic species in the Central and North Pacific between 1996-2011 and captured 

similar trends in that 16-year period. While the catch rate of 9 small (<15kg) species 

increased by approximately 25%, that of the remaining 14 large (>15kg) species declined 

by half. 

 

The region is quite complex from a management standpoint, as the basin is split 

longitudinally by two tuna RFMOs, namely the Western and Central Pacific Fisheries 

Commission (WCPFC) and the Inter-American Tropical Tuna Commission (IATTC), to 

the West and East respectively. IATTC and WCPF, which have independent scientific and 

management bodies, share various target and non-target stocks that should be jointly 

monitored and managed. This Chapter focuses on fishing activities that take place in the 

Eastern and Central Pacific high seas around the Hawaiian archipelago, which are mostly 

confined within IATTC and more specifically, FAO Fishing Area 77. While longline 

fishing accounts for about 31% of the landings volume within fishing Area 77, longlining 

is responsible for about 80% of the discards volume in the region (Figure 10). Longlining in 

Area 77 is dominated by four of the five largest high seas longline fishing nations (Japan, 

Taiwan, South Korea and China) (Figure 11 A), which are also responsible for most of the 

fishing discards (Figure 11 B). The fifth largest high seas longline fishing nation in Fishing 

Area 77 is the United States (US), which according to FAO is responsible for 

approximately 10% of the catch in the region and fewer than 5% of the discards. While the 

U.S. fleet is not among the largest in the region, it may be the best managed and 
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monitored. In this Chapter, I will make use of U.S. Pacific longline fisheries data to explore 

different dynamic spatial management options in the region that could be useful both 

domestically and at the RFMO level to help reduce unintended bycatch in the Eastern and 

Central Pacific region. 
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U.S. oceanic fisheries management: North Pacific Ocean 

 

Contemporary fisheries management in the United States is guided by the Magnuson-

Stevens Conservation and Management Act (MSA), which was first passed in 1976 and 

has four key objectives: (i) to prevent overfishing; (ii) to rebuild overfished stocks; (iii) to 

increase long-term economic and social benefits and (iv) to ensure a safe and sustainable 

supply of seafood. This piece of legislation led to a much more robust fisheries 

management framework in the U.S. by extending the jurisdictional waters from 12 miles 

to 200 nautical miles and establishing eight regional fishery management councils 

(RFMCs) which are collectively responsible for the conservation and sustainable 

management of the nation’s 470 marine fish stocks and stock complexes. Regional 

fisheries management councils are generally well represented by members of civil society, 

representatives of the National Marine Fisheries Service (NMFS) and other relevant 

fisheries agencies, recreational and commercial fishing sectors, as well as scientific, 

environmental and tribal groups. The responsibilities of the management councils include 

establishing annual catch limits and accountability measures for all domestic stocks, while 

the catch limits for internationally managed stocks are set by RFMOs.  

 

U.S. fisheries in the Pacific Ocean are managed by three RFMCs: the North Pacific RFMC, 

the Pacific RFMC, and the Western Pacific RFMC. Of the three Pacific RFMCs, the 

responsibility for the management of highly migratory species (HMS) falls under the latter 

two, which interact with the two RFMOs responsible for tuna and tuna-like species in the 
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Pacific basin, IATTC and WCPFC. U.S. commitment with the UNFSA and the high seas is 

enshrined in the High Seas Fisheries Compliance Act (HSFCA; 16 U.S.C. 5501 et seq.), 

which was adopted in 1994 to enact the UNFAO Agreement to Promote Compliance with 

International Conservation and Management Measures by Fishing Vessels on the High 

Seas (Compliance Agreement), which has now been ratified by 42 States and the European 

Community. Most of the largest high seas fishing nations (e.g. U.S., Japan or the Republic 

of Korea) are signatories to the Compliance Agreement, which calls its parties to ensure 

that authorized vessels do not undermine high seas conservation and management 

measures, including those adopted by RFMOS and other international agreements. The 

terms to implement the HSFCA are enshrined in the Code of Federal Regulations (CFR) 

Part 50 (on Wildlife and Fisheries), Subpart R – High Seas Fisheries. The HSFCA requires 

that all U.S. vessels fishing on the high seas are licensed by the Secretary of Commerce 

and ensures that said vessels do not operate in infringement of any international 

conservation and management measures recognized by the U.S.  Additionally, the 

HSFCA also grants NMFS the authority to regulate activities in the high seas pursuant 

domestic laws, such as the Endangered Species Act (ESA) and the Marine Mammal 

Protection Act (MMPA) [80 FR 62488].   

 

The commercial fishing operations of the U.S. and its territories for tuna, billfish and other 

HMS in the Pacific Ocean basin extend across various fleets, gear-types (pelagic longline, 

purse sein, and troll) and maritime jurisdictions (U.S. EEZ, the EEZs of other sovereign 

States and ABNJ). The primary species of commercial interest for the U.S. in the region 
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are all members of the Scombriforme (e.g. Bigeye tuna (Thunnus obesus), yellowfin tuna 

(Thunnus albacares) or Albacore tuna (Thunnus alalonga)) and Istiophoriforme (e.g. 

Xiphias gladius) taxonomic orders, although retained catch may extend across other 

orders including the Carcharhiniformes (e.g. Mako shark (Isurus oxyrinchus), 

Perciformes (e.g. Dolphinfish (Coryphaena hippurus)) or Lampriformes (e.g. Opah 

(Lampris guttatus)) (Table 2). Fleets belonging to the 21 members of the IATTC 

(http://www.fao.org/fishery/rfb/iattc/en) and the 26 members of WCPFC 

(https://www.wcpfc.int/about-wcpfc) target similar species groups in the Pacific Ocean.  

    

 

 

According to the Sea Around Us Program (Pauly and Zeller, 2015; www.seaaroundus.org) 

catch reconstruction estimates, only 68% of the 500,000 tons of high seas longline discards 

were identified to the species level within FAO Area 77. The highest discards rates for 

individual species were for blue sharks (Prionace glauca – 49.2%), swordfish (Xiphias 

gladius – 6.4%), mako sharks (Isurus oxyrinchus – 4.5%) and oceanic whitetip sharks 

A                                    B 

Figure 10: fisheries landings and discards in FAO Area 77 across all gear types (A) and 

longliners (B). 
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(Carcharhinus longimanus -2.2%). While the purse seining accounts for the majority catch 

volume (93% in 2016) of HMS by the U.S. fleet in the Western and Central Pacific Ocean, 

the pelagic longline fleet catches a much broader range of species, including endangered 

and data deficient taxa (Pacific Islands Fisheries Science Center (U.S.) and Western and 

Central Pacific Fisheries Commission, 2017) 

 

Figure 11:  the top five fishing nations in FAO Area 77 in terms of catch (A) and discards (B) 

estimates between 2004 – 2014. 
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The longline fishing vessels flagged under U.S. or U.S. territory flags operating in the 

Western and Central Pacific Ocean are based in three locations, Hawaii, California and 

American Samoa. The fishery observer coverage of U.S. longline fleets in the region is 

much higher than that of other international fleets. The data collected by the U.S. observer 

program therefore provides a unique platform for understanding the spatial ecology and 

catchability of species in the region. In this Chapter, I make use of the data collected by 

fisheries observers in the Hawaii-based longline fishery between 2004 – 2018 under the 

Pacific Islands Region Observer Program.  

 

 

The Hawaii pelagic longline fishery 

Hawaii has a long history of coastal and pelagic fishing, where indigenous traditional 

place-based management practices were passed down generations and satisfied the 

domestic demand for seafood (Friedlander et al., 2013). The Hawaii pelagic longline 

fishery dates back to the early 20th century, when longline fishing gear was introduced 

by Japanese fishermen (Watson and Kerstetter, 2006). The U.S. Pacific tuna fishing fleet 

began to grow significantly in the aftermath of World War II, fueled by government 

subsidies which aimed to generate jobs, satisfy an increasing seafood demand and 

augment and solidify the presence of the U.S. in the Pacific Ocean (Campling and Havice, 

2018). The Hawaii-based longline fleet didn’t follow this trend and declined steadily into 

the 1970s due to the low investment rates and profitability of the aging fleet (Boggs and 

Ito, 1993).  This negative trend was reversed later in the century, as the fleet expanded 
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almost four-fold and peaked at 141 in 1991 (Ito and Machado, 2001). This change was 

triggered by the arrival of experienced swordfish and tuna longline fishermen from the 

U.S. Atlantic and Gulf coasts and the investment in new equipment that helped 

modernized the fleet to better target species at greater depth. The Hawaii-based longline 

fishery now represents the largest food producing industry in Hawaii and accounts for 

55% of U.S. swordfish landings, 60% of yellowfin tuna landings and 95% of domestic 

bigeye tuna landings. The fishery has grown to become one of the best managed and 

monitored oceanic fisheries in the world, establishing limits to the capacity of the fleet, at 

164 vessels that cannot exceed 101 feet in length, filling out daily logbooks and providing 

100% VMS coverage (Markrich & Hawkins 2016)(WPRFMC, 2009). The fishery is 

comprised of two multispecies longline fleets, a shallow-set fleet that primarily targets 

swordfish and a larger deep-set fleet that primarily targets bigeye tuna (Figure 12; Figure 13; 

Figure 14; Figure 15). 

 

The Hawaii longline fishery has a long trajectory of gradual steps towards more 

sustainable fishing, which have in some occasions come at the expense of reducing the 

efficiency of catching target species, for example, efforts in the shallow-set longline fleet 

to reduce bycatch of sea turtles by changing the type of hook and bait  did negatively 

impact the catch rates of swordfish  (Gilman et al., 2007b). The U.S. fleet has the fifth largest 

catch in the region, but also has the lowest relative discards rate compared to catch.   
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The shallow- and deep-set fleets that comprise the Hawaii-based longline fishery have 

very distinct spatiotemporal footprints, while the shallow-set fleet extends longitudinally 

from the Hawaiian archipelago to the West coast of North America (Figure 12) the deep-

set fleet operates in the waters surrounding the island chain (Figure 14). 

 

Figure 12: Spatial footprint of Hawaii shallow-set fleet in areas beyond national jurisdiction 

between July 2004 and June 2018. 
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Figure 13: Inter-annual variability in fishing effort by the Hawaii shallow-set longline fleet in the 

form of number of hooks, longline sets, trips and vessels. The data shows a slight decrease in 

overall effort throughout the timeseries. 

 

Figure 14: Spatial footprint of Hawaii deep-set in areas beyond national jurisdiction between July 

2004 and June 2018. 
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Figure 15: Inter-annual variability in fishing effort by the Hawaii shallow-set longline fleet in the 

form of number of hooks, longline sets, trips and vessels. The data shows a slight decrease in 

overall effort throughout the timeseries. 

 

Longline gear configuration and vertical variability 

 

The horizontal and vertical profiles of shallow- and deep-set longlines are quite distinct 

from one another, although they share some similarities. Both gear configurations include 

branch lines that suspend vertically off a mainline, which is in turn attached to surface 

floats via float lines. The vertical position of each of the hooks at the end of the branch 

lines is simultaneously affected by various factors that influence the catenary geometry of 

the mainline, which include the number of floats, distance between floats, length of the 

branch line and number of hooks between floats. The catchability coefficient of species is 
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an important variable in stock assessments and should ideally account for the vertical and 

horizontal differences in fishing effort distribution as well as species catch per unit effort 

(CPUE) rates (Rice et al., 2007).  There is a comprehensive body of knowledge around the 

variability in the vertical position of shallow- and deep-set longline gear  and how 

environmental conditions shoal the longline and may negatively impact the desired depth 

of the gear (Bigelow et al., 2006; Rice et al., 2007). Understanding and accounting for these 

effects can be done using temperature-depth recorders, which is what Bigelow et al. (2006) 

used to study the vertical profiles and shoaling of shallow- and deep-sets of the of Hawaii 

longline fishery between 1996 and 1999. The median depth of the deepest hooks in 

swordfish shallow-sets was 60 meters, while that for the deep-set fleet targeting tuna, 

which set more hooks between floats (mean=26.8) was 248 meters. This is a stark contrast 

with the predicted catenary depths of each longline configuration, which were estimated 

to be 123 meters for swordfish sets and 307 meters for tuna sets. Only 50% of the shallow-

sets reached their predicted depth range, while that for deep-sets was higher, at 70% 

(Bigelow et al., 2006). It is clear, however, that the shallow- and deep-sets in the Hawaii 

longline fishery occupy quite distinct vertical zones in the water column. In this Chapter, 

I explore differences in the horizontal habitat of preferences of species across depth bands 

by modeling the catch data from each of the longline configurations separately, thus 

obtaining habitat predictions for the upper 60 meters for the shallow-set fleet and depths 

around the epipelagic boundary for the deep-set fleet. Importantly, the two fleets overlap 

in the high seas north of the Hawaii archipelago (25⁰ – 35⁰ N & 160⁰ – 170⁰ W; Figure 12 & 

Figure 14), which allows for the exploration of horizontal habitat preferences across depth 
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bands in the same geographic location. Throughout this Chapter, I will explore the use of 

habitat models to inform spatial management in pelagic fisheries. 

 

Fisheries spatial management tools  

 

The many tools available to managers of marine fisheries can be broadly categorized into 

two groups: output controls (e.g. limits on catch or individual transferable quotas) or 

input controls (e.g. fishing effort or spatial management measures, such as area 

restrictions). Area restrictions, or area-based management tools (ABMTs), are commonly 

established by States within their national waters. However, due to jurisdictional 

constraints, such initiatives have had limited application in pelagic fisheries that operate 

in areas beyond national jurisdiction (ABNJ). In this Chapter I consider the utility of 

ABMTs in advancing EAF and the challenges and opportunities raised by their 

prospective expansion into ABNJ. 
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Data and methodology 

 

Data processing and aggregation 

 

The analysis in this Chapter is primarily based on the data collected by fisheries observers 

on approximately 20% of all deep-set longline trips and 100% of shallow-set trips in the 

HLLF that was made available through a data-sharing agreement with the NOAA Pacific 

Islands Fisheries Science Center. These observer coverage rates of the HLLF are much 

higher than the average observer coverage in international longline fleets in the region 

(<5%) 11 and make the catch data in this fishery one of the best sources on information to 

study large pelagics in the North Pacific Ocean. The geospatial analysis that I conduct in 

this Chapter is based on the spatial and temporal data captured by the scientific observers 

pertaining the distribution of target species, bycatch species and fishing effort. The 

observer data includes many other field that provide useful information to understand 

catch and bycatch rates which I do not use in this Chapter, but that could be incorporated 

into future analysis, including the type of bait or hooks used in every set, as well as soak 

time estimates and size of a significant portion of all species caught. The granularity of the 

catch information, which is recorded at the hook-level, was too fine for the type of 

geospatial analysis in this Chapter and was aggregated both spatially and temporally to 

capture the regional patterns of catch and bycatch by each of the fleets represented in the 

 
11 IATTC, “Resolution on Scientific Observers for Longline Vessels” (2011), 

www.iattc.org/PDFFiles/Resolutions/IATTC/_English/C-11-08-

Active_Observers%20on%20longline%20vessels.pdf   
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HLLF. Prior to the spatiotemporal aggregation of the data, the first data processing step 

entailed separating the data between shallow-sets and deep-sets, which were declared in 

the observer data, as each fleet would be modeled separately to account for the differences 

in fishing throughout the water column. The choice of the spatiotemporal resolution at 

which the fisheries data were going to be aggregated and modeled is very important, as 

habitat models are scale dependent. The resolution that was deemed to be most 

ecologically sound and actionable from a management standpoint were 1⁰ by 1⁰ cells at 

monthly timesteps. The data were partitioned by temporally assigning the sets one of the 

168 months for which data were made available between July 2004 and June 2018 based 

on the time the set begun. Individual sets, which were linked to randomized trip and 

vessel identifiers, had additional fields reporting the spatial location of where the longline 

was set and hauled; these were used to create polygons in the geospatial analysis software 

ArcGIS 10.4.1 which represent the surface area swept by the longline gear (Figure 16 A), as 

described in Dunn et al. (2008). This was done for each of the fleets separately. A 1⁰ by 1⁰ 

fishnet polygon grid was generated for the northeast Pacific region, which was then used 

to split the polygons (Figure 12 & Figure 14). The catch and effort properties of each 

polygon segment were then modified based on the proportion of the polygon that was 

assigned to each of 1⁰ by 1⁰ gidcells. The catch and effort data was multiplied by the 

proportional surface area of the longline segment (Figure 16 B). All the longline set polygon 

segments within each gridcell were then added together to generate monthly effort and 

catch surfaces (Figure 16 C).  
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Figure 16: Redistribution of pelagic longline fishing effort estimates throughout the region. (A) 

Information ont the start and end coordinates of the setting and hauling of longline sets were used 

to generate unique set polygons for both the shallow-set and deep-set fleets. (B) The polygons for 

every individual set were partitioned using a 1⁰ by 1⁰ dfishnet polygon in ArcGIS. (C) Catch, 

bycatch and effort estimates were redistributed to the 1⁰ by 1⁰ fishnet and converted into monthly 

rasters of CPUE and BPUE. 

 

Extraction of environmental data  

 

All environmental predictors were extracted using a 1⁰ by 1⁰ gridded surface for a wider 

region in the North Pacific between the equator and 50⁰N and 180⁰ and 120⁰W. Sampled 

variables included static physiographic predictors as well as dynamic variables that were 

sampled across temporal scales, including contemporaneous and climatological averages, 

as well as the differential between contemporaneous and climatological means. The range 

of environmental variables extracted for this Chapter resemble those of Chapter 4 and 

include predictors that have been established as important for determining the 

distribution species of commercial interest (Arrizabalaga et al., 2015) (Hobday et al., 2011). 

The dynamic variables were extracted by month and included Chlorophyll a 

concentration (CHLA), surface oxygen concentration (SOC), epipelagic oxygen 

concentration (EOC), mesopelagic oxygen concentration (MOC), surface salinity (SAL), 
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mean sea level elevation (SEL), sea surface temperature (SST), sea surface temperature 

anomaly (TANO), epipelagic temperature (TEPI) and mesopelagic temperature (TMES).  

The static physiographic variables included maximum depth (DMA), depth mean (DME), 

minimum depth (DMI), depth range (DRA), seamount density (SMT). I then linked the 

gridded fisheries catch and effort data to the 15 environmental predictors based on the 

appropriate spatial and temporal extents. While the use of background pseudoabsence 

locations in species distribution models is contested in the literature (Barbet-Massin et al., 

2012, p.; Stokland et al., 2011), I decided to pursue this modeling approach as opposed to 

fitting presence-only models and applied a series of conditions for the selection of pseudo-

absence sampling locations. The use of background pseudoabsence locations can help the 

model distinguish between occupied versus available habitat (Franklin, 2010). I explain 

these steps in the ‘Spatial Modeling’ section later in this Chapter. Environmental data was 

also statistically linked to the pseusdoabsence locations. 

