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Resumen 
Los objetos que flotan a la deriva en la superficie de los océanos tropicales, también 

conocidos como dispositivos concentradores de peces a la deriva (DCPs), atraen a 

cientos de especies marinas, entre ellas las principales especies de túnidos tropicales 

comerciales, así como también otras especies no atuneras. Actualmente, los DCPs son 

utilizados casi exclusivamente por las flotas industriales de cerco, donde los pescadores 

aprovechan este comportamiento asociativo para incrementar sus capturas (Castro et 

al. 2002; Fonteneau et al. 2013). Generalmente, los DCPs se componen de una 

estructura flotante (por ejemplo, balsas de bambú con corchos) y una parte submarina 

suspendida debajo del objeto (por ejemplo, redes atadas en "salchichas", cuerdas, hojas 

de palma, pesos). Hoy en día, la gran mayoría de las flotas de cerco de todo el mundo 

utilizan DCPs equipados con boyas con ecosonda conectadas por satélite (Lopez et al. 

2014; Moreno et al. 2016b), las cuales proporcionan a los pescadores la localización 

precisa del objeto y una estimación aproximada de la biomasa que se encuentra debajo, 

de forma remota y en tiempo casi real. 

La pesca con DCPs ofrece grandes ventajas cuando se compara con la pesca en 

cardúmenes no asociados (también llamados de banco libre), como por ejemplo la 

reducción en el tiempo de búsqueda (Fonteneau et al. 2013; Lopez et al. 2014), 

reducción del tiempo de viaje y del coste operativo para encontrar bancos de atunes 

(Guillotreau et al., 2011; Davies et al., 2014) o el éxito de los lances a objeto frente a los 

de banco libre (Fonteneau et al. 2000). A pesar de todas estas ventajas, el uso creciente 

de DCPs podría tener consecuencias negativas en el ecosistema (Fonteneau et al. 2000; 

Marsac et al. 2000; Essington et al. 2002), como el aumento de la captura de juvenil de 

patudo y rabil (Leroy et al. 2012), mayores tasas de captura incidental (Castro et al. 2002; 

Romanov 2008; Amandè et al. 2010; Amande et al. 2012) y la posible alteración de los 

movimientos naturales de las especies asociadas, así como su comportamiento y 

biología (Marsac et al. 2000; Hallier and Gaertner 2008; Dagorn et al. 2012b). Debido al 

uso masivo de DCPs en las pesquerías de cerco industrial de todo el mundo, el valor de 

esta pesquería y los posibles impactos negativos es realmente necesario mejorar el 

conocimiento sobre la ecología y el comportamiento de las especies asociadas con DCPs 
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para desarrollar un asesoramiento científico adecuado para las Organizaciones 

Regionales de Ordenación Pesquera (OROP). 

Actualmente, el conocimiento científico sobre el comportamiento y la ecología de las 

especies asociadas a los DCPs es bastante limitado, debido principalmente al alto coste 

económico y humano asociado a la investigación de los DCPs a gran escala, ya que estos 

objetos derivan por la superficie de los océanos durante varios meses. Un proyecto de 

investigación sobre la dinámica y distribución espacial de especies asociadas con DCPs 

requiere la recolección de datos a gran escala, lo cual es casi imposible llevar acabo con 

un solo programa científico debido a que el acceso y el trabajo en los DCPs remotos es 

poco práctico, tanto desde el punto de vista económico como logístico. Aunque en los 

últimos años ha aumentado la investigación relacionada con los DCPs, queda mucho por 

hacer e investigar. 

En los últimos años, varios estudios han destacado la importancia que tienen los datos 

acústicos proporcionados por las antes mencionadas boyas con ecosondas en la 

investigación de varios temas de relevancia científica (Santiago et al. 2015; Lopez et al. 