 

Taxonomic scope 

Based on the observer data provided by NMFS, which has 100% observer coverage in the 

shallow-set fleet and ~20% coverage in the deep-set fleet, between July 2004 and June 2018, 

the Hawaii longline fishery caught a total of 3,395,913 specimens across 135 species or 

species groups, of which 106 were identified to the species level. These 106 species 

included 40 species of pelagic teleost fish, 28 species of pelagic elasmobranch, 17 species 

of marine mammal, six species of billfish, five species of tuna, four species of sea turtle 

and another four species of seabird (Figure 17).  While the Hawaii longline fishery primarily 
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targets Thunnus obesus on deep-sets and Xiphias gladius on shallow sets, many of the 104 

other species caught are kept and sold at different auctions, whereas other species cannot 

be retained due to regulations (Tosatto, 2012). There is a significant body of research that 

explores different bycatch mitigation techniques in the Hawaii longline fishery for 

seabirds (Gilman et al., 2008, 2007a, 2003), marine mammals (Forney et al., 2011) and sea 

turtles (Gilman et al., 2007b; Howell et al., 2008), however limited information is available 

on how the fleets in the region may reduce their spatial overlap with non-target billfish, 

teleost and elasmobranch species. While the discard rate in the Hawaii longline fishery 

(20.8%) is slightly lower than discard estimates for longline fleets in FAO Area 77 (26%), 

discarding of many pelagic species results in post-release mortality that are hard to 

quantify and rarely accounted for in management decisions  (Beverly et al., 2009). 

 

 

Figure 17: Logarithmic catch of vertebrate groups in the shallow-set (blue) and deep-set (red) fleets 

in the Hawaii-based longline fishery (2004-2018). 
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Although some studies have explored the catchability of billfish, pelagic fish and 

elasmobranchs using different gear types and configurations (Bigelow and Swimmer, 

2018), few provide targeted advice on how to reduce the bycatch risk of non-target species 

using spatial models. I sequentially applied the following four filters to the observer data 

in order to identify the subset of species to be modeled: 

I. Only longline sets found entirely or partially beyond the 200 nm Hawaiian EEZ 

were retained. 

II. The data was filtered taxonomically to only include teleost fish and 

elasmobranchs. 

III. Species that comprise at least 1% of the time series catch (2004-2018) were selected 

(n=15). 

IV. Any species of oceanic shark (from Gallagher et al., (2014)) or billfish with >1,000 

observations in the time series (2004-2018) were also selected (n=8). 

The 23 species include four species of tuna (bigeye tuna (Thunnus obesus; BET), yellowfin 

tuna (Thunnus albacares; YFT), Albacore tuna (Thunnus alalonga; ALB) and skipjack tuna 

(Katsuwonus pelamis; SKJ)), seven species of teleost fish (Dolphinfish (Coryphaena hippurus; 

DOL), snake mackerel (Gempylus serpens; SNA), Sickle pomfret (Taractichthys steindachneri; 

POM), Escolar (Lepidocybium flavobrunneum,; ESC), Opah (Lampris regius; OPA), Wahoo 

(Acanthocybium solandri; WAH) and Lancetfish (Alepisaurus ferox; LAN)), five species of 

billfish (Swordfish (Xiphias gladius, SWO), Blue marlin (Makaira nigricans, BLM); Striped 

marlin (Kajikia audax; STM), roundscale pearfish (Tetrapturus georgii; SPE) and Sailfish 

(Istiophorus platypterus; SAI)) and seven species of pelagic elasmobranch (blue shark 
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(Prionace glauca; BLU), pelagic stingray (Pteroplatytrygon violacea; STG), bigeye thresher 

shark (Alopias superciliosus; BIG), shortfin mako shark (Isurus oxyrinchus; MAK); oceanic 

whitetip shark (Carcharhinus longimanus; OWT), silky shark (Carcharhinus falciformis; SLK) 

and crocodile shark (Pseudocarcharias kamoharai; CRO)). 

 

Figure 18: Logarithmic high seas catch of the 23 species of interest by the shallow-set fleet (blue) 

and the deep-set fleet (red) between 2004-2018. 

 

Three of the species were caught in sufficiently high numbers in the shallow-set to 

construct predictive models and were excluded from further analysis only in the shallow-

set fleet, these species are: CRO, SAI and SLK (Figure 18). In terms of the intra-annual 

distribution of fishing effort (Figure 19) and catches (Figure 20 & Figure 21), there are 

noticeable differences between the fleets in terms of their temporal footprint. While the 

deep-set fleet operates throughout the year, the shallow-set fleet exhibits a pronounced 

decrease in activity between the months of May and October, which coincides with 

increases in fishing effort in the deep-set; this is likely due to vessels switching the longline 
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gear configuration to target bigeye tuna instead of swordfish for half of the year. The 

patterns of species catch (Figure 20 & Figure 21) roughly trace the monthly distribution of 

fishing effort intensity. 

 

Figure 19: Intra-annual distribution of fishing effort in the Hawaii longline fishery by fleet: shallow-

set (blue) and deep-set (red). The size of the circle indicates the number of hooks per month 

throughout the entire region. While the deep-set fleet is active throughout the year, the shallow-

set is less active between the months of May and October. 

While the catch rates of species in the deep-set are uniformly spread out throughout the 

year (with slight decreases during the November-February period), the largest proportion 

of the catch for each species in the shallow-set is observed between the months of 

November and April, as the shallow-set fleet is most active during those months. 

Interestingly species such as BLM and OWT seem to be caught in high numbers by the 

shallow-set fleet during the months of June and July. 
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Figure 20: Intra-annual distribution of catch for the assessed species in the shallow-set fleet. Cells 

show the proportion of the total catch of that species caught in each month using a color palette 

from low (blue) to high (red). As expected based on the decreases in fishing activity during the 

months of May to October (Figure 19), the relative catch rates of species during those same 

months is very low, with the exception of oceanic whitetip sharks (OW) and both species of 

marlin (BLM & STM). 

 

One of the largest challenges faced by managers of multi-species fisheries consists of 

implementing bycatch mitigation measures that do not result in increases in the bycatch 

or mortality rates of other species. For example, while the type of hook has little effect on 

the mortality rates of non-target species, such as blue sharks (Yokota et al., 2006), the 

choice of hook can significantly reduce the bycatch rates of sea turtle species.  Different 

configurations of hook and bait type can lead to unwanted simultaneous declines in target 

species catch (i.e. swordfish) and increases in the bycatch of non-target blue sharks (Foster 

et al., 2012). These two examples help illustrate the strengths and limitations of different 
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bycatch mitigation approaches in multi-species fisheries; each approach results in a 

unique set of species-specific trade-offs  

 

Figure 21: Intra-annual distribution of catch for the assessed species in the deep-set fleet. Cells 

show the proportion of the total catch of that species caught in each month using a color palette 

from low (blue) to high (red). 

Since this Chapter seeks to generate actionable knowledge on the spatiotemporal trade-

offs of fishing in different parts of the region where the Hawaii longline fleet operates, I 

generated a ranking system for the 23 species assessed in this fishery to facilitate latter 

weighting efforts. The ranking is based on the catch and retention rates (Table 2) where 

species with high retention rates received positive scores and species with low retention 

rates received negative scores. The magnitude of the score is based on the catch volume, 

where species that were caught represented <1% of the total catch were assigned a  value 

of ‘2’ versus ‘5’ for those where the catch represented >1%.
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Table 2: catch, retention rates and catch proportion for all 23 species caught by the shallow- and deep-set fleets. Priority scores are based on the 

catch volume and their retention rates. Primary target species have high catch and retention rates (5), secondary targets have low catch rates and 

high retention (2), primary bycatch species are caught often and have low retention (-5) and secondary aren’t caught nor retained often (-2). 

    DEEP-SET LONGLINE   SHALLOW-SET LONGLINE 

SPECIES COMMON NAME # individuals caught Proportion retained Priority Proportion of overall catch # individuals caught Proportion retained Priority Proportion of overall catch 

DOLPHINFISH 236,933 91.65 5 8.663 47,999 88.44 5 8.452 
ESCOLAR 122,863 72.11 5 4.492 26,506 71.23 5 4.667 

LANCETFISH, LONGNOSE 659,011 0.02 -5 24.096 34,600 0.03 -5 6.092 
MARLIN, BLUE 12,997 96.47 2 0.475 1,492 90.42 2 0.263 

MARLIN, STRIPED 40,946 94.51 2 1.497 6,921 87.81 2 1.219 
OPAH 59,165 96.52 5 2.163 3,555 73.84 2 0.626 

POMFRET, SICKLE 180,833 97.38 5 6.612 983 92.68 2 0.173 
SAILFISH 1,450 92.83 2 0.053  NA  NA NA NA 

SHARK, BIGEYE THRESHER 24,931 2.95 -2 0.912 631 8.24 -2 0.111 
SHARK, BLUE 230,087 0.01 -5 8.413 150,443 0.01 -5 26.49 

SHARK, CROCODILE 3,845 1.12 -2 0.141  NA  NA NA NA 
SHARK, OCEANIC WHITE-TIP 4,198 1.98 -2 0.153 875 4.91 -2 0.154 

SHARK, SHORTFIN MAKO 12,338 19.83 -2 0.451 16,156 10.88 -5 2.845 
SHARK, SILKY 3,961 1.62 -2 0.145  NA  NA NA NA 

SNAKE MACKEREL 211,596 2.16 -5 7.737 6,942 11.31 -2 1.222 
SPEARFISH, SHORTBILL 47,144 91.45 2 1.724 1,640 73.66 2 0.289 

STINGRAY, PELAGIC 14,834 2.93 -2 0.542 3,722 12.17 -2 0.655 
SWORDFISH 21,797 59.1 2 0.797 222,554 89.66 5 39.187 

TUNA, ALBACORE 42,244 97.39 2 1.545 18,330 71.41 5 3.228 
TUNA, BIGEYE 539,762 94.13 5 19.736 17,387 91.03 5 3.062 

TUNA, SKIPJACK 101,852 88.73 5 3.724 930 92.37 2 0.164 
TUNA, YELLOWFIN 106,935 90.62 5 3.91 5,481 93.72 2 0.965 

WAHOO 55,181 94.76 2 2.018 777 96.14 2 0.137 
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Quantifying the effects of multi-annual environmental variability on CPUE 

In order to explore the potential effect of multi-annual processes on the catchability of 

species in the Hawaii longline fleet, I quantified the relationship between the Pacific 

decadal climatic oscillation and the CPUE rates across taxonomic groups in each of the 

Hawaii Longline Fleets. El Niño Southern Oscillation (ENSO) or the Pacific Decadal 

Oscillation (PDO), both of which have significant effects on the vertical and horizontal 

oceanography in the Pacific basin, especially on sea surface temperature. 

I obtained monthly PDO index estimates from the University of Washington 

(http://jisao.washington.edu/pdo, last accessed 10 January 2020) and ENSO index 

estimates from the National Oceanic and Atmospheric Administration website 

(https://www.esrl.noaa.gov/, last accessed 10 January 2020) index values). I compared 

each of these indices to the CPUE rates across all 23 taxa caught in the shallow- and deep-

set fleets. In addition to the monthly contemporaneous correlation analysis, I added a 

series of temporal lags (1, 6 and 12) to determine if changes in the CPUE may be subject 

to lagged effects of the climatic indices on changing oceanographic conditions. Following 

this analysis, I calculate the correlation coefficient between the annual average CPUE rates 

and the yearly values of the PDO and ENSO. The PDO and ENSO signals are similar in 

terms of their semi-periodic nature and the high level of fine-grained variation between 

time-steps. The final piece of exploratory analysis I conducted in this assessment on the 

potential effects of multi-annual climatic oscillations on CPUE rates consisted of 

smoothing the time-series in both the fisheries catch data and the climatic oscillation index 

data by applying a moving average smoothing windows of different widths (three and 
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five years) with the intention of revealing any the potential effect of these multi-annual 

processes on the CPUE rates by removing enough noise to expose the underlying signal.  

 

Assessing species co-occurrence and community clustering 

The co-occurrence of pelagic fish in the HLLF can be studied through various analytical 

methods, including indices of spatiotemporal overlap, similarities in environmental 

preferences and statistical rates of co-occurrence. Here I explore the pairwise co-

occurrence of species and the emergence of likely assemblages in the shallow- and deep-

set fleets at different temporal scales. I conducted hierarchical cluster analysis (HCA) on 

the shallow-set and deep-set fleets for 20 and 23 species respectively.  The objective of this 

analysis was to quantify species co-occurrence relationships and hierarchical stratification 

of groups and assemblages, a technique that has been used to study the community 

composition in other multispecies fisheries (Pulver et al., 2016). I primarily used the 

analysis to explore intra-annual differences in community assemblages, as well as to 

compare the assemblages in both fleets during the same time period. The HCA was 

conducted using the “pvclust” package in R and parameterized to 1,000 bootstraps to 

calculate probabilities of the statistical significance of each hierarchical cluster (Suzuki and 

Shimodaira, 2011). I conducted the pairwise co-occurrence matrices and the clustering 

analyses separately for each fleet across different time periods: (i) the entire time series of 

data and (ii) monthly timesteps. 
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The outputs obtained from the co-occurrence and clustering analysis could then be used 

in conjunction with the results of the environmental models to further explore the 

environmental factors that may lead to the co-occurrence of certain species groups. In 

particular, I explored species co-occurrence with the main target species for each of the 

fleets and the factors that may lead to their joint catch.  

 

Spatial Modeling 

 

Selection of presence and pseudo-absence locations. 

The initial modeling objective for this Chapter was to characterize and predict the 

relationship between CPUE rates of target and non-target species in the HLLF and the 

surrounding environmental conditions. However, the accuracy of initial CPUE estimates 

as a function of environmental conditions was quite poor; this is likely because correlative 

models were not accounting for various other factors which heavily influence rates of 

CPUE, such as hook type and soak-time, bait type or the use of lightsticks (Carruthers et 

al., 2011; Foster et al., 2012). So, instead, I decided to follow a more traditional habitat 

suitability modeling approach and calculate the probability distribution of encountering 

each species based on presence and absence estimates that I derived from CPUE. I 

obtained discrete presence-absence estimates by applying a threshold to the lower 0.25 

quantile of the CPUE distributions for every species-month combination and only 

modeling the locations above the 0.25 quantile. By doing so, I ensure that the presence 

locations are restricted to areas with moderate to high catch and bycatch rates. The 
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monthly distributions of catch and bycatch rates per species are displayed on Figure 20 & 

Figure 21. 

 

The use and parameterization of pseudoabsence locations in the field of species 

distribution modeling is a polarizing topic (Barbet-Massin et al., 2012; Franklin, 2010; 

Stokland et al., 2011). Since pseudoabsences are used to provide a representative sample 

of the ‘background’ environmental conditions against which to compare presence 

locations, the breadth of the environmental space captured by presence and 

pseudoabsence locations must be similar but not identical; if the environmental difference 

is too large models will inflate the importance of predictors for which the difference 

between presences and pseudoabsences is the largest, if the environmental envelope is 

too similar, models will not be able to determine the variables of significant difference. 

The choice of this and other parameters in species distribution modeling can have 

significant influence on the output of the models, which supports the need to test multiple 

model parameterization scenarios. For this analysis I decided to use a 1:1 

presence/pseudoabsence ratio and different spatial extents for shallow-set and deep-set 

analyses. This allowed for a more spatially and temporally specific contrast between 

observed fishing presence and expected absence in these analyses. Pseudabsences were 

selected from a much narrower area than the initial study region for each set type. I 

explored various approaches for the selection of monthly pseudoabsence locations, these 

included the use of different time windows to select the fishing events around which 

different geometries were tested. The objective of this exercise was to generate polygon 
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areas from which to sample pseudoabsences locations that are able to capture a broader 

environmental signature than that of the fleet.  The environmental breadth of the 

pseudoabsence locations will influence the magnitude of the contrast when compared to 

presence locations, making this exercise one more adjustment in species distribution 

modeling that can be adjusted in both directions. 

 

Both of the geometries tested, minimum convex hull and kernel density distribution, have 

different levels of sensitivity to outlying fishing locations. The convex hull analysis 

calculates the smallest geometry possible using the outermost geographic points as the 

edges of the perimeter; making this approach highly sensitive to outliers. Kernel density 

distributions allow for the removal of locations with low density of fishing effort, thus 

generating a more representative geometry of the environmental range of fishing effort 

without overdispersing the environmental space sampled with pseudoabsences. 

The spatial dynamics of the shallow- and deep-set fleets is quite different throughout the 

year. While the deep-set fleet maintains a relatively stable distribution around the 

Hawaiian archipelago throughout the year, the range of the shallow-set fleet changes 

significantly throughout the year. Another important distinction between the fleets is that 

the deep-set fleet operates quite uniformly throughout the year, while the shallow-set fleet 

shows strong seasonality that translates into different spatial dynamics between the 

months of high fishing activity and low fishing activity (Appendix II – Figures 3-6). I 

initially tested the creation of these geometries using three- and five-month moving 

windows for each of the months (i.e. in the case of the five-month window, the 
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pseudoabsence locations for the month of January would sample the environment of that 

same month from within a polygon based on the distribution of fishing between the 

months of November and March (Appendix III – Figures 3-6). I encountered different 

issues for each of the fleets that convinced me that a different approach would be required 

to sample pseudoabsence locations. In the case of the shallow-set fleet, the geographic 

overdispersion of fishing effort during the months of low fishing activity led to the 

creation of very large polygons that sampled too far beyond the environmental envelope 

of the fleet for most months. Conversely, since the distribution of the deep-set fleet does 

not vary significantly between months, the three- and five-month moving windows did 

not allow for a sufficiently large environmental envelope for the sampling of 

pseudoabsence locations. I decided to apply a different pseudoabsence sampling strategy 

for each of the fleets which was consistent across months: 

I. Shallow-set fleet: Calculating the kernel density distribution of fishing events 

during the 2004-2018 distribution of the five months where the fleet was most 

active and constraining the polygon to the 90th density quantile of the range. While 

the polygon was fixed in space, the pseudoabsence locations were sampled from 

unfished locations within the geometry for every month-year combination; this 

means that a specific location that is sampled as a pseudoabsence in January  of 

2015, may be excluded in the same month of 2016 if a fishing event. 