2016; Moreno et al. 2016a), incluyendo la investigación sobre la ecología y el 

comportamiento de las especies asociadas, ya que recogen información del ecosistema 

pelágico de una manera económicamente rentable (Moreno et al. 2016a). A diferencia 

de los datos basados en las capturas, las boyas con ecosonda proporcionan datos 

acústicos menos afectados por la dinámica relacionada con la pesca, el comportamiento 

de la flota, el esfuerzo y las limitaciones espacio-temporales. Además, los DCPs cubren 

miles de kilómetros a través del océano durante varios meses, recogiendo 

automáticamente una gran cantidad de información sobre la biomasa asociada bajo 

ellos.  

El objetivo de esta tesis es describir el proceso de agregación, investigar la distribución 

espacio-temporal y las preferencias ambientales de los túnidos y otras especies 

asociadas a DCPs, usando datos acústicos proporcionados por las boyas con ecosonda 

de los pescadores. Esto contribuirá a la evaluación y ordenación de los atunes tropicales 

en el Océano Índico, ya que proporcionará una mejora en los conocimientos sobre la 

ecología y el comportamiento de los atunes y otras especies no atuneras asociadas con 
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los DCPs. Para lograr este objetivo se recopilaron, procesaron y analizaron datos 

acústicos proporcionados por más de 7500 boyas con ecosonda utilizadas por los 

pescadores en el Océano Índico entre 2012 y 2015. Esta tesis se ha dividido en cinco 

capítulos, presentados como un trabajo científico individual, con su propia introducción, 

material, resultados y discusión. De esta manera, se ha incluido inevitablemente 

información redundante sobre la introducción y las secciones de materiales y métodos. 

El Capítulo 1 presenta un análisis en profundidad de los datos acústicos proporcionados 

por los pescadores y establece un protocolo estandarizado para procesar los datos 

acústicos de las boyas con ecosondas con fines científicos. Además, este trabajo 

contribuye a la mejor comprensión de las fuentes de variabilidad e incertidumbre de los 

datos. 

Las boyas con ecosonda utilizadas actualmente no proporcionan información sobre la 

composición por especies o tamaño bajo los DCPs. El objetivo del Capítulo 2 es mejorar 

las estimaciones de biomasa proporcionadas por los ecosondas usadas por la flota, 

utilizando modelos propuestos anteriormente basados en el conocimiento existente de 

la distribución vertical, pesos y target strength (TS) de las especies asociadas a los DCPs.  

El Capítulo 3 describe el proceso de agregación de DCPs vírgenes en el Océano Índico 

Occidental, usando la información acústica de boyas con ecosonda proporcionadas por 

los pescadores. Este capítulo estudia el día de llegada al objeto (a partir de la fecha de 

despliegue de un DCP virgen) de las especies atuneras y no atuneras, así como los 

procesos de agregación de ambos grupos de especies usando modelos aditivos 

generalizados mixtos. Además, en el análisis se consideran diferentes temporadas, áreas 

y profundidades de la estructura subacuática del DCP para tener en cuenta las posibles 

diferencias espacio-temporales y estructurales. Este trabajo contribuirá a ayudar en la 

sostenibilidad de las pesquerías atuneras, proporcionando información para ayudar a 

diseñar medidas de ordenación específicas para mitigar la captura incidental y reducir 

los posibles efectos negativos asociados a la pesca en DCPs. 

El Capítulo 4 investiga las preferencias de hábitat y la distribución de los atunes y 

especies no atuneras asociadas con los DCPs en el Océano Índico, utilizando modelos 

espaciales jerárquicos bayesianos basados en datos acústicos, información ambiental 
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(e.g. temperatura de la superficie del mar, clorofila, salinidad…) y variables del DCP (e.g. 

identificación del DCP y días en el agua). Los resultados de este estudio podrían 

contribuir al diseño de medidas de ordenación como, por ejemplo, vedas espacio-

temporales para reducir el impacto de las pesquerías de cerco con DCPs sobre las 

poblaciones de atún y especies asociadas. 

El Capítulo 5 presenta, por primera vez, una comparación de la distribución espacio-

temporal de los atunes tropicales agregados bajo los DCPs, usando diferentes fuentes 

de datos. Para ello se utilizaron modelos espaciales jerárquicos bayesianos usando datos 

dependientes (datos de captura) e independientes (datos acústicos) de la pesca. Los 

resultados permitirán analizar las ventajas y desventajas de ambas fuentes de datos, así 

como determinar la validez de los datos acústicos proporcionados por las boyas con 

ecosonda de los pescadores para fines científicos. Además, los resultados contribuirán 

a la mejora del conocimiento de la dinámica espacial y la distribución de los túnidos en 

el Océano Índico occidental y ayudarán al asesoramiento científico de las OROP. 