II. Deep-set fleet:  Pseudoabsence locations for the deep-set fleet were sampled from 

the unfished locations in every month-year combination within a minimum 

convex hull based on the 2004-2018 annual distribution of the fleet. Compared to 
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the shallow-set fleet, the distribution of fishing events in the deep-set fleet is more 

compact, therefore, the convex hull using all fished locations provided enough 

room to sample pseudoabsence locations from within and beyond the 

environmental envelope of the fishing events. Appendix III figure 2 shows the 

longitudinal and latitudinal pseudoabsence sampling space that is gained 

compared to the 3- and 5-month moving windows, which tightly match the 

distribution of fishing effort for each month. 

 

Model fitting  

I approached the spatial modeling in this Chapter using the same algorithm as Chapter 4, 

using Boosted Regression Trees (BRTs) to calculate the monthly habitat suitability index 

(HSI) for every target and bycatch species. Like other modeling approaches, such as 

Generalized Additive Models (GAMs), BRTs may overfit the training data if not 

parameterized carefully. I used the R package ‘caret’ to strike a balance between model 

accuracy and overfitting by optimizing the four most important parameters influencing 

BRTs: (1) tree complexity; (2) learning rate (or shrinkage); (3) number of trees; and (4) 

minimum number of observations in terminal nodes.  

 

The ‘traincontrol’ function in the caret package can be used to set up an exploratory grid 

that allows the user to set each of the four parameters to different levels and assess model 

performance through k-fold cross-validation. For this Chapter I tested two different tree 
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depths, two shrinkage rates, two minimum number of observations at terminal nodes and 

four different number of trees from 500 to 2,000 in increments of 500 trees. A 10-fold cross 

validation of each of the 32 different model combinations was repeated five times to select 

the parameters that resulted in the highest accuracy rate. I used this approach to 

determine the optimal combination of parameters for each of the monthly habitat 

suitability models. Once the optimal set of parameters were calculated for every species-

month combination, the observations for each individual species model were randomly 

split into training (0.75) and testing (0.25) datasets to calculate model performance metrics 

based on the ability to correctly predict the testing subset of the data. 

 

Model projections and spatial vulnerability surfaces 

The first step in transforming each of the individual species habitat models into a useful 

product for spatially-explicit decision making requires projecting each individual model 

onto geographic space. This was done in a very similar way to the model projections for 

Chapter 3, which entailed creating a stack of rasters for each of the 15 environmental 

predictors used to fit the models; this was done using the ‘raster’ package on R. I then 

trimmed the spatial extent the multilayer grids to that of the extent of the shallow- and 

deep-set fleets. The resulting map surfaces for the shallow- and deep-set fleets showed a 

continuous probability distribution between 0 and 1 (Appendix III – Figures 61 – 83).These 

surfaces can be used to explore different aspects of the spatial structure of the species in 

the region across timescales, for example, the models can be projected to the 

contemporaneous conditions of a specific month/year, or projected onto a climatological 
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ensemble of the average conditions for a particular month. The range of spatiotemporal 

scenarios that can be explored is very extensive and may be combined in different ways 

to explore the ecology of the species as well as different management scenarios. In this 

Chapter I explore the spatial habitat of all species across the following temporal frames: 

• Habitat suitability based on monthly climatologies 

• Core monthly habitat persistence (2005-2017) 

The number of individual monthly information layers that can be generated from this 

modeling exercise exceeds 7,000 (shallow-set fleet = 20 species * 168 months = 3,360; deep-

set feet = 23 species * 168 months = 3,864); this number is m The final portion of the spatial 

analysis in this Chapter entailed generating actionable layers of information by reducing 

the dimensionality of the data in order to identify areas of risk and opportunity for the 

Hawaii fleet across a select set of temporal frames in the form of monthly climatologies of 

species vulnerability (shallow-set: November-April; deep-set: January-December). 

 

The creation of the fishing vulnerability surfaces requires three additional processing 

steps for the development of the habitat suitability surfaces: (i) applying a threshold to the 

continuous habitat suitability map to convert into a binary surface (0 or 1), (ii) generating 

a vulnerability score for the species to weigh the contribution of the species to the final 

vulnerability score and (iii) stacking and summing the weighted species vulnerability 

surfaces to obtain a final vulnerability surface. In order to assess the cumulative bycatch 

risk score for each of the fleets throughout the year, I created plots of the density 
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distribution of monthly fishing effort intensity against the frequency distribution of the 

multi-species bycatch risk index for every month (Figure 48; Figure 51 & Figure 52). 

 

The monthly multi-species bycatch risk layers for the shallow-set (Figure 47) and deep-set 

(Figure 49 & Figure 50) fleets would not only allow me to assess the intra-annual variability 

of bycatch risk for each of the fleets, but also the differential risk across depth bands in the 

region northwest of the Hawaiian archipelago where the shallow and deep longline gear 

configurations overlap (Figure 53; Figure 54 & Figure 55). 
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Results 

The analysis in this Chapter is primarily focused on the spatiotemporal predictability of 

suitable habitat for the range of 23 target and non-target species caught by the Hawaii 

shallow- and deep-set fleets throughout the year. It is well know that various multi-annual 

oceanographic processes affect species abundance and the composition of biological 

communities throughout the Pacific Ocean basin (Newman et al., 2016; Ralston et al., 2015), 

less understood however is the impact that these processes have on the horizontal and 

vertical niches of oceanic predatory fish. I begin the results section of this Chapter by 

describing the results of exploratory data analysis (EDA) where I delve into the temporal 

patterns of CPUE in each of the Hawaii fleets as a function of ENSO and the PDO, with a 

particular focus on the latter. I then present the results of further EDA looking at the 

patters of species co-occurrence in each of the fleets over time to understand how the 

vulnerability to bycatch for non-target species fluctuates interannually and identify the 

months in which certain species are most likely to co-occur with the main target species 

in the shallow- and deep-set fleets, swordfish and bigeye tuna respectively. Although the 

exploration of temporal patterns of species catchability and the community structure of 

the nektonic biological community impacted by this fishery is beyond the scope of this 

paper, I considered it to be important to provide some of this EDA results as context for 

the environmental niche modeling results presented subsequently. 

 

I present the results of the habitat suitability models built for this Chapter and the 

secondary products derived from their posterior processing in the following order. I first 



 

154 

 

present standard model performance information for each of the habitat suitability 

models, which comprise a total of 396 individual monthly species models, across two 

fleets and 23 distinct taxa. Each of the monthly species models were projected to monthly 

contemporaneous and climatological surfaces for a total of 3,588 contemporaneous 

monthly species habitat suitability surfaces for the deep-set fleet and 1,560 

contemporaneous monthly habitat suitability surfaces for the 20 species in the shallow set 

fleet. The climatological projections of the model led to 276 monthly climatological species 

habitat suitability surfaces in the deep-set fleet and 120 for the shallow-set fleet. The model 

performance results include metrics such as area under the curve (AUC12) (which is based 

off the Receiver Operator Characteristic (ROC) curve), model sensitivity13, model 

specificity14 and the percent correct classification (PCC) scores. I then proceed to introduce 

the variable importance scores, which describe the relative influence of each 

environmental variable in the monthly habitat suitability model and some of the partial 

dependence plots which help understand the relationship that each boosted regression 

tree calculated for each individual variable in the model. However, since the primary 

focus of this Chapter is on the predictive capacity of the models rather than the underlying 

ecological mechanisms that drive the distribution of these species, I spend less time 

exploring the results from the partial dependence plots. 

 
12 A metric based on the ability of the model to distinguish between the true positives and false positives. 
13 The proportion of actual presences that are accurately predicted 
14  The proportion of actual absences that are accurately predicted 
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I then explore the inter-annual persistence of predicted habitat for the main target species 

and primary elasmobranch bycatch species to investigate the relative stability of their 

habitat over time. 

 

In the final section of the results I introduce the multi-species bycatch risk surfaces that I 

constructed based on the summation of the predicted monthly habitat suitability surfaces 

for each species after applying the weighting scheme introduced in Table 2. I also explored 

the relative risk score of each of the fleets according to each separate climatological 

vulnerability surface to identify areas of potential improvement. Finally, I present the 

results on the multi-species bycatch risk surfaces in a region where both fleets overlap to 

explore the relative differences in bycatch risk across depth bands and fleets. 

 

The effect of inter-annual environmental variability in species catch rates 

 

I explored the relationship between ENSO and the PDO across a series of temporal scales 

to examine the potential effect these cyclical oceanographic processes may have on 

fisheries patterns over space and time. The initial EDA consisted of calculating the 

correlation coefficient between monthly PDO and ENSO indices and the CPUE rates 

(Appendix 3 – Table1) and the anomalies of CPUE (Appendix 3 – Table2). In this piece of 

EDA I also applied a temporal lag of 1, 6 and 12 months. None of the correlation 

coefficients were above 0.6 or below -0.6, suggesting that the relationship between CPUE 

and contemporaneous indices of these two climatological oscillations are not tightly 
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coupled. In the following portion of CPUE time series EDA, I removed the ENSO index 

and focused on the PDO for two reasons, the two indices had a high collinearity (0.78) (it 

is well known that the two processes are interrelated (Junmei et al., 2005)) and the fact that 

the geographic footprint of the effects of the PDO in temperate latitudes of the North 

Pacific better matches the range of the Hawaii longline fishery; while the effects of ENSO 

are known to be more prominent in tropical latitudes.  I then tested the correlation 

between the annual average CPUE of each fleet and the annual average PDO, as well as 

the smoothed average of the PDO, which I calculated by calculating the average PDO with 

a three-year moving window and a five year moving window (Figure 22). There was a 

progressive reduction of the amplitude of the PDO index between the monthly values, the 

annual average and the three- and five-year moving window averages, as well as one for 

the amplitude of the CPUE estimates (Figure 23).  Results suggest that by removing the 

fine-scale variability between monthly and annual time-steps, a pattern emerges for the 

effect of the PDO on the catch rates of various target and non-target species caught by 

each fleet. 
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Figure 22: The top panel (A) shows the monthly Pacific Decadal Oscillation Index between 1900-2019. The bottom pane (B) shows the annual PDO 

Index (light blue), a three-year moving window average (blue) and a five-year moving window average (black) of the PDO. The red boxes capture 

the 13 year period of interest for this Chapter (2005-2017). 
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Figure 23: The top panel (A) shows the annual PDO Index (light blue), a three-year moving window 

average (blue) and a five-year moving window average (black) of the PDO between 2005-2017. The 

middle panel (B) shows the annual (light blue), 3-year window average (blue) and 5-year window 

average of shallow-set longline CPUE of swordfish. The bottom panel (C) shows the annual (light 

blue), 3-year window average (blue) and 5-year window average of deep-set longline CPUE of 

bigeye tuna. 
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Figure 24: shows the correlation coefficients between the mean CPUE and the mean PDO index (light 

blue), the 3-year moving window average CPUE and PDO (blue) and the 5-year moving window 

average (black) for the deep-set longline fleet on the left (panel A) and the shallow set longline fleet 

on the right (panel B). 
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The results on Figure 24 show how the annual CPUE rates of various species in the shallow-

set fleet (opah and shortfin mako) and the deep-set fleet (snake mackerel and albacore 

tuna) are moderately correlated (>0.6 | < -0.6) with average annual PDO index. As the 

signal is smoothed with the 3-year and 5-year average moving windows, other trends 

emerge. After applying the three-year window to the PDO and CPUE rates in the shallow-

set fleet, the following species showed correlations above 0.6 or below -0.6: blue shark, 

pelagic stingray, yellowfin tuna and albacore tuna. This was also the case for the deep-set 

fleet: opah, sickle pomfret, bigeye thresher and wahoo. The correlation of the CPUE rates 

of five more species emerged after applying the five-year moving window smoother, 

sickle pomfret, spearfish, skipjack tuna and, importantly, swordfish in the shallow-set 

fleet and lancetfish in the deep-set fleet. 

 

These results show four different scenarios for any given species: the species catch rates 

are not correlated with the average annual PDO (or temporal variations thereof) (e.g. blue 

marlin), the species CPUE rates are correlated with the PDO in only one of the two fleets 

(e.g. shortfin mako), the CPUE rates of the species are correlated with the PDO in both 

fleets displaying the same trend (positive or negative) (e.g. albacore tuna) and finally a 

scenario in which the species catch rates are correlated with the PDO but show opposing 

trends (e.g. opah). I explore the latter three scenarios in more detail (Figure 25; Figure 26 & 

Figure 27). 
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Figure 25: relationship between shortfin mako CPUE and the PDO index after applying a five-year 

average smoothing window in the shallow-set (right) and deep-set (left) fleets. 

 

Figure 26: relationship between opah CPUE and the PDO index after applying a five-year 

average smoothing window in the shallow-set (right) and deep-set (left) fleets.  

 

Figure 27: relationship between albacore tuna CPUE and the PDO index after applying a five-

year average smoothing window in the shallow-set (right) and deep-set (left) fleets. 
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Species co-occurrence and environmental relationships 

Patterns of species co-occurrence in the oceanic environment where the Hawaii fishery 

operates can be explored across various spatial and temporal scales, including the vertical 

dimension, as well as intra- and inter-annually. As demonstrated earlier in this Chapter, 

the catchability rates of various species change inter-annually, likely due to processes such 

as the PDO. I explored the intra-annual changes in catchability through correlation 

matrices (Figure 28 & Figure 30) and cluster dendrograms (Figure 29 & Figure 31), which 

provide additional information about taxonomic grouping and how it evolves throughout 

the year (Appendix III – Figures 7-41). The annual co-occurrence matrix (Figure 28) and 

cluster dendrogram (Figure 29) for the shallow-set fleet (2004-2018) show how swordfish 

co-occurs mostly with three other species: blue shark, mako shark and bigeye tuna. 

Unsurprisingly, these two shark species are the most bycaught shark species in this fleet 

(Figure 18). In the case of the deep-set fleet, bigeye tuna is most likely to co-occur with two 

bycatch species (blue shark and lancetfish) and two species of commercial interest 

(swordfish and escolar). 

 

Patterns of intra-annual variability in the co-occurrence of target and non-target species 

can provide very useful information on the times of year where the risk of encountering 

non-target species is highest. I extracted the monthly co-occurrence coefficients of 

swordfish and bigeye tuna with the main elasmobranch bycatch species for the shallow- 

and deep-set fleets respectively (Figure 32 & Figure 33). 
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Figure 28: Heat map of pairwise species co-occurrence (2004-2018) in shallow-set longline fleet. 

 

Figure 29: Dendrogram of shallow-set species clusters based on the correlation measure of 

dissimilarity with average agglomerative linkage (2004-2018). Red box represents significant 

clusters (AU ≥ 95). 
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Figure 30: Heat map of pairwise species co-occurrence (2004-2018) in deep-set longline fleet.

 

Figure 31: Dendrogram of deep-set species clusters based on the correlation measure of 

dissimilarity with average agglomerative linkage (2004-2018). Red box represents significant 

clusters (AU ≥ 95). 
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Figure 32: shows the monthly co-occurrence coefficient between swordfish and the four main 

elasmobranch bycatch species in the shallow-set longline fleet. 

 

Figure 33: shows the monthly co-occurrence coefficient between swordfish and the seven main 

elasmobranch bycatch species in the deep-set longline. 

 

The results in Figure 32 and Figure 33 show the extent to which seasonal variability may 

play a role in the catch probability of non-target elasmobranchs. This way of visualizing 

the data allows the intra-annual rates of encounter between less common elasmobranch 

species and swordfish and bigeye tuna to be comparable to those of more commonly 
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caught species and allow for the easier identification of months of higher relative risk 

across taxa; these are indicated to be November, December and February in the shallow-

set fleet (Figure 33) and February through to May in the deep-set fleet (Figure 33).  

 

Model performance metrics were calculated based on the model’s ability to 

correctly classify out of sample observations. Confusion matrices form the base of all 

model measurements calculated in this Chapter (Figure 34). Confusion matrices are used 

to obtain four important classification rates: true positive (TP), false positive (FP), true 

negative (TN) and false negative (FN). These metrics are then used to calculate rates of 

sensitivity, specificity and percent correct classification. Sensitivity (Figure 35) and 

specificity (Figure 36) rates are then used to calculate the percent correct classification 

scores (Figure 37) and as well as help build the receiver operator characteristic curves 

from which the area under the curve (AUC) values are derived ( 

Figure 38). 

 

Figure 34: sequential illustration of the rates and indices used to calculate model performance. 

Confusion matrices (A) are used to obtain classification performance rates, these rates are used to 
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calculate the sensitivity and specificity of each model (B), which are in turn used to parameterize 

the ROC curve (C). 

 

Figure 35: boxplot of the sensitivity scores calculated for the deep-set (red) and shallow-set (blue) 

Hawaii longline fleets. Each box in the plot is comprised of the monthly sensitivity scores obtained 

for a given species. 

 

Model sensitivity estimates were calculated per modeled species for each of the months 

modeled in the shallow- and deep-set fleets, six and twelve respectively. On average the 

species modeled in the shallow-set fleet had lower sensitivity scores than those in the 

deep-set fleet. 
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Figure 36: boxplot of the specificity scores calculated for the deep-set (red) and shallow-set (blue) 

Hawaii longline fleets. Each box in the plot is comprised of the monthly specificity scores obtained 

for a given species. 

 

The specificity scores for the monthly species models in each of the fleets provide useful 

information to understand the degree to which the models are able to correctly classify 

the absence of species. It is important to remember, however, that various factors play a 

role in determining what species are caught by pelagic longliners; the absence of catch 

records in a given location does not necessarily mean that the species was absent from 

the entirety of the water column in that location, but instead that the species may either 

be absent or not overlap in space and time with the fishing gear. Observed or predicted 

absences must be interpreted with caution.  



 

169 

 

 

Figure 37: boxplot of the percent correct classification (PCC) scores for the deep- (red) and shallow-

set (blue) Hawaii fleets. Each box is comprised of the monthly PCC scores obtained for each species. 