Finalmente, se presenta una discusión y conclusiones generales para analizar los 

principales resultados y conclusiones obtenidos en esta tesis doctoral, incluyendo la 

tesis que responde a la hipótesis de trabajo del estudio. 
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Summary 
Floating objects drifting in the surface of tropical waters, also known as drifting fish 

aggregating devices (DFADs) when they are built for fishing purposes, attract hundreds 

of marine species, including tuna and non-tuna species. DFADs are used almost 

exclusively by industrial tuna purse seine fleets throughout the world´s tropical oceans, 

where the fishers take advantage of this associative behavior in order to increase their 

catches (Castro et al. 2002; Fonteneau et al. 2013). DFADs are generally composed by a 

floating structure (e.g. bamboo rafts with purse seiner corks) and an underwater part 

suspended below the floating object (e.g. nets tied in “sausages”, ropes, palm leaves, 

weights). Today, the vast majority of the purse seine fleets ocean wide use DFADs 

equipped with satellite linked echo-sounder buoys (Lopez et al. 2014; Moreno et al. 

2016b), which remotely provide fishers in near real time with accurate geolocation of 

the object and a rough estimate of the biomass underneath. 

DFAD fishing represent certain notorious advantages when comparing with fishing on 

unassociated schools (also called free-swimming schools, FSC), such as the reduction in 

search time (Fonteneau et al. 2013; Lopez et al. 2014), traveling time and operating cost 

for finding tuna schools (Guillotreau et al. 2011; Davies et al. 2014b) or the success of 

DFAD sets against the free-school sets (Fonteneau et al. 2000). Despite these 

advantages, the increasing number of DFAD deployments could bring negative 

consequences (Fonteneau et al. 2000; Marsac et al. 2000; Essington et al. 2002), such as 

the increase of small bigeye and yellowfin tuna catch (Leroy et al. 2012), higher bycatch 

ratios of certain species (Castro et al. 2002; Romanov 2008; Amandè et al. 2010; Amande 

et al. 2012) and potential alteration of the natural movements of the species and their 

behavior and biology (Marsac et al. 2000; Hallier and Gaertner 2008; Dagorn et al. 

2012b). Due to the massive use of DFADs in tuna fisheries, the value of this fishery and 

the potential negative impacts, increasing knowledge of the ecology and behavior of 

tuna and non-tuna species associated with DFADs is key to develop adequate scientific 

advice for tuna Regional Fisheries Management Organizations (RFMOs). 

Scientific knowledge on the behavior and ecology of DFAD associated aggregations is 

currently limited, mainly due to the high human and economic cost associated to 
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investigating DFADs at large scale. As floating objects drift across the surface of the 

oceans for several months, they are temporary in time and space. Thus, the 

establishment of a research project on species associated with DFADs requires the 

collection of large-scale data on their dynamics and spatial distribution. A single 

scientific program alone could not achieve such spatio-temporal coverage, as accessing 

and working on remote DFADs will be impractical and unrealistic, both economically and 

logistically. As such, few direct observations of tuna behavior and dynamics at FADs have 

been made using active and passive acoustic tracking (Taquet et al. 2007a; Filmalter et 

al. 2011; Schaefer and Fuller 2013; Matsumoto et al. 2014; Filmalter et al. 2015), 

scientific acoustic surveys (Moreno et al. 2007b; Boyra et al. 2018), and underwater 

visual census (Taquet et al. 2007b). Although in recent years, research related to DFADs 

has increased, much remains to be done and investigated.  