 

Figure 38 boxplot of the area under the curve (AUC) scores for the deep- (red) and shallow-set 

(blue) Hawaii longline fleets. Each box in the plot is comprised of the monthly PCC scores obtained 

for a given species. 
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The AUC and PCC scores on Figure 37 &  

Figure 38 follow very similar distributions. These metrics provide a similar type of 

information about the performance of monthly species models, as they both calculate the 

rate of correct classification. The PCC metric, however, does not take into consideration 

the prevalence of the species, (i.e. if a species is absent 95% of the time and the model 

predicts absolute absence, the PCC score will be 0.95). By accounting for the false positive 

rate, the AUC score is able to include the effect of erroneously predicting species presences 

where none were observed. Overall, species modeled in the deep-set fleet have higher 

AUC scores compared to the shallow-set fleet. Importantly, the main elasmobranch 

bycatch species had high AUC and PCC scores in the deep-set fleet, which improves the 

confidence on the bycatch risk predictions made later in the Chapter. Most of the species 

with low AUC scores in the shallow-set models had low overall occurrence rates 

(prevalence) in the dataset (Figure 18) and fairly skewed intra-annual distribution to certain 

months of the year (Figure 20), as opposed to the temporal distribution of the catch in the 

deep-set fleet, which was more homogenous (Figure 21). 

 

Variable importance scores 

One of the most important pieces of information that can be derived from each of the 

monthly environmental niche models is the set of predictor variables which contributed 

the most towards explaining the deviance of each of the species models. I summarize the 

average variable importance scores and the standard deviation across months in Figure 39 

& Figure 40 and Figure 41 & Figure 42 for the shallow-set and deep-set fleets respectively. 
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Figure 39: Average variable importance scores for the species models in the shallow-set fleet 

(November-April). The variables include Chlorophyll a concentration (CHLA), concentrations of 

surface oxygen (SOC), epipelagic oxygen (EOC) and mesopelagic oxygen (MOC), surface salinity 

(SAL), mean sea level elevation (SEL), sea surface temperature (SST), sea surface temperature 

anomaly (TANO), epipelagic temperature (TEPI) and mesopelagic temperature (TMES), seamount 

count (SMT),  depth maximum depth (DMA), mean (DME), depth (DMI) and range (DRA)  

 
Figure 40: Standard deviation of variable importance scores for the shallow-set models (November-

April) identifies the degree of intra-annual variable importance score variability. The variables 

include Chlorophyll a concentration (CHLA), concentrations of surface oxygen (SOC), epipelagic 

oxygen (EOC) and mesopelagic oxygen (MOC), surface salinity (SAL), mean sea level elevation 

(SEL), sea surface temperature (SST), sea surface temperature anomaly (TANO), epipelagic 

temperature (TEPI) and mesopelagic temperature (TMES), seamount count (SMT),  depth 

maximum depth (DMA), mean (DME), depth (DMI) and range (DRA). 
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Figure 41: Average variable importance scores for the species models in the shallow-set fleet 

(January-December). The variables include Chlorophyll a concentration (CHLA), concentrations of 

surface oxygen (SOC), epipelagic oxygen (EOC) and mesopelagic oxygen (MOC), surface salinity 

(SAL), mean sea level elevation (SEL), sea surface temperature (SST), sea surface temperature 

anomaly (TANO), epipelagic temperature (TEPI) and mesopelagic temperature (TMES), seamount 

count (SMT),  depth maximum depth (DMA), mean (DME), depth (DMI) and range (DRA). 

 
Figure 42: Standard deviation of variable importance scores for the shallow-set models (November-

April) identifies the degree of intra-annual variable importance score variability. The variables 

include Chlorophyll a concentration (CHLA), concentrations of surface oxygen (SOC), epipelagic 

oxygen (EOC) and mesopelagic oxygen (MOC), surface salinity (SAL), mean sea level elevation 

(SEL), sea surface temperature (SST), sea surface temperature anomaly (TANO), epipelagic 

temperature (TEPI) and mesopelagic temperature (TMES), seamount count (SMT),  depth 

maximum depth (DMA), mean (DME), depth (DMI) and range (DRA). 
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Surface predictor variables (CHLA, TANO, SAL, TEPI) had the highest average variable 

importance scores in the shallow-set fleet models (Figure 39), while oxygen concentration 

across depth bands (SOC, EOC, MOC) seemed to be the most influential predictors of 

distribution across taxa in the deep-set fleet. The density of seamounts (SMT) was the 

weakest predictor across both fleets, which poses interesting questions around the degree 

to which seamounts aggregate pelagic vertebrates in the North Pacific basin and if the 

Hawaii longline fleets sho any preference for these physiographic structures. 

 

Inter-annual persistent habitat 

 

After projecting each monthly habitat models onto a multilayer grid of the unique 

oceanographic conditions for every month/year combination, I applied a mean probability 

distribution threshold to each of the continuous habitat suitability surfaces to obtain 

binary layers of habitat suitability. By superimposing the 13 binary (2005-2017) monthly 

habitat suitability obtained for every species, I could calculate the number of times every 

cell within the study extent was predicted as suitable after applying a mean probability 

distribution threshold, providing useful information about the inter-annual geographic 

persistence of monthly habitat for the main target and bycatch elasmobranch species in 

the shallow-set (Figure 43) and deep-set fleets (Figure 44 & Figure 45). Low levels of 

persistence would suggest the need to develop spatial management measures that track 

inter-annual variability, while more persistent habitat may allow for the development of 

effective geographically static spatial management measures across years. In addition to 
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understanding the temporal footprint of species habitat preferences, it is important to 

understand how their preferred habitat overlaps with each of the longline fleets in space 

(Figure 46). 

 

Figure 43: inter-annual habitat persistence scores (0 to 13) for six species caught in the shallow-set 

longline fleet between 2005-2017, including the main target species, swordfish, and the top-five 

bycaught elasmobranch species. Persistence was calculated for six months of the year in the 

shallow-set fleet (November-April). 
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Figure 44: inter-annual habitat persistence scores (0 to 13) for four species caught in the deep-set 

longline fleet between 2005-2017, including the main target species, bigeye tuna, and three of the 

top-seven bycaught elasmobranch species. 

 



 

176 

 

 

Figure 45: inter-annual habitat persistence scores (0 to 13) for four of the top-seven bycaught 

elasmobranch species in the deep-set longline fleet between 2005-2017
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Figure 46: average multi-species bycatch risk layers for the shallow-set fleet (A) and deep-set fleet (D) across six and twelve months respectively. 

The spatial footprint of the longline polygons for the shallow-set (B) and deep-set (E) fleets used in conjunction with the multi-species bycatch risk 

layers provide a more complete picture of the spatial overlap of the Hawaii longline fishery with areas of high risk. However, given the uneven 

distribution of fishing effort throughout their extent, it is important to understand the density of fishing effort throughout the range (C & F) 
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Figure 47: multi-species bycatch risk layers for the months of November-April for the shallow-set longline fleet. Cool colors indicate high 

suitability for fishing, while warmer colors indicate higher risk of bycatch. 
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The multi-species bycatch risk layers for the months of November-April for the shallow-

set fleet (Figure 47) show how the months with the highest relative risk of bycatch are 

December and January, which interestingly also show latitudinal banding. Since many of 

the variables that showed to be important in explaining the choice of habitat across species 

have strong latitudinal gradients (e.g. chlorophyll, temperature or oxygen), the banding 

is a likely result of multiple species sharing preferences for similar conditions across these 

variables. 
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Figure 48: monthly distributions of fishing effort density in the Hawaii shallow-set feet in relation 

to the multi-species bycatch risk surfaces for the months of November – April. 
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Figure 49: multi-species bycatch risk layers for the months of January-June for deep-set longline 

fleet. Cool colors indicate high suitability for fishing, while warmer colors indicate higher risk of 

bycatch. 
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Figure 50: multi-species bycatch risk layers for the months of July-December for deep-set longline 

fleet. Cool colors indicate high suitability for fishing, while warmer colors indicate higher risk of 

bycatch. 
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Figure 51: monthly distributions of fishing effort density in the Hawaii deep-set feet in relation to 

the multi-species bycatch risk surfaces for the months of January-June. 
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Figure 52 monthly distributions of fishing effort density in the Hawaii deep-set feet in relation to 

the multi-species bycatch risk surfaces for the months of July-December. 
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Figure 53: multi-species bycatch risk layers for the months of February-April in the region of 

overlap between the shallow- and deep-set fleets. Maps on the left-hand side show the multi-

species risk scores for the shallow-set fleet, while maps on the right column show the risk scores 

derived from the deep-set fleet models. Cool colors indicate high suitability for fishing, while 

warmer colors indicate higher risk of bycatch. 
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Figure 54: multi-species bycatch risk layers for the months of February-April in the region of 

overlap between the shallow- and deep-set fleets. Maps on the left-hand side show the multi-

species risk scores for the shallow-set fleet, while maps on the right column show the risk scores 

derived from the deep-set fleet models. Cool colors indicate high suitability for fishing, while 

warmer colors indicate higher risk of bycatch. 
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Figure 55: monthly frequency distribution of multi-species risk scores for the region of spatial overlap between the shallow- (blue) and deep-set 

(red) fleets during between November and April. The vertical dotted line marks the average multi-species bycatch risk score for the month across 

both fleets, while the bars and complementary density surfaces represent the frequency distribution of the multi-species bycatch risk scores within 

the region of fleet overlap during each month.
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Discussion 

 

Prior studies have used longline catch data to explore the effects of environmental factors 

on the catch rates and distribution of target and non-target species such as blue marlin (Su 

et al., 2008), swordfish, blue sharks (Bigelow et al., 1999) or other shark species (Kai et al., 

2017, p.) in the Pacific Ocean. However, few studies attempt to distill the ecological 

knowledge derived from their analysis into spatial layers of information that are useful 

for decisionmakers. This research shows how the horizontal habitat of pelagic species 

caught by commercial longline vessels in the North Pacific high seas can be modeled and 

reliably predicted across spatial and temporal scales. While the geographic ranges and 

environmental niches of many of the species caught in the Hawaii longline fishery are 

very similar (Figure 28; Figure 30; Figure 39; Figure 41), this analysis shows that it is possible 

to find inter-annual and intra-annual patterns of distribution of catchability that may 

provide actionable knowledge to reduce the risk of fisheries bycatch in the region. Based 

on the results, it seems possible to use multilayer surfaces of the habitat probability across 

target and non-target taxa to reduce the spatiotemporal overlap of fishing effort with non-

target species. Spatiotemporal avoidance does not represent a definitive action to reduce 

bycatch in the Hawaii longline fishery, but instead, should be considered as the first of 

multiple actions to avoid and mitigate species bycatch mortality in multi-species fisheries 

(Figure 9). 
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One of the factors that may help explain the variability in bycatch reduction estimates 

observed across the historic series may be changes inter-annual climate oscillations in the 

region, such as PDO or ENSO. These long-term ocean fluctuations profoundly affect the 

ecology and oceanographic in the North Pacific basin (Mantua and Hare, 2002), affecting 

important factors such as surface temperature, chlorophyll  or oxygen (Duteil et al., 2018; 

Stramma et al., 2020) which play an important role in shaping the horizontal and vertical 

range of pelagic fish (Prince and Goodyear, 2006; Stramma et al., 2012). Multi-annual 

climatic oscillations in the Pacific may not only change the available suitable pelagic 

habitat for these species, but also influence the formation of ecological bridges or barriers 

that affect the horizontal connectivity of pelagic species in the region (Briscoe et al., 2017). 

The principal abiotic effect of the PDO in the North Pacific take the form of SST anomalies 

that have a unique spatial footprint in the shape of a ‘sideways horseshoe’ of warm water 

that wraps a core of cooler water during the positive phase of the PDO and the inverse 

thermal signature mimicking the same shape during the negative phase of the PDO. While 

the majority of the spatial extent of the deep-set fleets falls within the ‘horseshoe’, the 

shallow-set fleet is split between the ‘horseshoe’ and the core area (Figure 56). This is 

reflected in the correlation between annual SST anomaly within each fleet polygon and 

the PDO, which in the case of the deep-set fleet shows a strong correlation (r = 0.84), while 

the shallow set fleet shows a much weaker positive correlation (r = 0.37) (Figure 57). 
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Figure 56: Overlap of the shallow- and deep-set longline fleets with annual estimates of sea surface 

temperature (SST) anomaly during negative (top) and positive (bottom) phases of the Pacific Decadal 

Oscillation (PDO). While the geographic extent of both fleets overlaps with areas of positive and negative SST 

anomaly, the deep-set fleet seems to experience a more uniform change, while the shallow-set fleet seems to 

experience opposite changes in SST anomaly in the eastern and western portions of the extent. 
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Figure 57: Relationship between the Pacific Decadal Oscillation (PDO) and the sea surface temperature (SST) 

anomalies in fished areas within the range of the shallow-set (left) and deep-set (right) Hawaii longline fleets. 

The correlation between SST anomalies and the PDO within the extent of the shallow-set fleet is 0.37, while 

that of the deep-set fleet is 0.84. 

  

It is likely that the correlation found between the PDO and the CPUE rates of various 

species in the shallow- and deep-set fleet are linked to changes in the horizontal and 

vertical distribution of the species rather than changes in their absolute abundance or 

productivity (Zhang et al., 2014). Figure 27 shows a strong negative correlation between the 

PDO and the CPUE rates of albacore tuna in both fleets. There is evidence that climatic 

oscillations (e.g. ENSO) play an important role in changing the abundance and horizontal 

distribution of tuna species, including albacore tuna (Briand et al., 2011), for which the 

highest CPUE rates occur below 20.5⁰C. It is likely that during the positive phase of the 

PDO, when sea surface temperatures increase, albacore tuna move westward, away from 

the warming waters adjacent to North America, thus leading to overall reductions in their 

CPUE. In the case of opah, we see opposing effects in the CPUE rates for the shallow- and 
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deep-set fleets (Figure 28). During the positive phase of the PDO, the CPUE of opah 

increases in the shallow-set fleet and decreases in the deep-set fleet. A study on the vertical 

niche of opah in the Pacific revealed that this species of teleost fish displays dial changes 

in vertical habitat distribution, occupying deeper waters (150-400 m) and migrating 

vertically at night to depths between 50-150m  (Polovina et al., 2008). It is likely that during 

the warmer phase of the PDO, the vertical niche of opah is compressed towards the 

surface, pushing the daytime distribution above the depth-range of the deep-set fleet and 

into the depth-range of the shallow-set fleet at night, hence the opposite correlations with 

CPUE. Future work could explore the interactive effect of different contemporaneous 

predictors (such as sea surface temperature, height or chlorophyll) with the phases of 

oscillatory ocean-atmosphere processes. Little is known about the relationship between 

the PDO and the horizontal and vertical habitats of oceanic sharks. Figure 25 suggests that 

the CPUE effort of shortfin mako sharks has a strong negative relationship with the PDO 

index (r= -0.78). Since shortfin makos are obligate ram ventilators (Wegner et al., 2012) and 

known to occupy a shallow vertical habitat in the region (Nasby-Lucas et al., 2019) it is 

possible that the warmer PDO phase, they shift their horizontal range to less stratified 

waters. It is also possible that the changes in CPUE are related to a change in their range 

as the abundance of important prey species, such as squid (Preti et al., 2012), change in 

relation to the PDO (Yu et al., 2015). Changes in the CPUE of pelagic species due to changes 

in the abundance of prey-species as a result of the PDO is likely to have a delayed effect 

based on the life histories of prey species, interestingly, the correlation between the PDO 

and the CPUE of mako sharks in the deep-set fleet had no correlation (-0.07), however, if 
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the CPUE was compared to the PDO two years prior, the relationship is much stronger (r 

= 0.89) (Appendix III – Figure 1). 

 

Environmental niche models 

 

The overall performance of the environmental niche models as quantified by the 

PCC and AUC scores was higher for the deep-set fleet, which on average also had lower 

omission and commission errors (Figure 35; Figure 36; Figure 37 &  

Figure 38). As expected, the two species which had higher sensitivity scores in the shallow-

set fleet were swordfish and blue sharks (Figure 35), which are caught much more often 

by this fleet and thus had higher prevalence in the data. Oceanic whitetips and blue marlin 

stand out as species for which the errors of omission vary significantly by month; this may 

be related to disparities the number of observations available to fit the models for a given 

month (Figure 20), as most of the catch of these two species takes place on certain months 

of the  year. Interestingly the inter-annual habitat persistence graphs for the main target 

and elasmobranch bycatch species caught in the shallow-set (Figure 43) and deep-set 

(Figure 44 & Figure 45) fleets show higher rates of habitat persistence for the deep-set 

fleet, while suitable habitat for the six species assessed in the shallow-set fleet seemed to 

have much smaller areas if inter-annually persistent habitat. This may be due to lower 

inter-annual variability in the oceanographic conditions at the depths where the deep-set 

fleet operates. Another, potentially complementary, explanation of the increased 

variability is that the shallow-set fleet operates in an area of the North Pacific that 



 

194 

 

experiences asymmetric changes in seas surface temperature anomalies during the PDO 

(Figure 56) and which is also subject to large intra-annual changes in surface conditions 

as the North Pacific Transition Zone (NPTZ) migrates latitudinally across the range of the 

fleet. 

 

Not surprisingly, the variables with the highest average importance scores for the 

shallow-set fleet were surface predictor variables (CHLA, TANO, SAL, TEPI) (Figure 39), 

while oxygen concentration across depth bands (SOC, EOC, MOC) had the highest 

average variable importance scores across multiple taxa deep-set fleet. These results are 

consistent with previous studies on the oceanographic factors that shape the horizontal 

distribution of large pelagic fish (Arrizabalaga et al., 2015). Physiographic factors such as 

depth or the density of seamounts played minimal roles in explaining the deviance in the 

models, suggesting that these species do not aggregate around seamounts or bathymetric 

features in the region. However, the low variable importance attributed to seamount  

density should not be interpreted as seamounts being of little ecological importance for 

pelagic species, which is known not to be true (Morato et al., 2008), but rather how this 

predictor variable is not good at explaining regional patterns of distribution. 

 

Evaluation of multi-species bycatch risk 

The latitudinal banding observed in the multi-species bycatch risk surfaces for the 

shallow-set fleet during the months of December and January, and to a certain extent 

February, are likely due to the southward placement of the NPTZ during those months of 
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the year (Bograd et al., 2004). The NPTZ is considered one of the most productive oceanic 

ecosystems in the planet and serves as an important foraging ground for many species of 

commercial interest, including Pacific salmon (Oncorhynchus spp.) (Brodeur et al., 1999) 

and albacore tuna (Polovina et al., 2001), as well as various species of pelagic shark caught 

in the Hawaii-based longline fishery (Kubodera et al., 2007) and species of sea turtle 

(Polovina et al., 2001). The high average variable importance scores for surface variables, 

particularly CHLA (Figure 39), support the argument that the NPTZ is an important driver 

of multi-species bycatch risk in the shallow-set longline fleet as seasonal changes in the 

NPTZ influence the  

 

Figure 48, Figure 51 & Figure 52 show the density distribution of monthly fishing effort 

intensity against the frequency distribution of the multi-species bycatch risk index for 

every month, provide a good way of assessing not only the past relationship between the 

distribution of each of the fleets with multi-species bycatch risk, but if used in conjunction 

with the bycatch risk surfaces (Figure 47; Figure 49 & Figure 51) may help identify areas of 

opportunity for future fishing operations, where the probability of encountering species 

of commercial interest is high, while minimizing the probability of encountering non-

target species. 

 

While the range of multi-species bycatch risk scores seemed to be a bit broader for the 

deep-set fleets, overall, the two fleets were relatively similar. One potential factor that 

could explain the broader range in the deep-set fleet is that three additional species 
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(sailfish (+2), crocodile shark (-2) and silky shark (-2)) were included in the multi-species 

bycatch risk layers in the deep-set fleet. The maximum and the minimum bycatch risk 

scores did not seem to follow any sort of seasonal trends. There seemed to be some degree 

of latitudinal banding in both the deep-set and shallow-set fleets. In the case of the deep-

set fleet, areas of higher risk seemed to be persistent in the lower extent of the fleet’s range, 

which is likely driven by the consistent classification of that region as suitable habitat for 

non-target elasmobranch species (silky shark, oceanic whitetip, bigeye thresher and 

crocodile shark), while simultaneously being predicted as unsuitable habitat for species 

of commercial interest such as dolphinfish or opah (Appendix III – Figures 62, 65, 67, 71, 

72, 76). 

 

While the overall range of predicted bycatch risk for the shallow-set and deep-set fleets 

were not significantly different from one another, a starker contrast emerged in the region 

where the two fleets overlap in space and time during the months of November-April 

(Figure 53 & Figure 54). The cumulative bycatch risk within this region of overlap was higher 

for the shallow-set fleet than it was for the deep-set fleet, particularly in the months of 

November-February as can be observed in the frequency distributions of bycatch risk in 

Figure 55. Moreover, the latitudinal banding of bycatch risk was much more apparent in 

the shallow-set fleet within this region of overlap than it was for the broader area of 

operation of the fleet (Figure 47). Figure 53 and Figure 54 show an area of high suitability for 

fishing moving North-South between the months of November-April, which are likely 

linked to the surface environmental variables of high importance for species in the 
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shallow-set fleet (Figure 39). A closers assessment of the partial dependence plots for those 

variables could provide more clarity as to the exact conditions under which those bands 

are being formed. The empirical catch data for each of the fleets shows that while the 

shallow-set fleet is smaller than the deep-set fleet (Figure 13 & Figure 15), the overall catch 

volume of the shallow set fleet (of both target and non-target species) is close to that of 

the deep-set (Figure 17 & Figure 18). The higher predicted bycatch risk for the shallow-set 

fleet and the high CPUE and bycatch per unit of effort (BPUE) rates may be influenced by 

an increase in the catchability of target and non-target species in surface waters as the 

vertical habitat of the planktonic and nektonic communities are compressed towards the 

surface at nighttime as a result of diel vertical migrations (Abecassis et al., 2012; Brill et al., 

2005; Weng and Block, 2004). This increase in the vertical catchability of species, together 

with the surface habitat preferences for non-target species in the region, such as shortfin 

mako sharks (Nasby-Lucas et al., 2019) may help explain the higher predicted bycatch risk 

for the shallow-set fleet. 

 

Advancing high seas fisheries bycatch management  

 

While there may be ambiguity regarding the exact list of species that tuna RFMOs have 

legal management and conservation competence over (Crespo et al., 2019), their 

responsibility to reduce the negative impacts of fishing activities on non-target species is 

clearly defined in their mandates, as well as the provisions of the UNFSA. In the context 

of the management and conservation of non-target pelagic elasmobranchs, tuna RFMOs 
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have made progress at different rates, some of the measures adopted include the 

prohibition of shark finning, prohibition of retention of certain endangered species, gear 

modifications to reduce catchability and ICCAT has recently introduced provisions to set 

a maximum catch of North Atlantic blue sharks (Prionace glauca). While these measures 

are encouraging, most have taken multiple years to negotiate, their implementation is 

patchy and few of them are intended to reduce the risk of catching pelagic elasmobranchs. 

The current incentive structure for pelagic fisheries to avoid non-target teleost and 

elasmobranch species is notoriously weak. The societal pressure, which translated into 

market pressures, to reduce the unwanted bycatch mortality of cetaceans in purse seine 

fisheries (Gerrodette, 2009) or sea turtles in the Hawaii longline fishery 

(www.fisheries.noaa.gov/pacific-islands/bycatch/sea-turtle-interactions-hawaii-shallow-

set-longline-fishery, last visited on 6th January 2020) have led to the development of 

innovative solutions to reduce the mortality of these non-target species (Howell et al., 

2015, 2008). Since non-target teleost and elasmobranch species are not managed by any 

form of output control system, such as quota limits, nor the necessary social/market 

pressures to drive changes in behavior, we rely on the mandates assigned to fishing States 

and RFMOs to apply the precautionary approach for the conservation, management and 

exploitation of straddling and migratory fish stocks by the UNFSA as well as the Code of 

Conduct for Responsible Fisheries. One could also argue that it is in the best interest of 

commercial fishermen to avoid non-target species (so long as the catch rates of species of 

commercial interest are not affected) for three reasons, all of which are linked to the 

efficiency and safety of fishing operations: 
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- Reducing the spatiotemporal overlap with non-target species such as sharks or 

odontocetes may reduce the rate of depredation on longlines (Forney et al., 2011; 

Gilman, 2007; Rabearisoa et al., 2012). 

- Reducing the catch rates of sharks may improve the overall safety of the crew, who 

will not have to bring the (smaller) animals onboard to remove the hook. 

- Fishing in locations where not only the predicted bycatch risk is lower, but is also 

predicted suitable habitat for primary and secondary target species, may increase 

the efficiency of fishing operations, allowing vessels to catch their allocated quota 

faster and therefore reduce associated fuel and costs of crew. 

 

The findings in this Chapter support the implementation of a spatially-explicit 

precautionary approach to how longline fisheries operate in the high seas and provides a 

methodological framework to generate and combine the outputs of the habitat models for 

target and non-target species, providing managers and the fishing industry with detailed 

spatial information of the risk of bycatch over time in the regions where they operate.  
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Chapter VI: Dynamic ocean management to reduce longline 

bycatch in the North Pacific high seas 

 

Introduction 

 

Over the past 65 years, global marine capture fisheries production have increased, peaked 

and stabilized at around 80-86 million tons per year (FAO, 2018), although alternative 

estimates derived from global fisheries catch reconstruction estimates suggest that a 

higher peak of 130 million tons was reached in 1996 and approximates the current annual 

catch at around 100 million tons (Pauly and Zeller, 2016). While the global trajectory of 

capture fisheries seems to be relatively stable, the trajectory of fisheries in areas beyond 

national jurisdiction (ABNJ; high seas) during the same time period are staggeringly 

different (Dunn et al., 2018). Since the onset of fisheries spatial expansions into more 

remote oceanic waters (Swartz et al., 2010), we have seen an almost exponential increase 

in fishing effort  in ABNJ (Dunn et al., 2018). Further, the average depth of pelagic fisheries 

catch in ABNJ is deeper each year (Morato et al., 2006). Unlike the global patterns of 

marine fisheries catch, the catch of tuna and billfish, which are the main target species of 

pelagic longliners and purse-seiners in ABNJ, have not stabilized and continue to increase 

each year (Juan-Jordá et al., 2018). While our understanding of fisheries impacts has 

mostly originated from work in coastal (Paul K. Dayton et al., 1995; Jennings and Kaiser, 

1998) and deep-sea ecosystems (Clark et al., 2015), we are only just beginning to 

understand the full range of ecological impacts that pelagic fisheries have on open-ocean 
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species, biological communities and ecosystems (Crespo and Dunn, 2017). While these 

impacts propagate across ecological levels and taxonomic groups, these impacts can be 

traced back to two main issues, the amount of biomass we are extracting and the poor 

selectivity of most of our oceanic fisheries.  We now know that straddling or migratory 

fish stocks are overfished or experiencing rates of overfishing double that of species found 

within national jurisdictional waters (64% to 28%) (FAO, 2014). The wide range of these 

trans-boundary species and the weaknesses of the consensus-based international 

instruments, whose mandate it is to manage them, make oceanic-species vulnerable to 

poor management. With the exception of some pelagic fisheries such as pole and line tuna 

fisheries, most gears that target pelagic species in ABNJ are notoriously indiscriminate 

and can exert considerable amounts of pressure on non-target species, including the 

younger age classes of target species or completely untargeted taxonomic groups. The 

number of studies addressing the bycatch of non-target species in pelagic fisheries has 

proliferated in recent years and have improved our understanding of the magnitude and 

the drivers of marine fisheries bycatch at multiple scales and across taxonomic groups. A 

global assessment of the distribution an intensity of sea turtle, marine mammal and 

seabird bycatch concluded that fisheries bycatch of these marine vertebrates is a global 

issue and critical knowledge gaps about the extent and distribution of bycatch abound in 

in many parts of the world (Lewison et al., 2014).  

 

The field DOM has slowly emerged over the last decade as a solutions-based field of study 

that aims to provide actionable spatial management recommendations on where 
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commercial activities should take place based using exogenous conditions (e.g. 

oceanographic parameters or market prices) and the probabilities of encountering non-

target species in space and time (Dunn et al., 2016; Lewison et al., 2015).  As the field of 

DOM continues to grow and inform the spatial management of multi-species fisheries, 

the number of taxa considered in spatial management recommendations should also 

continue to expand. 

 

Fisheries bycatch studies in international waters are generally constrained by the coarse 

spatiotemporal and taxonomic resolution of the high seas’ fisheries bycatch data made 

publicly available by RFMOs. Advancements of marine animal bio-logging technologies 

(Block et al., 2011), remote sensing products to study marine fisheries (Chassot et al., 2011; 

Kacev and Lewison, 2016), numeric environmental niche modeling (Guisan and 

Zimmermann, 2000; Zimmermann et al., 2010) and information about vessel position and 

fishing effort estimates (Kroodsma et al., 2018) are catalyzing our ability to understand the 

spatial patterns of fishing fleet distributions (Crespo et al., 2018; Soykan et al., 2014) and 

potential areas of high bycatch risk (Hazen et al., 2018; Hobday et al., 2011; Howell et al., 

2015; White et al, 2019), thus allowing us to circumvent the challenges posed by the poor 

quality of the data available from RFMOs. 

 

Most DOM studies attempt to provide rules of behavioral change for shipping or fishing 

to reduce the likelihood of interactions between sectoral activities, specifically fishing or 

shipping, and unwanted, threatened of protected species (Dunn et al., 2016; Hazen et al., 
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2018; Maxwell et al., 2015). Predicting the frequency and distribution of bycatch events in 

the open-ocean is particularly challenging given the dynamic nature of both the stressors 

and many of the species that may be impacted. As any other spatial conservation and 

management action that affects the distribution of commercial activities, DOM-based 

spatial management decisions may lead to a displacement of commercial activities that 

have negative effects on the species or habitat in need of protection outside of the 

proposed spatial management area.  

 

The volume of high-resolution data (spatial, temporal and taxonomic) required to develop 

a multi-species DOM plan may be an impediment for the development of these plans for 

most high seas longline fisheries, since international fisheries observers overage for the 

global longline fleet remains low (<5%) and the data is rarely publicly available. While the 

availability of telemetry tracks for many non-target elasmobranch species is improving 

(Queiroz et al, 2019), the spatiotemporal coverage of these tracks does not provide 

consistent seasonal information across species, space and time; this is particularly true in 

the high seas. There are some fisheries, such as the US Pacific pelagic longline fleet based 

out of Hawaii, that have much higher observer coverage rates (20%-100%), which makes 

them potentially viable for the development of a multi-species DOM strategy. The 

resolution of the data collected by such programs may provide a unique opportunity to 

generate knowledge about the spatial ecology of target and non-target species in a region, 

which could then be used to inform broader spatial management strategies in 

international waters. 
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Over the last 10-15 years the Hawaii pelagic longline fishery has adopted significant 

conservation and management measures to reduce the rate of negative interactions with 

seabirds (Gilman et al., 2008), sea turtles (Gilman et al., 2007b), sharks (Walsh et al., 2009) 

and toothed whales (Rabearisoa et al., 2012). In the context of shark management, a shark 

finning ban was established in the early 2000s that also contributed to the reduction in 

shark mortality (Walsh et al., 2009) by this fishery. The analysis presented in this Chapter 

seeks to provide a novel method to develop additional measures to help stakeholders and 

decisionmakers of the Hawaii-based longline fishery to continue working towards an 

ecosystem-approach to fishing which does not compromise the economic viability of the 

fishery. Given the complexities associated with untangling the high rates of co-occurrence 

between the principal target species in the fishery and the main bycatch elasmobranch 

species across fleets and through time (Chapter 4; Figure 32 & Figure 33), I will create a wide 

range of  time-area fisheries closures scenarios based on the oceanographic conditions 

between 2005-2017 that I can then assess using the fisheries observer data from that same 

time period to calculate their theoretical impact. I will identify those scenarios that best 

balance the need to conserve non-target elasmobranchs, while maintaining the main tuna 

and swordfish suitable habitat for harvest open. Through this trade-off scenario-building 

exercise I do not seek to be prescriptive nor argue that the scenarios that I choose are the 

only possible solutions, but rather generate a proof-of-concept of how these tools could 

be used in this fishery, what the expected catch and bycatch reduction estimates would 
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be, how much fishing effort would be displaced and how stable each of these spatial 

management solutions is across years as oceanographic conditions change in the region. 

 

The Hawaii-based longline fishery catches five of the seven principal market species of 

tuna: albacore tuna (Thunnus alalonga; ALB), bigeye tuna (Thunnus obesus; BET), Pacific 

bluefin tuna (Thunnus orientalis), skipjack tuna (Katsuwonus pelamis; SKJ) and yellowfin 

tuna (Thunnus albacares; YFT) (Majkowski et al., 2005), in addition to swordfish (Xiphias 

gladius; SWO) and other commercially viable such as opah (Lampris regius; OPA). The 

fishery plays an important role in the economy of the Pacific archipelago (Campling and 

Havice, 2018). Despite the progress made by managers and stakeholders of this fishery to 

mitigate adverse impacts, the data collected by NOAA’s fisheries observer program 

reports that close to 100 different non-target species have been incidentally caught by the 

Hawaii longline fleet over the years, most of which are either not commercially viable or 

protected and are therefore discarded. While the post-release mortality of some of these 

species may be low, others have higher death rates after being discarded (Musyl and 

Gilman, 2019); this is one of the reasons why spatiotemporal avoidance is a critical step 

towards reducing bycatch mortality. 

 

The concept of pelagic protected areas or fisheries closures capable of responding to the 

changing spatial distribution of wide ranging species is not new (Game et al., 2009; 

Grantham et al., 2008; Hyrenbach et al., 2000). This type of closure has not only been 

suggested as a tool for conservation, but also an approach to spatial management that may 



 

206 

 

increase fishing selectivity (Dunn et al., 2011). Identifying and classifying areas of high 

risk of bycatch, as well as those where the opportunity to increase fishing selectivity are 

not mutually exclusive represents a spatial optimization challenge that relies on accurate 

spatial predictions of species distributions, which in the case of mobile pelagic species, 

also has to be tracked through time. The field of marine spatial planning has grown 

rapidly over the last two decades (Katsanevakis et al., 2011; Kenchington and Day, 2011) 

and has catalyzed the development of now commonly used spatial optimization and 

prioritization algorithms and tools such as Marxan (Ball and Possingham, 2000; 

Possingham et al, 2000) or the prioritizr package in R (Hanson et al, 2020). While these 

spatial optimization tools have predominantly been used for the design of marine 

protected areas and ocean zoning plans in largely static coastal oceans (Ball et al., 2009; 

Makino et al, 2013; Smith, 2009), there is precedent for the use of site optimization tools to 

inform fisheries spatial management (Dunn et al., 2016; Grantham et al., 2008). The 

objective of the Chapter is to explore the extent to which the predicted habitat of non-

target elasmobranch species can be used in tandem with the predicted suitable habitat of 

the main target species within a spatial optimization framework, to identify and classify 

areas of high bycatch risk and low target species catch potential as potential time-area 

fisheries closures in the Hawaii longline fishery. 

 

None of the few pelagic fisheries closures that have been established by tuna RFMOs in 

ABNJ were designed to mitigate the bycatch of non-target species (Dunn et al., 2019). None 

of the closures account for inter-annual changes in the horizontal distribution of the 
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species for which they were designed, and they are all spatially static. While RFMOs 

represent the only official multilateral mechanism to implement conservation and 

management measures for high seas fisheries, individual fishing States and corporate 

actors could modify their fishing behaviors to abate negative impacts where international 

mechanisms fail to do so (Pala, 2009). The development of alternate management paths to 

change the spatial behavior of fleets in the high seas may help circumvent potential 

inefficiencies of RFMOs and also help answer a fundamental question in our pursuit of 

an ecosystem-approach to fisheries in the high seas: should the development and 

implementation of spatial management schemes need to wait for international consensus 

and political will at the RFMO level to begin? It is my opinion that these tools and 

approaches can and should be developed and tested now. Through this Chapter I seek to 

generate actionable information on the areas of high risk of bycatch in the region of the 

high seas where the Hawaii-based longline fishery operates; this region is also fished by 

other industrialized fishing nations, making this knowledge applicable to the broader 

management of tuna and tuna-like species fisheries within the Inter-American Tropical 

Tuna Commission, which is the RFMO within which the Hawaii longline fleets operate. 

 

There is ample evidence of the intra- and inter-annual variability in species distributions 

in the Pacific Ocean, if unaccounted for, fisheries spatial closures may end up displacing 

fishing effort from regions that are inadequate for conservation into areas of higher 

conservation concern. For this reason, I assessed the effect of both contemporaneous and 
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climatological area-based management tools to test which temporal scale may be most 

suitable per each of the fleets throughout the year.  

 

I used the species distribution model outputs from Chapter 5 to parameterize a spatial 

optimization tool prioritizr to create a series of time-area closure scenarios. I tested 

different conservation targets for each species as well as the effect of using 

contemporaneous vs. climatological habitat model predictions to test which approach 

would be most effective in reducing bycatch while minimizing the potential loss of target 

catch. In the case of the shallow-set fleet, the conservation focus was placed on five species 

of bycaught elasmobranch (Prionace glauca; BLU), pelagic stingray (Pteroplatytrygon 

violacea; STG), bigeye thresher shark (Alopias superciliosus; BIG), shortfin mako (Isurus 

oxyrinchus; MAK); and oceanic whitetip shark (Carcharhinus longimanus; OWT). In the 

case of the deep-set fleet, two additional species of elasmobranch caught as bycatch were 

considered in the analysis, silky shark (Carcharhinus falciformis; SLK) and crocodile shark 

(Pseudocarcharias kamoharai; CRO).