Recent studies have noted the importance that acoustic data provided by the echo-

sounders buoys attached to the DFADs have addressing several issues of scientific 

relevance (Santiago et al. 2015; Lopez et al. 2016; Moreno et al. 2016a), including the 

investigation of the ecology and behavior of associated species, as they collect catch-

independent information of the pelagic ecosystem in a privileged cost-effective manner 

(Moreno et al. 2016a). Unlike catch-based data, echo-sounder buoys provide acoustic 

data that is less affected by fisheries-related dynamics, such as fleet behavior, effort, 

and spatio-temporal constraints. Furthermore, DFADs cover thousands of kilometers 

across the ocean for several months, collecting automatically a huge amount of acoustic 

biomass information.  

The aim of this thesis is to describe the aggregation process, investigate the spatio-

temporal distribution and environment preferences of tuna and non-tuna species 

aggregated with DFADs, using acoustic data provided by fishers´ echo-sounder buoys. 

This will contribute to the assessment and management of tropical tunas in the Western 

Indian Ocean as the will require knowledge about the ecology and behavior of tuna and 

non-tuna species associated with DFADs. 

For achieving the aim of this PhD, acoustic data provided by more than 7500 echo-

sounder buoys used by fishers in the Indian Ocean was collected, processed and 
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analyzed for 2012-2015. This thesis has been divided in five chapters, presented as an 

individual scientific paper, with its own introduction, material, results and discussion. In 

this manner, some redundant information has been inevitably included regarding 

introduction and materials and methods sections. 

Chapter 1 provides an in-depth analysis of the acoustic data provided by fishers and 

establishes a standardized protocol to process the biomass gathered by echo-sounder 

buoys to be used with scientific purposes. In addition, this work contributes to the 

understanding of variability sources and uncertainty in the data. 

Current echo-sounder buoys do not provide information on species or size composition 

under the DFADs. The aim of the Chapter 2 is to progress towards improved remote 

biomass estimates using the previous models to convert biomass from echosounder 

acoustic signal available in the field, based on existing knowledge of the vertical 

distribution of non-tuna and tuna species at DFADs and mixed species target strengths 

(TS) and weights.  

Chapter 3 describes the aggregation process of virgin DFADs in the Western Indian 

Ocean, ascertained through using fishers’ echo-sounder buoys information. This chapter 

studies the arrival day (from the date of deployment of a virgin DFAD) of tuna and non-

tuna species and investigates the aggregation processes of the two species group using 

Generalize Additive Mixed Models. Moreover, different seasons, areas and depths of 

the underwater structure of the DFAD is considered in the analysis to account for 

potential spatio-temporal and DFAD design differences. This work will contribute to 

assist on the sustainability of tuna fisheries, helping to design mitigation conservation 

management measures for tuna and non-tuna species, such as reducing the undesired 

bycatch. 

Chapter 4 investigates the habitat preferences and distribution of tuna and non-tuna 

species associated with DFADs in the Indian Ocean. This study implemented Bayesian 

Hierarchical spatial habitat models based on catch independent data derived from 

fishers’ echo-sounder buoys, environmental information (Sea Surface Temperature, 

Chlorophyll, Salinity, Eddy Kinetic Energy, Oxygen concentration, Sea Surface height and 
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Heading) and DFAD variables (DFAD identification, days at sea). The results of his study 

could contribute to design spatio-temporal conservation management measures (e.g. 

area closures) for both target and non-target species. 

Chapter 5 presents, for the first time, the comparison of spatio-temporal distribution of 

tropical tuna aggregated under the DFADs, using observations from different data 

sources. The aim of this chapter is to investigate tuna distribution in the Indian Ocean 

implementing Hierarchical Bayesian spatial habitat models using fisheries dependent 

(i.e. catch data) and independent (i.e. acoustic data from fishers´ echo-sounder buoys) 

data in order to compare the results obtained. The results will make it possible to 

analyze the advantages and disadvantages of both data sources, as well as will allow 

determining the suitability of using fishers´ echo-sounders buoys acoustic data for 

species distribution models, and more generally, their validity for scientific purposes. 

Moreover, results of this exercise will contribute to increase the knowledge of the 

spatial dynamics and distribution of tuna in the Western Indian Ocean and assist the 

scientific-advice of t-RFMOs. 