 

 

2
0

9 

Table 3: provides information about the taxonomy, conservation status and target status of the 23 species of tuna, billfish, elasmobranch and other 

teleost fish caught in the Hawaii-based longline fishery and assessed in this Chapter. 

COMMON NAME SCIENTIFIC NAME TAXONOMIC 

GROUP 

IUCN RED 

LIST 

STATUS 

TREND POPULATION FLEET TARGET 

STATUS 

ALBACORE TUNA Thunnus alalunga Tuna NT Decreasing Global Both Secondary target 

BIGEYE TUNA Thunnus obesus Tuna VU Decreasing Global Both Primary target 

BIGEYE THRESHER  Alopias superciliosus Pelagic elasmobranch VU Decreasing Global Both Non-target 

BLUE MARLIN Makaira nigricans Billfish VU Decreasing Global Both Secondary target 

BLUE SHARK Prionace glauca Pelagic elasmobranch NT Decreasing Global Both Non-target 

CROCODILE SHARK Pseudocarcharias kamoharai Pelagic elasmobranch LC Increasing Global Deep Non-target 

DOLPHINFISH Coryphaena hippurus Pelagic teleost fish LC Stable Global Both Non-target 

ESCOLAR Lepidocybium flavobrunneum Pelagic teleost fish LC Unknown Global Both Secondary target 

LANCETFISH Alepisaurus ferox Pelagic teleost fish LC Unknown Global Both Non-target 

SHORTFIN MAKO Isurus oxyrinchus Pelagic elasmobranch NT Decreasing NE Pacific Both Non-target 

OPAH Lampris guttatus Pelagic teleost fish LC Unknown Global Both Secondary target 

OCEANIC WHITETIP  Carcharhinus longimanus Pelagic elasmobranch CR Decreasing Global Deep Non-target 

SICKLE POMFRET Taractichthys steindachneri Pelagic teleost fish NA NA NA Both Secondary target 

SAILFISH Istiophorus platypterus Billfish LC Unknown Global Deep Secondary target 

SKIPJACK TUNA Katsuwonus pelamis Tuna LC Stable Global Both Secondary target 

SNAKE MACKEREL   Gempylus serpens Pelagic teleost fish LC Stable Global Both Non-target 

SHORTBILL 

SPEARFISH 

Tetrapturus angustirostris Billfish DD Unknown Global Both Secondary target 

PELAGIC STINGRAY  Pteroplatytrygon violacea Pelagic elasmobranch LC Unknown Global Both Non-target 

STRIPED MARLIN Kajikia audax Billfish NT Decreasing Global Both Secondary target 

SILKY SHARK Carcharhinus falciformis Pelagic elasmobranch VU Decreasing Global Deep Non-target 

SWORDFISH Xiphias gladius Billfish LC Decreasing Global Both Primary target 

WAHOO Acanthocybium solandri  Pelagic teleost fish LC Stable Global Both Secondary target 

YELLOWFIN TUNA Thunnus albacares Tuna NT Decreasing Global Both Secondary target 
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Research objectives, questions and hypotheses 

 

The main research objective of this Chapter is to explore of the habitat modeling output 

of target and non-target pelagic species caught in the Hawaii-based longline fishery 

within a trade-off analysis framework to identify areas within the extent of the fishery 

that, if closed, would result in a reduction of the bycatch rates of non-target elasmobranch 

species without significant negative effects to the fishery by minimizing the magnitude of 

target catch loss. 

 

Research Question 1: Can the habitat suitability layers of target and non-target species be 

used to identify areas where the probability of encounter of non-target species is 

minimized, while maintaining the encounter rates with target species?  

Hypothesis0: The accuracy of the habitat suitability layers is insufficiently accurate 

to identify areas where the rates of encounter with non-target species is lower than 

average without proportionally reducing the catch rates of target species.  

Hypothesis1: It is possible to use habitat suitability layers across target and non-

target taxa to identify areas of lower risk of bycatch that would not lead to a large 

decrease in the catch rates of target species. 
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Data and Methodology  

 

The objective of this analysis is to identify locations within the historic fishing extent of 

the shallow- and deep-set fleets which, if closed to fishing, could reduce the bycatch rate 

of non-target shark species while having the smallest possible impact on the catch rates of 

target species, which are swordfish and bigeye tuna respectively.  In order to find the 

optimum monthly fisheries closure arrangement, I made use of the dynamic habitat 

suitability layers generated in the previous Chapter and used them to parameterize a site 

prioritization algorithm. I tested various bycatch reduction targets for each of the focal 

species which allowed me to generate a wide range of management scenarios that I 

compared to one another in order to find the best tradeoff between the need to reduce 

bycatch of non-target elasmobranch species and maintain the catch rates of targeted tuna 

and billfishes. 

 

Species habitat suitability layers 

 

I decided to place the taxonomic focus of the spatial management scenarios in this analysis 

on pelagic elasmobranchs given the concerning ecological status of these species in 

comparison to other non-target teleost fishes (Table 3) and their role and vulnerability in 

the North Pacific Ocean ecosystem (Kitchell et al, 2002). The creation of future scenarios 

should take place through an appropriate stakeholder consultation process where species 

of conservation concern are identified and ranked. The predicted habitat suitability layers 
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used in the analysis were products of the previous Chapter and included a total of 12 

climatological and 156 contemporaneous monthly predicted layers for each of the 8 

species assessed in the deep-set fleet (BET, BLU, CRO, BIG, OWT, SLK, STG and MAK), 

and a total of 6 climatological and 78 contemporaneous predicted monthly suitable habitat 

layers for the 6 species assessed in the shallow-set fleet (SWO, BLU, BIG, OWT, STG and 

MAK). 

 

Trade-off analysis 

The trade-off analysis was carried our using the ‘prioritizr’ R package, which uses integer 

linear programing (ILP) technique to build and solve the optimization problem. The 

‘prioritizr’ package is a very flexible platform that supports the addition of conservation 

targets, constraints and penalties to customize the trade-off analysis exercise to the needs 

of the user. While this package supports various types of spatial information, including 

polygons, the only layers used were the monthly habitat suitability rasters for each of the 

species of interest. 

 

The first step in designing the trade-off analysis exercise is defining the area of interests 

in space and time. I used a minimum convex hull based on the annual extent of each of 

the fleets to delineate the spatial boundaries and run different optimization problems for 

every month, as I did in Chapter 5. The next step entails identifying two sets of layers: the 

cost data layer, which indicates the relative expenditure associated with managing a 

planning unit within the area of interest, and the conservation (bycatch reduction) features, 
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which could be species or habitats. For the purpose of this Chapter, the cost layer was 

based on the habitat suitability of the main target species. The trade-off analysis problem 

is then assembled based on these spatially-explicit layers of information layers. These 

layers are used to either maximize the number of conservation features or minimize the 

cost of the solution of the objective function. There is an ample range of constraints and 

penalties that can be added to the optimization problem, some of which I explore through 

the creation of various management scenarios. 

 

The conservation features consisted of the habitat suitability maps for each of the five and 

seven species of pelagic elasmobranch in the shallow- and deep-set longline fleets 

respectively, none of which are commercially targeted. I applied a mean probability 

distribution threshold to each of the monthly habitat suitability surfaces for each of the 

species to create binary maps of favorable and unfavorable habitat. Each of the 

conservation features requires a target to be set (i.e. what proportion of the suitable habitat 

is to be included in the prioritization solution). I explored four different scenarios, 

consisting of different proportions of the predicted suitable habitat: 10%, 30%, 50% and a 

weighted scenario, where the proportion of suitable habitat to be included in the final 

solution varied by species based on their IUCN Red List conservation status (Table 3), 

where species of Least Concern were assigned a 10% target, those which are classified as 

Near Threatened were assigned a conservation target of 20%, species classified as 

Vulnerable obtained a 30% conservation target, while the only Critically Endangered 

species, oceanic whitetip sharks, were assigned a conservation target of 50%. 
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In relation to the temporal scales of the time-area closure scenarios, I explore to different 

approaches: 

(i) Climatological closures: the identification of monthly areas of high conservation 

priority based on the average oceanographic conditions in the region between 

2004-2018, which would change intra-annually but not interannually. These 

closure scenarios were built based on the projection of individual species habitat 

suitability models onto multilayer grids of the climatological conditions for every 

month. A total of six and twelve site optimization problems were solved for the 

shallow- and deep-set fleets respectively. 

(ii) Contemporaneous closures: the identification of areas of high conservation 

priority based on the contemporaneous and climatological conditions of specific 

years, which would change both interannually and intra-annually. The 

contemporaneous fisheries closures were based on the projected suitable habitat 

layers obtained for the 156 individual months between 2005-2017 for the deep-set 

fleet, while the shallow-set closure scenarios were based on half the number since 

only the months of November-April were considered. 

Trade-off analysis problems require selecting an objective function that the algorithm will 

work towards. In this case, I assigned all the trade-off analysis scenarios the same objective 

function: a minimum set objective. The ‘min_set_objective’ function dictates how the 

prioritization algorithm selects whether to keep each candidate grid-cell in the final 

solution or not. In this case, the objective will aim to meet all the conservation targets (ser 
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for the non-target elasmobranch species) while minimizing the cost of the solution, which 

is this case is the suitable habitat for swordfish and bigeye tuna. 

 

In certain cases, the site optimization algorithm was able to meet all the conservation 

targets with a zero-cost solution, upon being run again, the algorithm could solve the 

optimization problem, also at zero-cost of target species habitat, but where a different set 

of cells were identified. Since the spatial distribution of the closures would affect the 

bycatch reduction and fishing effort redistribution calculations, I decided to run each 

optimization problem 100 times and only keep those cells that were consistently selected 

in each run.   
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The main objective for each of the approaches is to identify areas of conservation priority 

based on the output of the habitat suitability models of target and non-target pelagics. If 

closed, these areas would have to lead to a reduction in bycatch, while having the smallest 

impact possible on the catchability of target species. Assessing the effectiveness of the 

time-area closures derived from the prioritization analysis is a two-step process: 

1. The catch records for each of the fleets is used to quantify the number of target and 

non-target species that would not have been caught had the closures been in place 

during the specific time period for which they apply. I ranked the effectiveness of 

each closure scenario by calculating the average percent reduction in the number 

of elasmobranch bycaught and subtracting the percent loss of swordfish or bigeye 

tuna catch in the shallow- and deep-set fleets respectively, to identify the 

combination of choice of temporal scale and conservation target that would lead 

to the most optimal arrangement of monthly closures. 

2. The fishing effort displaced due to the time-area closures has to be quantified and 

redistributed throughout the region to calculate the impact of the closures. This 

step required multiplying the displaced effort by the catch per unit effort (CPUE) 

of target and non-target species. I chose to apply a weighted redistribution of 

fishing effort based on the relative intensity of fishing effort in different parts of 

the fished region (i.e. areas with higher fishing intensity are allocated more of the 

redistributed fishing effort). 

 The expected impact of the time-area closures proposed in this analysis are highly 

dependent on the response of the fleet to the new area management regime. Effort 
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displacement or redistribution models vary in their complexity and number of 

assumptions. While an effort displacement model will assume that the only fishing effort 

that must be reallocated is that which is displaced by the closure, effort redistribution 

models assume that all fishing effort is redistributed to a new equilibrium (Powers and 

Abeare, 2009). 
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Figure 58:  schematic of the range of site prioritization scenarios tested in the Chapter. Although a different number of scenarios was created for 

each of the fleets based on their seasonal patterns of activity (Figure 13 & Figure 15), these included both contemporaneous and climatological 

scenarios.
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Results 

The results for this Chapter are presented in the following sequential order, I first provide 

estimates on the proportion of fishing effort that would have been displaced between 

2005-2017 for each of the site optimization scenarios tested (Figure 58). While the range of 

scenarios was later distilled to the ones that would have led to the highest conservation 

impacts, I considered it important to provide a sense of the magnitude of the proposed 

displacement of fishing effort, which did not surpass 32% for any given month and 

averaged 4.7% and 3.9% for the shallow-set and deep-set fleets respectively. I then present 

the set of hypothetical closures that would have led to the most optimal rates of catch and 

bycatch reduction, which I selected based on the largest difference between the predicted 

average reduction of elasmobranch bycatch minus the reduction in the catch of the main 

target species. I limit the focus of the final section of the results to present the predicted 

changes in catch and bycatch rates after having selected the optimal combination of 

conservation targets and temporal scale of the closure from the eight options available for 

every month. The catch and bycatch reduction results for all scenarios are included under 

Appendix IV Tables 1-18.  

 

Direct effects of the contemporaneous and climatological closures 

 

I created monthly contemporaneous closures for each of the fleets between 2005 -2017 by 

projecting each of the species distribution models onto a multilayer grid comprised of the 

15 environmental predictors, four of which reflected the unique contemporaneous 
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oceanographic conditions of every month / year combination. Since I decided to model 

the habitat of the 23 taxa of interest for all 12 months of the year for the deep-set fleet, this 

led to the creation of 156 unique monthly closures (and 3,588 unique species/month/year 

layers) between 2005 – 2017, and a total of 78 closure scenarios (and 1,794 unique 

species/month/year layers) for the shallow-set fleet, for which I only focused on six 

months of the year (January-April and November-December). The number of fisheries 

closure scenarios increases fourfold for each fleet since four different sets of conservation 

targets were tested within the site prioritization algorithm, leading to 624 unique monthly 

fisheries closures for the deep-set fleet and 312 for the shallow-set fleet. I used NMFS 

fisheries observer data to explore how these closures would have impacted (i) fishing 

effort, (ii) target species catch and (iii) non-target species catch for all relevant months 

between 2005-2017 for each fleet.  

 

Then I calculated the average monthly displacement of fishing effort across months and 

conservation targets by extracting the number of longline hooks within each of the 

closures as a proportion of the total fishing effort for that given month. Intuitively,the 

amount of fishing effort that would have been displaced under each conservation target 

scenario is relatively proportional to the increase in the magnitude of the target. In the 

case of shallow-set monthly closures the average displacement of fishing effort across 

months was 1.6%, 4.4%, 6.9% and 4.2% for the 10%, 30%, 50% and weighted conservation 

targets respectively, while the displacement of fishing effort estimates in the deep-set fleet 

were slightly higher, at 2.2%, 2.5%, 10.8% and 3.0% respectively. The largest reduction of 
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fishing effort due to a monthly contemporaneous closure was observed for the months of 

August in the deep-set fleet, where based on fishing records up to 31.4% (Table 4) of the 

fished hooks overlapped with the proposed closures; this number was lower for the 

shallow-set fleet, where 12.6% (Table 5) of fishing effort would have been excluded from 

the region during the month of April. Both of these scenarios were observed in the 50% 

conservation target scenarios; these may not however be necessarily selected as the 

optimal bycatch reduction scenarios.  

Table 4: Estimated proportion of monthly deep-set fishing effort displaced across four different 

contemporaneous closure scenarios (2005-2017). 

 
10% target 30% target 50% target Weighted target 

January 1.4% 1.4% 4.7% 1.4% 

February 0.3% 0.3% 4.7% 0.5% 

March 4.0% 4.0% 26.1% 4.6% 

April 2.6% 2.6% 2.9% 5.3% 

May 0.6% 1.1% 7.1% 1.7% 

June 6.9% 6.9% 28.2% 7.4% 

July 3.2% 3.6% 7.2% 3.2% 

August 2.4% 2.4% 31.4% 2.4% 

September 2.0% 4.0% 13.5% 3.0% 

October 0.4% 0.4% 0.8% 3.5% 

November 2.2% 2.2% 2.2% 2.2% 

December 0.8% 0.8% 0.8% 0.8% 

 

Table 5: Estimated proportion of monthly shallow-set fishing effort displaced across four 

different contemporaneous closure scenarios (2005-2017). 

 
10% target 30% target 50% target Weighted target 

January 1.0% 8.0% 11.1% 6.9% 

February 0.5% 4.3% 4.3% 2.2% 

March 2.7% 6.6% 9.1% 6.0% 

April 1.6% 2.9% 12.6% 2.4% 

November 1.3% 1.2% 1.9% 4.9% 

December 2.4% 2.6% 3.7% 2.7% 
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I created each of the climatological closure scenarios by projecting the environmental 

niche models for the 23 taxa of interest onto the climatological surfaces of each of the 

oceanographic predictors, in addition to the static physiographic variables which didn’t 

require temporal averaging. The number of climatological closure scenarios was far lower 

than that of the contemporaneous closures, since the four conservation targets in the 

prioritization algorithm were permutated across 12 monthly scenarios for the deep-set 

fleet and six for the shallow-set fleet, resulting in a total of 48 and 24 climatological closure 

scenarios respectively.  The results for the estimated displacement of fishing effort on each 

of the months between 2005-2017 was calculated the same way as with the 

contemporaneous closures. The largest amount of fishing effort reduction due to the 

monthly climatological closures for the shallow set was observed for the month of 

December (16.4%), while the maximum amount of displaced fishing effort in the deep-set 

was observed in August (31.3%), as was the case with the contemporaneous closures. As 

observed with the contemporaneous closures, the average displacement of fishing effort 

across months for each of the conservation targets increases as the magnitude of the target 

increases: 3.45%, 7.03%, 6.15% and 4.43% average fishing effort displacement for the 

shallow-set across the 10% target, 30% target, 50% target and weighted targets 

respectively, while the fishing effort displacement for the deep-set fleet across 

conservation targets were 1.15%, 1.30%, 3.20% and 1.15% respectively.  
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Table 6: Estimated proportion of monthly shallow-set fishing effort displaced across four 

different climatological closure scenarios (2005-2017). 

 
10% target 30% target 50% target Weighted target 

January 3.0% 12.8% 12.8% 2.1% 

February 1.3% 1.6% 1.6% 1.7% 

March 4.7% 5.6% 6.1% 6.1% 

April 3.6% 3.7% 3.7% 3.7% 

November 0.7% 2.1% 5.2% 4.8% 

December 7.4% 7.5% 16.4% 8.2% 

 

Table 7: Estimated proportion of monthly deep-set fishing effort displaced across four different 

climatological closure scenarios (2005-2017).  