Finally, general discussion and general conclusions are presented to analyze the main 

results and conclusions of this thesis dissertation, including the thesis answering to the 

working hypothesis of the study. 
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1. Tuna world fisheries 

Global capture fisheries production was 90.9 million tons in 2016, of which 87.2 percent 

of the total was fishing in marine waters (FAO 2018). Tunas are of great importance 

because of their high economic value and extensive international trade, representing a 

significant part of the global fish economy with an annual value of USD 42.2 billion 

(Galland et al. 2016).  

Although the term tuna includes 15 species divided into 5 genus (Graham and Dickson 

2004) (Allothunnus, Auxis, Katsuwonus, Euthynnus and Thunnus), seven are of major 

commercial importance (i.e. skipjack (Katsuwonus pelamis), yellowfin (Thunnus 

albacares), bigeye (Thunnus obesus), bluefin (Thunnus thynnus, Thunnus maccoyii, 

Thunnus orientalis) and albacore (Thunnus alalunga)). The total landings of the principal 

market tuna species have showed a continuous increasing trend since 1950, reaching 

4.8 million tons in 2017 (ISSF 2019) (Figure I.1). 

 

Figure I.1. Global trends in catch (tons) of major commercial tunas by species. Source: 

ISSF (2019) 

Tuna fisheries are among the oldest in the world. One of the first evidences of tuna 

fishing was Phoenician trap fisheries for bluefin tuna occurring around 2000 Before 

Christ (BC) (Ravier and Fromentin 2001). Since then, traditional tuna fishing has been 
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carried out in various parts of the world, generally locally and near the coasts but written 

documents have been scarce till the 19th century. As a result of increasing demand for 

canned tuna, industrial fisheries started during the 1940s and 1950s (Majkowski 2007). 

Since then, the number of vessels has been continuously increasing in parallel with the 

use of diverse types of fishing gears, and many countries have begun to participate in 

tuna fisheries. 

From the 1950s to the mid-1970s, longline fishery and pole-and-line fishery were the 

main fishing gears involved in the tuna fisheries worldwide. The relative importance of 

these fishing gears decreased with the fast development and expansion of the purse 

seine fishery in the early 1980s. Since the 1980s, global purse seine catches continuously 

increase, being currently the major gear capturing tropical tunas worldwide (Figure I.2). 

 

Figure 2. World Major Tuna Catch by Fishing Gears (1950-2017). Data collected from the 
RFMOs databases 

2. Tuna purse seine fishery 

Nowadays, the tuna purse seine fishery accounts for approximately 65% of the world 

tuna catches (Figure I.3) (ISSF 2019), representing nearly USD 26 billion of tuna´s total 

end value (Galland et al. 2016). 
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Figure I.3. Percentage of tuna catches by fishing gear. Source: ISSF (2019) 

The industrial purse seine gear uses a large net which encircles the school of tunas and 

is closed at the bottom to entrap the tuna school. The fishing operation consists in 

several steps (Figure I.4). Once a tuna school is detected, the vessel chases the school 

until is placed next to it to deploy the net. The net is deployed by an auxiliary boat called 

“panga”, encircling the school. During the set, the purse seiner is responsible for 

describing the circle that will form the purse seine, while the "panga" approaches one 

end of the net to the bow of the vessel, moving in the opposite direction to the 

movement of the vessel until the purse seine is closed. Then, the net is closed through 

the bottom along a seine or steel cable, catching the fish. Fish are harvested with the 

vessel’s gear and winches, using a large scoop net called the “braile”. Finally, the tunas 

are stored in wells, first in brine and once is cold, frozen dry at -20ºC. 

 

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjXiaiy_cziAhUD3uAKHdDxCiEQjRx6BAgBEAU&url=%2Furl%3Fsa%3Di%26rct%3Dj%26q%3D%26esrc%3Ds%26source%3Dimages%26cd%3D%26ved%3D2ahUKEwjY342t_cziAhWWD2MBHe1WDXQQjRx6BAgBEAU%26url%3Dhttps%253A%252F%252Fwww.researchgate.net%252Ffigure%252FDifferent-phases-in-the-deployment-of-a-purse-seine-Source-IRD-EME_fig7_305636318%26psig%3DAOvVaw1NVv4dKtuaHXjG5OA9LvJK%26ust%3D1559639848155713&psig=AOvVaw1NVv4dKtuaHXjG5OA9LvJK&ust=1559639848155713
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Figure I.4. Different phases in the deployment of a purse seine. Source: IRD, EME 

2.1 Composition of fishery 

The tropical tuna purse seine fishery targets skipjack and yellowfin, and in lesser extend 

the bigeye depending on the fishing mode (see section 2.3), as it exploits their surface 

schooling behavior. Nevertheless, this fishery also catch non‐target species, which 

include the incidental catch of non-target marine animals and undersized individuals of 

target species (Davies et al. 2009). 

Tunas 

Skipjack tuna (Katsuwonus pelamis) (Figure I.5, A), which is the most important captured 

tuna species and mostly used in cans for consumption, is an epipelagic fish distributed 

in the three tropical oceans (Figure I.5, B), confined to waters with temperatures above 

15ºC (overall temperature range of recurrence is 14.7° to 30°C) (Barkley et al. 1978; 

Collette and Nauen 1983). The depth distribution range of skipjack tuna is from the 

surface to about 260 m during the day (Collette and Nauen 1983). Previous studies have 

indicated that skipjack tuna inhabit predominantly the mixed layer, but occasionally 

could be found below the thermocline for short periods (Schaefer and Fuller 2005; 

Matsumoto et al. 2006). Adult skipjack tuna feed on fish, crustaceans, cephalopods and 

molluscs (Matsumoto et al. 1984). Skipjack is the fastest growing tuna species (Froese 

and Pauly 2009), with a maximum fork length of about 108 cm, which corresponds to a 

weight of 32.5 to 34.5 kg (Collette and Nauen 1983), although the typical capture size is 

between 40 and 70 cm fork length. As a result of the high growth rate until the onset of 

maturation, together with a young age at maturity, year-round spawning season (Hunter 

et al. 1986; Schaefer and Fuller 2019), high spawning potential of young age classes and 

high fecundity, Skipjack tuna is a resilient species (Stéquert et al. 2001; Grande et al. 

2014; Eveson et al. 2015). The maximum age of skipjack tunas is not known but is 

relatively short, living between 3 and 4 years (Murua et al. 2017). 
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Figure I.5. Skipjack tuna (Katsuwonus pelamis, Linnaeus 1758) (A) and its spatial 

distribution (B) 

Yellowfin tuna (Thunnus albacares) (Figure I.6, A) is a highly migratory mid-sized tuna, 

widely distributed in tropical and sub-tropical waters of the Atlantic, Pacific and Indian 

Oceans (Collette and Nauen 1983) (Figure I.6, B). The temperature boundaries of 

occurrence for yellowfin tuna are roughly 18° and 31°C (Collette and Nauen 1983). 

Yellowfin tuna is basically limited to depths of the mixed layer or at the top of the 

thermocline (Holland 1990; Brill et al. 1999; Dagorn et al. 2006), but occasionally make 

deep dives for short durations (e.g. 460 m) (Carey 1982). The relationship between 

yellowfin tuna and thermocline indicates that temperature is the major limiting factor 

in their vertical distribution (Sund et al. 1981; Brill 1994). Yellowfin tuna is a relatively 

large tuna, being the most common size of the catch between 40 and 150 cm fork length 

and a weight of 1.3 to 70 Kg (Collette and Nauen 1983). This specie reach the status of 

mature by the time they reach a length of 100 cm in fork length at an age of about 3 to 

5 years (Zhu et al. 2008; Froese and Pauly 2009) being a multiple egg batch-spawner, 

spawning over a vast areas of the tropical zone throughout the year (Schaefer 2001). 