 
10% target 30% target 50% target Weighted target 

January 2.0% 2.0% 2.0% 2.0% 

February 0.3% 0.6% 4.4% 0.3% 

March 2.6% 2.6% 4.1% 2.6% 

April 2.2% 2.2% 2.2% 2.2% 

May 1.6% 1.6% 13.2% 1.6% 

June 6.9% 6.9% 7.6% 7.5% 

July 4.2% 4.2% 4.2% 4.2% 

August 2.0% 2.0% 31.3% 2.0% 

September 2.1% 2.1% 6.0% 2.1% 

October 0.3% 0.3% 1.7% 0.3% 

November 1.8% 1.8% 1.8% 1.8% 

December 0.7% 0.7% 0.7% 0.7% 

 

These results show that contemporaneous closures would have displaced more fishing 

effort than the climatological closures in the case of the deep-set fleet, while on average 

the contemporaneous closures displaced less fishing effort in the shallow-set than the 

climatological closures. Expectedly, all scenarios (with the exception of 30% target 

climatological closures in the shallow-set fleet) led to larger displacements of fishing effort 

and larger reductions in catch and bycatch across target and elasmobranch species the 

higher the conservation target (Table 8 & Table 9).
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Table 8: annual average reduction in the fishing effort, catch and bycatch of species in the shallow-set longline fleet across each of the four 

conservation targets tested in climatological and contemporaneous time-area closures. With the exception of 30% conservation targets in 

climatological closures, all other scenarios led to higher displacements of fishing effort as well as larger reductions in catch and bycatch with higher 

targets. The average decline of swordfish catch across scenarios was 4.2% while the average decline of elasmobranch bycatch across taxa was 5.8%. 
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CLIM 

10% target 

2.4 3.0 3.2 2.7 1.5 14.0 2.2 4.4 4.8 5.9 5.3 2.3 3.3 4.8 2.9 4.8 3.4 1.6 1.6 0.8 3.44% 2.91 5.03 2.12 

CLIM 

30% target 

3.2 4.8 5.1 4.5 3.7 16.4 7.6 6.9 8.6 11.0 7.7 4.4 4.2 7.8 5.4 8.7 6.0 3.3 3.5 2.3 6.14% 5.35 8.39 3.04 

CLIM 

50% target 

3.1 5.7 5.2 5.3 4.1 18.4 9.8 7.7 9.5 11.0 8.6 5.0 4.0 8.2 5.9 10.7 6.2 3.3 3.2 2.3 7.02% 5.86 9.01 3.15 

CLIM 

WEIGHTED 

2.8 3.5 4.4 3.9 2.1 12.8 3.6 5.9 5.6 7.0 5.4 3.0 3.6 4.6 3.6 5.8 4.2 2.1 2.4 1.5 4.42% 3.60 5.71 2.11 

CONT 

10% target 

0.9 1.3 1.4 1.5 0.9 2.6 1.2 1.3 2.7 0.0 1.9 2.3 1.2 1.3 1.0 2.3 1.5 2.4 2.8 1.6 1.58% 1.01 1.43 0.42 

CONT 

30% target 

3.2 5.9 4.7 4.6 3.8 4.8 5.2 3.7 6.9 5.9 4.9 5.4 4.8 5.0 4.4 5.5 4.6 7.2 5.2 4.1 4.44% 4.40 5.27 0.87 

CONT 

50% target 

9.7 8.5 7.6 9.3 7.4 6.7 7.0 4.7 9.3 10.1 6.7 8.4 8.1 6.6 7.0 6.5 7.8 9.0 6.4 9.0 6.93% 7.02 7.48 0.46 

CONT 

WEIGHTED 

2.8 5.2 4.3 3.5 3.7 3.9 3.2 4.8 6.0 0.1 4.7 8.8 5.5 3.0 3.5 4.6 4.7 8.8 7.1 5.2 4.19% 3.45 3.70 0.25 
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Figure 59: estimated percent reduction in swordfish catch and elasmobranch mortality in the Hawaii shallow-set fleet based on the optimal 

spatiotemporal closures for each month (A). Seasonality of the average reduction in elasmobranch mortality and catch of swordfish in the shallow-

set fleet (B).
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Table 9: annual average reduction in the fishing effort, catch and bycatch of species in the deep-set longline fleet across each of the four conservation 

targets tested in climatological and contemporaneous time-area closures. All other scenarios led to higher displacements of fishing effort as well as 

larger reductions in catch and bycatch with higher conservation targets. The average decline of bigeye tuna catch across scenarios was 3.7% while 

the average decline of elasmobranch bycatch across taxa was 6.3%. 
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CLIM 

10% target 
1.7 1.6 2.4 2.5 3.2 2.7 2.8 4.4 5.1 2.7 3.0 5.2 3.8 8.2 2.1 2.0 3.1 2.9 1.8 1.1 1.8 1.9 3.3 2.2 4.4 3.3 

CLIM 

30% target 
1.7 1.6 2.4 2.5 3.2 2.8 2.8 4.4 5.1 2.7 3.0 5.2 3.8 8.2 2.1 2.0 3.1 2.9 1.8 1.1 1.8 1.9 3.3 2.3 4.5 3.3 

CLIM 

50% target 
11.0 9.2 10.0 12.5 10.7 12.2 11.4 11.0 11.4 9.3 12.0 11.8 10.6 15.0 7.5 11.7 10.0 12.5 15.8 9.5 10.4 8.6 12.9 6.6 11.4 2.0 

CLIM 

weighted 
1.7 1.6 2.4 2.7 3.2 2.8 3.0 4.5 5.3 2.8 3.1 5.5 3.8 8.3 2.1 2.0 3.2 2.9 1.9 1.2 1.8 1.9 3.3 2.3 4.6 3.4 

CONT 

10% target 
1.5 1.6 2.3 2.3 2.9 2.5 2.6 4.2 6.5 2.6 2.5 3.8 3.6 6.8 2.1 2.0 2.8 2.7 1.4 1.1 1.6 1.7 3.0 2.2 4.1 3.0 

CONT 

30% target 
2.2 1.9 3.0 2.5 3.1 3.1 2.8 4.5 6.6 2.7 2.5 4.0 4.2 6.8 2.3 2.1 3.1 2.9 1.4 1.4 1.8 1.7 3.1 2.5 4.3 2.9 

CONT 

50% target 
13.7 12.0 14.0 12.6 12.3 15.6 13.8 13.0 13.0 11.4 13.0 10.2 14.3 12.0 9.6 12.0 12.0 14.5 11.0 12.4 9.1 9.4 12.9 10.8 12.2 -0.2 

CONT 

weighted 
1.9 2.4 2.8 3.7 3.5 3.0 3.5 4.8 7.8 3.4 3.7 5.2 4.3 7.7 2.7 2.8 3.7 3.3 1.8 1.7 2.4 2.4 4.0 3.0 5.1 3.5 
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Figure 60: estimated percent reduction in bigeye tuna catch and elasmobranch mortality in the Hawaii deep-set fleet based on the optimal 

spatiotemporal closures for each month (A). Seasonality of the average reduction in elasmobranch mortality and catch of bigeye tuna in the deep-

set fleet (B). 
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Evaluating the effects of redistributing longline fishing effort  

 

The bycatch reduction estimate results presented in Figure 59 & Figure 60 demonstrate that 

the methodological approach presented in this Chapter can successfully identify time and 

locations of high bycatch probability which, if closed to fishing, would result in relatively 

low decreases in the catch rates of target species.  However, this form of management will 

likely not reduce the overall amount of effort in the fishery, but rather, it will displace it 

to other parts of the region; the displacement of fishing effort due to the establishment of 

spatial management measures is an active area of research, particularly for marine 

protected areas in the coastal ocean (Greenstreet et al., 2009; Stevenson et al., 2013; 

Vaughan, 2017). The effects of displaced fishing effort have been studied mostly in the 

context of ecological impacts, but may also have real or even perceived socio-economic 

impacts (Stevenson et al., 2013). The following analysis does not address the sociological 

effects if fishing effort displacement, but rather focuses on estimating the potential 

impacts on the catch rates of different target and non-target species, which have ecological 

and potentially economic consequences. 

The catch redistribution analysis revealed that larger spatial conservation targets may not 

always lead to better conservation outcomes. Three of the elasmobranch conservation 

targets (10%, 30% and 50%) revealed that smaller (10% or 30%) conservation targets, 

which displace less fishing effort (Table 8 & Table 9) may lead to higher overall bycatch 

reduction than the higher target (50%) across both the shallow-set  (Figure 61 & Figure 62) 

and the deep-set (Figure 63 & Figure 64) longline fleets. 
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Figure 61: Expected change in the catch (%) of the five main elasmobranch bycatch species caught 

in the shallow-set longline fleet across three conservation targets (10%, 30%, 50%) after 

redistributing fishing effort based on climatological time-area closures. Reductions in overall 

elasmobranch bycatch were observed across all species and conservation targets. 

 

Figure 62: Expected change in the catch (%) of the five main elasmobranch bycatch species caught 

in the shallow-set longline fleet across three conservation targets (10%, 30%, 50%) after 

redistributing fishing effort based on contemporaneous time-area closures. Reductions in overall 

elasmobranch bycatch were only observed for blue sharks across conservation targets, while the 

other species showed mixed results or average increases in overall bycatch. 
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Figure 63: Expected change in the catch (%) of the five main elasmobranch bycatch species caught 

in the deep-set longline fleet across three conservation targets (10%, 30%, 50%) after redistributing 

fishing effort based on climatological time-area closures. Reductions in overall elasmobranch 

bycatch were observed for most species across conservation targets, while the 50% targets led to 

theoretical increases in the bycatch of shortfin mako, crocodile, bigeye thresher and blue sharks. 

 

Figure 64: Expected change in the catch (%) of the five main elasmobranch bycatch species caught 

in the deep-set longline fleet across three conservation targets (10%, 30%, 50%) after redistributing 

fishing effort based on climatological time-area closures. Reductions in overall elasmobranch 

bycatch were observed for most species across conservation targets, overall bycatch increases were 

estimated blue sharks, and bigeye thresher sharks at a 50% target and crocodile sharks with a 30% 

conservation target. 
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Figures 61 to 78 represent the best-case scenarios for each of the modeled months in the 

shallow-set and deep-set fleets after recalculating the amount of catch and bycatch that 

would have been prevented for each month between 2005-2017. I calculated the new catch 

estimates by multiplying the CPUE of each cell that was not included in the solution by 

an amount of displaced fishing effort proportional to the relative amount if fishing effort 

in that cell.  Figures 61-66 show the catch and bycatch reconstruction based on the fisheries 

closures chosen for the months of November-April in the shallow-set fleet, while figures 

67-78 show the same information for the closures established for the 12 months modeled 

for the deep-set fleet. 

 

 

 
Figure 65: optimal prioritization arrangement for spatial fisheries closures in the shallow-set fleet 

in January, consisting on climatological closures with a conservation target of 50% of elasmobranch 

habitat. 
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Figure 66: optimal prioritization arrangement for spatial fisheries closures in the shallow-set fleet 

in February, consisting on climatological closures with a weighted conservation targets for 

elasmobranch habitat. 

 
Figure 67: optimal prioritization arrangement for spatial fisheries closures in the shallow-set fleet 

in March, consisting on contemporaneous closures with a conservation target of 50% of 

elasmobranch habitat. 

 
Figure 68: optimal prioritization arrangement for spatial fisheries closures in the shallow-set fleet 

in April, consisting on climatological closures with a conservation target of 30% of elasmobranch 

habitat. 
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Figure 69: optimal prioritization arrangement for spatial fisheries closures in the shallow-set fleet 

in November, consisting on climatological closures with weighted conservation targets for 

elasmobranch habitat. 

 
Figure 70: optimal prioritization arrangement for spatial fisheries closures in the shallow-set fleet 

in December, consisting on climatological closures with a conservation target of 30% of 

elasmobranch habitat. 

 

 

The six monthly time-area closure scenarios selected for the shallow-set fleet are split 

between three contemporaneous closures (November, December and March) and three 

time-area closures based on the climatological predictions of species’ habitat (January, 

February and April). The mean change in the catch rates of swordfish remained stable at 

zero or slightly above it (Figure 65). 
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Figure 71: optimal prioritization arrangement for spatial fisheries closures in the deep-set fleet in 

January, consisting on climatological closures with a conservation target of 10% of elasmobranch 

habitat. 

 
Figure 72: optimal prioritization arrangement for spatial fisheries closures in the deep-set fleet in 

February, consisting on contemporaneous closures with a conservation target of 50% of 

elasmobranch habitat. 

 

 
Figure 73: optimal prioritization arrangement for spatial fisheries closures in the deep-set fleet in 

March, consisting on contemporaneous closures with a conservation target of 50% of elasmobranch 

habitat. 
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Figure 74: optimal prioritization arrangement for spatial fisheries closures in the deep-set fleet in 

April, consisting on contemporaneous closures with weighted conservation targets for 

elasmobranch habitat. 

 

 
Figure 75: optimal prioritization arrangement for spatial fisheries closures in the deep-set fleet in 

May, consisting on climatological closures with a conservation target of 50% of elasmobranch 

habitat. 

 

 
Figure 76: optimal prioritization arrangement for spatial fisheries closures in the deep-set fleet in 

June, consisting on contemporaneous closures with a conservation target of 50% of elasmobranch 

habitat. 
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Figure 77: optimal prioritization arrangement for spatial fisheries closures in the deep-set fleet in 

July, consisting on contemporaneous closures with weighted conservation targets for 

elasmobranch habitat. 

 

 
Figure 78: optimal prioritization arrangement for spatial fisheries closures in the deep-set fleet in 

August, consisting on contemporaneous closures with weighted conservation targets for 

elasmobranch habitat. 

 

 
Figure 79: optimal prioritization arrangement for spatial fisheries closures in the deep-set fleet in 

September, consisting on climatological closures with weighted conservation targets for 

elasmobranch habitat. 
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Figure 80: optimal prioritization arrangement for spatial fisheries closures in the deep-set fleet in 

October, consisting on climatological closures with weighted conservation targets for 

elasmobranch habitat. 

 

 
Figure 81: optimal prioritization arrangement for spatial fisheries closures in the deep-set fleet in 

November, consisting on contemporaneous closures with weighted conservation targets for 

elasmobranch habitat. 

 

 
Figure 82: optimal prioritization arrangement for spatial fisheries closures in the deep-set fleet in 

December, consisting on climatological closures with weighted conservation targets for 

elasmobranch habitat. 
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Discussion 

 

 

The high incidental bycatch rates of non-target elasmobranchs in pelagic fisheries has 

raised concerns about the ecological status of many species (Dulvy et al., 2014, 2008; 

Fowler, 2014), as well as the indirect ecological effects of their population declines on the 

stability of biological communities (Ferretti et al., 2010; Heithaus et al., 2008). The three 

most popular approaches to mitigate shark bycatch mortality have taken the form of 

changes in (1) the hook type, (2) leader type and (3) improving handling practices 

(Patterson et al., 2014; Poisson et al., 2014). These three forms of mitigation to reduce the 

bycatch mortality rates of sharks are captured in steps 2 and 3 of Figure 58. These steps 

toward the mitigating bycatch mortality can be thought of as forming part of an adaptive 

management strategy (Walters, 2007) since they are a deliberate large scale experiment 

where different methodologies are planned, tested, evaluated and adjusted. Mitigation is 

a form of management intended to reduce the magnitude of a negative effect that may be 

hard to avoid. Through this research, I suggest that all bycatch mortality mitigation 

strategies should be preceded by a bycatch avoidance step in the form of deliberate 

choices of fishing habitat based on our understanding of the spatial ecology of three main 

groups: target species, non-target species and the fishing industry (Figure 9 & Figure 83). 

Other studies have presented similar conceptual frameworks explaining the decision-

making processes that lead to shark mortality (Booth et al., 2019), which place avoidance 

(e.g. fisheries closures, depth restrictions, fishing seasons (Milner-Gulland et al., 2018)) as 
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the first step in a sequential strategy that later includes minimization, remediation and 

compensation of capture mortality. Through this Chapter, I approach the bycatch 

avoidance challenge as a trade-off analysis problem that requires reliable information on 

the spatiotemporal distribution of species of conservation and economic interest and a 

series of priorities that should be derived from societal and stakeholder consultation, 

something which I did not have the chance to do as part of my research.  

 

 

 
Figure 83: conceptual Venn diagram illustrating the three potential spatial overlap scenarios 

between human anthropogenic stressors (i.e. fisheries), target biodiversity (i.e. species of 

commercial interest) and non-target biodiversity (i.e. bycatch species). Scenario A, where the 

fishing sector exclusively overlaps with target biodiversity, scenario B where the fishing sector 

overlaps with both target and non-target biodiversity and scenario C, where the fishing fleet 

overlaps exclusively with non-target biodiversity.  

 

 

While there are examples of highly targeted, single-species fisheries that overlap 

exclusively with target biodiversity (Figure 83 A), most fisheries, and particularly longline 
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fishing, overlap with a wide range of non-target species as well. Fishing communities 

clearly hold enough knowledge about the spatial ecology, phenology and behavior of 

marine biodiversity to avoid overlapping exclusively with non-target species and finding 

species of commercial or subsistence interest frequently enough to make the fishing 

operations viable. Humans have only recently ventured into the open-ocean and we are 

still testing different strategies to maximize the catch rates of species of economic interest, 

the high seas fishing fleet is able to avoid fishing in areas where they would only 

encounter non-target species, the magnitude of the bycatch rates in high seas fisheries is 

high (Huang, 2011), though hard to verify given the opaqueness and limitations of the 

publicly available data. Unfortunately, given the unique governance framework in the 

high seas, which guarantees the freedom to fish even in regions where there is no 

overarching management authority, lacks the legal or economic incentive structures to 

minimize the impacts of commercial fisheries on open-ocean ecosystems. The results 

presented in this Chapter suggest that the economic loss due to decrease in the catch rates 

of target species would be minimal (Table 8 & Table 9) and that the redistribution of 

fishing effort due to these closures would not have diminished the overall catch of 

swordfish in the shallow-set fleet, nor bigeye tuna in the deep-set fleet, and during certain 

months may have even led to slight increases in CPUE (Figure 74). There is evidence of 

spatial management closures leading to increases in the catch rate of adjacent fisheries 

(Roberts et al., 2001) and a recent study demonstrated that the establishment and 

expansion of U.S. National Marine Monuments in the Pacific Ocean, including the 

Hawaiian archipelago, did not negatively affect the catch rates of the main target species 
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in the fishery, although some effects were seen on the catch of dolphinfish and sickle 

pomfrets (Lynham et al., 2020). The mechanisms that lead to increases in CPUE outside 

dynamic time-area closures and coastal MPAs is quite different however, while MPAs 

may increase the overall biomass of species within the boundaries of the protected area 

(Goñi et al., 2010; Harmelin-Vivien et al., 2008; Lester and Halpern, 2008), which then 

spillover into the area of operation of adjacent fisheries, dynamic closures may have a 

positive effect on CPUE rates of target species by directing the fleet to areas with a higher 

probability of encountering suitable habitat for the species of interest. 