Yellowfin tuna has a lifespan of up to 6.5 years (Lehodey and Leroy 1999).  
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Figure I.6. Yellowfin tuna (Thunnus albacares, Bonaterre 1788) (A) and its spatial 

distribution (B) 

Bigeye tuna (Thunnus obesus) (Figure I.7, A) is an epipelagic and mesopelagic species, 

which live in the tropical and warm temperate waters of the three tropical oceans 

(Figure I.7, B), however, they occupy deeper, cooler waters compared to other tropical 

tunas. Bigeye tuna is distributed in a temperature range from 13° to 29° C, with an 

optimal range of between 17° and 22° C (Collette and Nauen 1983). Bigeye tuna are 

known to occupy depths below the thermocline (Schaefer and Fuller 2002; Olson et al. 

2016), as they can dive into deeper and cooler waters due to its heat exchange system. 

Tunas have an specific vascular heat exchange system by counter current circulation, 

called “rete mirabile” (Barrett and Hester 1964; Carey and Teal 1966), which allows to 

conserve heat produced by metabolism. The degree of development of this system is 

different among tuna species and influences their vertical distribution. As bigeye has a 

more sophisticated heat exchange system (i.e. visceral heat exchange system), which is 

the main factor driving the vertical distribution of the species, they can explore deeper 

and colder waters (Holland and Sibert 1994; Graham and Dickson 2001). Bigeye tuna is 

one of the largest species of tuna, normally weighing between 20 and 80 Kg and reaching 

lengths up to 180 cm, and have a longer lifespan than either yellowfin or skipjack, which 

is estimated to be about 12 years at least (Murua et al. 2017). 

 

Figure I.7. Bigeye tuna (Thunnus obesus, Lowe 1839) (A) and its spatial distribution (B) 

Compared to the small, fast growing and fecund skipjack tuna (Grande et al. 2014), 

yellowfin and bigeye tunas have higher length at maturity at around 100–110 cm fork 

length (Sun et al. 2013; Zudaire et al. 2013) and a lower growth rate (Murua et al. 2017). 
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They are therefore considered to be more sensitive to exploitation than skipjack tuna 

(Juan-Jordá et al. 2015). 

Non-tuna species 

The capture and mortality of non-target species has become a major issue in global 

fisheries management and conservation (Kelleher 2005; Zeller et al. 2018). Although 

tuna purse seine fisheries have been shown to be selective, leading to lower levels of 

bycatch than other fisheries (Hall and Roman 2013), several species can be incidentally 

caught, including sea turtles, marine mammals, rays, sharks, and other bony fish. 

The most frequently found non-target species are triggerfish (Canthidermis maculata), 

wahoo (Acanthocybium solandri), dolphinfish (Coryphaena hippurus), rainbow runner 

(Elegatis bipinnulata) and billfishes (Istiophorus platypterus and Makaira indica) (Hall 

and Roman 2013; Torres-Irineo et al. 2014; Ruiz et al. 2018) (Figure I.8). Purse seine 

fishing operations also catch several species of sharks and rays, such as Oceanic White 

Tip sharks (Carcharhinus longimanus), silky sharks (Carcharhinus falciformis), Giant Devil 

Ray (Mobula mobular) and, in much lesser extent interact as well with whale sharks 

(Rhincodon typus) being most of them release from the net alive (Capietto et al. 2014; 

Escalle et al. 2019). The most frequently species of turtles found are green turtle 

(Chelonia mydas), olive ridley (Lepidochelys olivacea) and loggerhead turtle (Caretta 

caretta) (Bourjea et al. 2014), although the majority of captured turtles are released 

alive into the sea (Amandè et al. 2010). In the case of marine mammals, accidental 

encirclement by the purse seiner are very infrequent, although it is documented in all 

three tropical oceans (Scott et al. 2012; Escalle et al. 2015).  
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Figure I.8. Examples of purse seine by-catch species. Source: Nerea Leazama 

In the Atlantic Ocean, the bycatch of the purse seine fishery is currently retained and 

sell as “Faux poisson” (false fish) as an important by-product in West Africa, mainly in 

Abidjan (Ivory Coast). It shows also a growing importance in the Western Indian ocean 

in places like Antsiranana (Madagascar) (Chavance et al. 2011). It is made up of a mix of 

damaged or undersized target tunas, minor tuna species, and associated species, like 

billfish, sharks, and various bony fish, that are sold on the local market (Romagny et al. 