 

In recent years there has been a push by the international community to establish so-called 

‘very large MPAs’ (Wilhelm et al., 2014), which has in part been driven by the imminent 

deadline of the Convention on Biological Diversity Aichi Target 11 to protect at least 10% 

of coastal and marine areas by 2020 (https://www.cbd.int/aichi-targets/target/11). Their 

establishment has led to significant skepticism and controversy about their effectiveness 

and conservation value (Singleton and Roberts, 2014), although there is evidence that their 

large size may provide protection to certain taxonomic groups in the face of climate 

change (Davies et al., 2017). In the context of this Chapter, the question of the net-effects 

of time-area closure size (determined by the magnitude of the conservation targets set in 

the prioritizr algorithm) is one that has different answers depending on the assumptions 

made regarding the fishing effort that is affected via the closure. Overall, we see how 

setting higher conservation targets for elasmobranch species leads to larger time area 

closures, which displace more fishing effort and reduce more bycatch of elasmobranch 
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species, making the ‘gross-impact’ positive. However, after applying a weighted 

redistribution to the displaced fishing effort, I find that larger time-area closures which 

displace more fishing effort may lead to less desirable net impacts on the bycatch rates of 

elasmobranch species, this is particularly the case in the deep-set fleet (Figure 62 & Figure 

63), for which 50% conservation targets across the elasmobranch species led to smaller 

declines in overall recalculated shark bycatch or even slight increases in the case of blue 

sharks and bigeye thresher sharks. These results demonstrate that increasing the 

specificity of the time-area closures by selecting the optimal combination of spatial extent 

and temporal resolution is more important than closing the largest area possible, as these 

may redistribute large amounts of longline fishing effort to areas where the bycatch risk 

is higher for some species. 

 

None of the spatial management scenarios presented in this Chapter lead to decreases in 

the catch rates on only non-target elasmobranch species, which inevitably means that 

trade-offs have to be made across taxa to determine what the best cost-benefit scenario is 

for each particular fleet. While the scenarios I present were designed to maximize the 

conservation benefits of elasmobranchs, which have experience particularly high declines 

in abundance in the North Pacific Ocean (Polovina et al., 2009; Sibert et al., 2006) that have 

changed the composition of the biological community in the region, the different 

stakeholder groups of the Hawaii longline fishery may have a different perception of the 

species that should be prioritized and the spatial management scenarios that are most 
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optimal and should be consulted appropriately before any steps towards implementation 

were to take place.  

 

Results show that the spatiotemporal modeling and optimization approach presented in 

this Chapter was capable of identifying areas of high bycatch probability for non-target 

elasmobranchs during some months better than for others.  In the case of the shallow-set 

fleet, the only months for which this approach shows promise based on the effort 

reconstruction approach chosen were January, March, November and December. The 

time-area closure scenarios chosen for the months of January (Figure 65) and March 

(Figure 67) show promising results for the conservation of oceanic whitetips sharks at 

apparent little to no cost of the catch of swordfish. In the case of the month of January, the 

catch of wahoo, a notable secondary target species caught by the fleet, would experience 

changes in catch oscillating +10% to -50%, with a net average decease of ~20%, which is 

similar to the expected reduction in the bycatch of oceanic whitetips. In the case of the 

month of November, the average catch of all primary and secondary target species does 

fall below the mean, while the expected bycatch of blue sharks would decrease by up to 

25% during certain years, with an inter-annual average just below 5% (Figure 69). In the 

case of the month of December, the reconstructed catch of swordfish remains positive, 

while some years show steep declines in the bycatch of bigeye thresher sharks (Figure 70). 

 

The reconstructed catch and bycatch estimates for the scenarios selected for the deep-set 

fleet vary more significantly across taxonomic groups and would require making more 
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conscious trade-offs across species. Some of the monthly scenarios, namely April (Figure 

74) and July (Figure 77) showed promising increases in the reconstructed catch rates of 

bigeye tuna, which could indirectly lead to further decreases in bycatch by allowing the 

fleet to catch their bigeye tuna quota and return to port faster, reducing operational costs, 

effort and potential bycatch. Like the shallow-set fleet, the proposed approach to identify 

time-area closures to reduce elasmobranch bycatch in the deep-set fleet showed more 

promise for some months of the year, namely: January, February, April, May, June, 

August, September, October and November; though most of the scenarios require making 

trade-offs across some target and non-target species that should be considered carefully. 

For the other the months, the average reduction in bycatch was either not meaningful 

enough, or there was too much inter-annual variability in the bycatch reconstruction 

estimates. 

 

The redistribution of fishing effort based on the 10% target climatological closures in the 

month of January would take place to locations that would allow for the catch and bycatch 

rates of most species to remain stable. During some years, however, the reduction in the 

bycatch of bigeye thresher was larger than 10% and that of oceanic whitetip sharks 

surpassed 20% reduction, though the statistical mean change for these two species over 

the 2005-2017 time series remained at around zero (Figure 71). The scenario for the month 

of February, which consisted on contemporaneous closures, showed more inter-annual 

variability for the changes in bycatch of non-target shark species, but showed promising 

declines in the estimated catch of oceanic whitetips, mako sharks and more clearly silky 
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sharks (Figure 72). The reconstructed bycatch estimates for oceanic whitetips and bigeye 

thresher sharks during the month of April (Figure 74) are not promising, however, there 

could be consistent reductions in the catch of shortfin mako and net increases in the catch 

of albacore, yellowfin and bigeye tunas, which could lead to a reduction of fishing effort 

if the quotas for those species are met faster. The time-area closure scenario for the month 

of May was based on climatological closures and could lead to reductions in the catch 

rates of oceanic whitetips and silky sharks, although average increases in crocodile sharks 

and makos were also predicted; this month is a good example of the types of taxonomic 

trade-offs that would have to be considered. This is also the case for the month of June, 

where significant decreases in the bycatch of oceanic whitetips were estimated (Figure 76), 

but species like crocodile sharks or silky sharks may experience increases in catch rates 

during that month. The scenario for the month of August, which was based on weighted 

contemporaneous closures, shows positive results for oceanic whitetip sharks and silky 

sharks for many of the years in the time series, and small variability in the catch rates of 

bigeye tuna. Similarly to August, the month of September, which is also based on 

weighted conservation targets,  shows stability in the catch of bigeye tuna, but very 

promising estimates of bycatch declines for bigeye thresher, crocodile shark, oceanic 

whitetips and silky sharks during various years in the time series. Like September, the 

scenario in the month of October was also based on climatological closures designed with 

weighted conservation targets and also showed no net change in the catch of bigeye tuna, 

while the bycatch reconstruction estimates for various years showed declines in the 

potential bycatch of bigeye thresher sharks, oceanic whitetips and silky sharks. Finally, 
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none of the reconstructed months of November showed decreases for the catch of bigeye 

tuna, while some years recorded declines of silky sharks, bigeye thresher sharks and 

crocodile sharks as high as ~5%, ~10% and ~23% respectively. Interestingly, the months 

for which the expected reductions in the bycatch of certain elasmobranch species seem to 

coincide with the months for which the correlation coefficient between that species and 

the main target species of the fleet were among the lowest, e.g. oceanic whitetip sharks 

caught in the deep set fleet in June (Figure 33 & Figure 76) or blue sharks caught in the 

shallow-set fleet during the month of November (Figure 32 & Figure 69), which suggests 

that it is during these months, where the correlation coefficient between target and 

bycatch species is lowest, that the environmental niches between them can be teased apart 

spatially. 

 

The main findings of this Chapter are threefold: (1) the use of species distribution model 

results for multiple target and non-target pelagic species can be used to design spatial 

closure scenarios which lead to proportionally higher reductions in the bycatch of non-

target species than the relative loss of catch of principal target species; (2) the most optimal 

set of time-areas fisheries closures for the Hawaii-based longline fishery would likely 

include closures across contemporaneous and climatological temporal scales and may not 

lead to the creation of spatial closures for every month of the year due to the higher 

uncertainty rates observed for some months & (3) the spatial management of multi-species 

fisheries will inevitably lead to taxonomic trade-offs which should be evaluated and 
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ranked through comprehensive consultation process across stakeholder groups who are 

informed about the ecological and economic consequences of each scenario.  

The time-area closures analysis presented in this Chapter represent a novel example of a 

DOM for the reduction of elasmobranch bycatch in areas beyond national jurisdiction 

(Dunn et al., 2019). These findings may help pave the way for a more proactive 

precautionary approach to elasmobranch bycatch avoidance in the region and for tuna 

RFMOs at large. While the results from the catch and bycatch reconstruction analysis do 

not support time-area closures for all of the months assessed, this methodological 

approach showed promising, consistent bycatch reduction estimates for certain months 

of the year. More work is required to understand the inter-annual variability in bycatch 

reconstruction observed during certain months of the year. The catch reconstruction 

estimates presented in this Chapter were based on one approach to redistributing fishing 

effort from the proposed closed areas, while a weighted redistribution approach is 

convincing, the redistribution of fishing effort by each of the fleets may look quite 

different and could lead to the opening of new fishing grounds for which we cannot use 

the CPUE estimates to reconstruct their theoretical impacts.  

 

The elasmobranch bycatch reduction results obtained before calculating the redistribution 

of fishing effort (Figure 59 & Figure 60), show more clearly that relatively small losses in 

the catch of target species could result in substantial reductions in the catch rates of pelagic 

elasmobranchs as high as 19% for certain months of the year (Figure 59 B). The average 
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monthly fishing effort reductions required would be 6.2% in the case of the shallow-set 

fleet and 4.0% for the deep-set fleet. 

 

The implementation of the closures based on climatological projections of the 

distributions of target and non-target species would be relatively straight forward as past 

oceanographic conditions could be used to project the models. In the case of the 

contemporaneous closures, the path to their implementation would be more complex and 

would rely on estimates of future oceanographic conditions, something that groups like 

the Princeton Geophysical Fluid Dynamics Laboratory (GFDL) is accomplishing for 

variables such as sea surface temperature anomalies through the use of coupled general 

circulation models (CGCM) (Song et al., 2008). Future work may also explore the use of 

current monthly conditions to determine the location of closures into the future (Hobday 

et al., 2010). 
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Chapter VII: Conclusion 

 

Enhancing an ecosystem approach to high seas fisheries management will not only 

require building and implementing new management tools and frameworks, but also re-

evaluating the fitness of purpose of tools that are already being implemented. The 

theoretical and methodological contributions in this dissertation are intended to help 

inform potential changes in the scope of the current governance structures targeting 

ecosystem approaches to marine fisheries management and define the role of new ones 

(i.e. BBNJ). In terms of the methodological contributions, these new approaches may help 

management agencies embrace a more precautionary approach to bycatch management 

by rethinking the design and implementation of spatial management in multi-species 

fisheries. 

The existing and upcoming governance and management structures responsible for 

delivering an ecosystem-approach to high seas fisheries management must be able to 

assimilate and act upon new knowledge on the composition, distribution and dynamics 

of high seas species and ecosystems efficiently and apolitically. 

 

Chapter 2 is the first review of impacts of fisheries on open-ocean ecosystems, and will 

stand as a seminal contribution to our understanding of fisheries impacts in general. The 

relevance of Chapter 2 for overarching topic of enhancing an ecosystem approach to high 

seas fisheries management is twofold. Firstly, it demonstrates that decades of commercial 

fishing in the open-ocean have had a tangible impact on the abundance, population 
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structure and average body size of target and non-target species, as well as the 

composition of biological communities and overall diversity of nektonic communities. 

This reinforces the need for a holistic approach to fisheries management that attempts to 

avoid and mitigate negative impacts of high seas commercial fisheries across ecological 

scales. Secondly, the literature review suggests that the ecological impacts of commercial 

fisheries on open-ocean ecosystems are largely focused on the trophic levels immediately 

associated with the main catch and bycatch species and do not cascade to the primary 

producers and primary consumers in open-ocean ecosystems; although this may not be 

the case in polar ecosystems (e.g. Southern Ocean), where there are active fisheries for 

macroplankton, which are at the base of the food-chain (Schiermeier, 2010).  

 

Through the third Chapter, I demonstrate that 70 years after the start of industrialized 

fishing in the open-ocean, high seas fishing nations and the RFMOs that they are part of 

have failed to generate substantial knowledge on the relative abundance of a vast majority 

of the species that comprise fish biodiversity in the high seas, let alone all other taxonomic 

groups that are impacted directly or indirectly. Through this Chapter, I demonstrate how 

most of the efforts to monitor the abundance of fish species in the high seas have been 

focused on species of commercial interest, while the ecological status most bycaught 

species remains unknown. These findings raise questions about the current taxonomic 

mandates of RFMOs and the possibilities for a new BBNJ treaty to complement existing 

efforts.  Some may argue that monitoring the entirety of species that may be directly or 

indirectly impacted by fishing in the high seas is beyond the scope of what RFMOs and 
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their member States are required to do. However, two things are clear: (1) the current 

mandate of these organizations under the UNFSA calls for monitoring target stocks as 

well as species associated or dependent species or species belonging to the same 

ecosystems and (2) various national delegations engaged in the ongoing negotiations for 

a new BBNJ legally binding instrument have reinforced that the new treaty should not 

undermine existing bodies, implying that monitoring of fish biodiversity is exclusively 

under the purview of the UNFSA and RFMOs. Since it is clear that RFMOs have focused 

on generating knowledge on the primary target species and some of the main non-target 

species within their jurisdiction, and that it is improbable that they will generate 

knowledge on the ecological status of all ‘species belonging to the same ecosystem’ as 

targeted stocks, I suggest that streamlining the taxonomic mandate of the UNFSA and 

RFMOs will be the only way to make progress in the current deadlock situation. RFMOs 

should delineate and streamline their taxonomic mandate to only include those species 

which they will be responsible for monitoring and managing; this would allow for the 

new UN BBNJ treaty and the resulting Conference of the Parties (COP) to adopt the 

necessary measures to monitor the trajectories of all other non-target biodiversity in the 

face of cumulative impacts and climate change. 

 

Through Chapters 4 and 5, I generated a methodological approach to predict the spatial 

distribution oceanic fishing fleets, target biodiversity (i.e. species of commercial interest) 

and non-target biodiversity (i.e. bycatch species). The findings in these Chapters support  

the notion that enhancing an ecosystem-based approach to the management of high seas 
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pelagic fisheries will require high seas fishing nations and RFMOs to embrace a more 

predictive (and precautionary) approach to avoid the spatiotemporal overlap with non-

target species as the first step to reducing their mortality rates (Figure 9). Future attempts 

to identify time-area fisheries closures in the high seas could incorporate all three layer-

types to identify the areas of highest potential risk based on the oceanographic preferences 

of longliners; this approach could theoretically be tailored to the unique spatial ecology 

of individual fleets, since they likely display different oceanographic preferences based 

on differences in target species. Not surprisingly, the global pelagic longline fleet shows 

preferences for oceanographic conditions that are highly similar to those characterized for 

some of the principal tuna and tuna-like species (Arrizabalaga et al., 2015). These 

predictive models could be used to estimate locations of likely redistribution of fishing 

effort after the establishment of time-area fisheries closures in the high seas, or be used to 

identify areas that are likely being fished by vessels not broadcasting their location via 

AIS or VMS (i.e. the ‘dark fleet’). 

 

The results in Chapter 6 show how targeted fisheries closures may result in lower overall 

bycatch rates if the displaced fishing effort is redistributed proportionally, compared to 

closures designed based on the highest conservation targets. Increasing spatial fishing 

selectivity is a four-dimensional optimization challenge. By modeling the distribution of 

species in each of the fleets in the Hawaii longline fishery separately, I was able to generate 

predicted layers of distribution across depth bands. Figure 53 show Figure 54 show different 

horizontal bycatch risk estimates during the same time period based on the depth 
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encountered by the fishing gear. This information could not only be used to increase the 

specificity of management measures across gear configurations, but also to understand 

how the spatial range of species may shift with changes of horizontal and vertical 

oceanographic conditions due to multi-annual climatic oscillations or climate change 

(Laffoley and Baxter, 2018). These habitat models could also prove to be useful for the 

standardization of CPUE rates in the Hawaii-based longline fishery. 

 

Chapter 6 builds on the significant advancements that various groups around the world 

have made in the field of DOM and explores trade-off scenarios for the development of 

dynamic time-area closures that would affect fishing activities in the high seas. With the 

exception of TurtleWatch (Howell et al., 2015, 2008), the framework presented in Chapter 

6 represents the only other example of how dynamic predictions of habitat preferences of 

non-target species can be used to generate knowledge about areas of high risk of bycatch. 

This work presents an objective methodology for evaluating fisheries trade-offs reducing 

the bycatch rates of certain pelagic elasmobranch species without compromising the catch 

rates of target species could be possible. The results for the scenarios presented in this 

Chapter show that in most cases, the adoption of spatial and temporal closures and the 

resulting impacts would inevitably lead to trade-off decisions across taxonomic groups; 

this is something that should be done though an appropriate stakeholder consultation 

process where species of conservation concern are identified and ranked. Two of the major 

challenges for the implementation of this process would be gaining access to data on 

species distribution at appropriate spatiotemporal and taxonomic resolutions (Gilman et 
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al., 2017) and access to reliable information about the ecological status of target and non-

target biodiversity (Crespo et al., 2019; Fowler, 2014). 

 

The goal of this dissertation was to generate knowledge that can help fill critical 

knowledge gaps for the continued implementation of an ecosystem-based approach to 

pelagic fisheries in the high seas, which I believe can only be achieved if the following 

conditions are met: (1) a process to review the mandate, effectiveness and performance of 

existing governance frameworks and management bodies; (2) the establishment of a 

mechanism to share updated knowledge of and track the ecological status of species, 

communities and ecosystem conditions in ABNJ; (3) the implementation of dynamic 

spatial closures to fishing activity in areas with high probability of impacting vulnerable 

species or habitats, across spatial and temporal dimensions; (4) the requirement and 

enforcement of vessel tracking technologies, electronic monitoring technologies and the 

expansion of observer programs onboard fishing vessels at the main landing ports; this 

would reinforce the collection of data needed to track the ecological status and 

spatiotemporal distribution of species, reduce the risk of IUU fishing and increase the 

traceability of seafood coming from the high seas, either directly or through 

transshipment. 
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