2000; Chavance et al. 2015).  

2.2 State of the stocks 

Assessing the state of the tuna stocks is key for the provision of scientific advice for 

fisheries management in tuna Regional Fisheries Management Organizations (RFMOs) 

with the aim to ensure long-term sustainable exploitation and conservation of the 

stocks, while maximizing the catch. Currently, of the total tropical tuna catch (i.e. 

skipjack, yellowfin and bigeye), 86% comes from stocks at “healthy” levels in terms of 

abundance, 4% from stocks at an intermediate level of abundance and 10% from stocks 

in need of stronger management (ISSF 2019). However, when analyzing the same 



GENERAL INTRODUCTION 

11 
 

information by species the picture is different, as skipjack stocks contribute more than 

one half of the global catch of tunas, and they are all in a healthy situation. However, 

26% and 20% of the yellowfin and bigeye tuna catches, respectively, come from 

overexploited stocks (Figure I.9).  

 

Figure I.9. Distribution of catch of major commercial tunas according to their stock 
status. The percentages correspond to the total catch of all stocks with a given ranking. 
Source: ISSF (2019) 

2.3 Tuna purse seine's fishing modes 

Tropical tuna purse seining operations, fishing sets, are different depending on the way 

in which tunas are detected and encircled. In fishing on free school sets (FSC), schools 

of tuna are visually detected on the sea surface through the observation of breezes, 

jumps, boilers or foamers. The typical tuna catch in FSC consists of a monospecific school 

of large adult yellowfin tuna (>30 kg) (Figure 10) and generally have a very low bycatch 

rate (Amandè et al. 2010). Sets made in the vicinity of whales, which are also used as 

indicators of the presence of tuna schools, are also considered free school sets, due to 

their same species and size composition of the fish (Pallarés and Petit 1998). Dolphin 

sets (DOL) occurs when tunas are associated with groups of dolphins (Hall 1998) and 

this type of fishing is exclusive of the Eastern Pacific Ocean (EPO). The associated catch 
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in this type of sets is constituted of large yellowfin tuna with very few bycatch other than 

dolphins (Hall 1998; Scott et al. 2012). The last type is the fish aggregating devices 

(FADs) sets, where the fishers take advantage of the associative behavior of tuna and 

non-tuna species with floating objects in order to facilitate their catches (Biais and 

Taquet 1991; Fonteneau et al. 2013). FAD-associated catches contain typically smaller 

sizes of the three major tropical tuna species compared to FSC and DOL associated 

catches. Catches with FADs are usually made of a majority of adult skipjack, but also 

small juvenile yellowfin and bigeye tunas (Figure I.10). Moreover, fishing in FADs 

produces more bycatch than FSC sets (Romanov 2002; Amande et al. 2012). 

 

Figure I.10. Example of Spanish purse seiners species composition of the catch on FADs 
and FSC in 2017 in the Indian Ocean. Source: Báez et al. (2018) 

2.3.1 What are fish aggregating devices? 

Fish aggregating devices are floating objects found in the tropical and subtropical oceans 

that tend to aggregate pelagic species underneath. These objects attract hundreds of 

marine species, for example around 333 fish species belonging to 96 families have been 

observed around floating structures (Castro et al. 2002), including the three main 

commercial tropical tuna species, but also non-target species. The first reference to this 

associative behavior with floating objects dates back to the VIII century BC, observed in 

a painted Greek vase found on the Island of Ischia, Italy (Viñuales-Solé 1996) (Figure 

I.11).  
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Figure I.11. The shipwreck of Pitecusa. On the rigth side, aggregated fish can be seen 
under a floating body 

2.3.2 Types of FADs 

In broad terms, FAD describes any type of floating object used to attract and aggregate 

fish which resulted in increasing fish catchability. In the past, the majority of floating 

objects used by fishers were natural floating objects (e.g. driftwood, trees, logs, 

seaweed or coconuts) encountered by chance. Traditionally, these natural objects have 

been called “logs”. Over time, the objects began to be modified by fishers and, thus, an 

operational definition was adopted for them (i.e. man-made FADs) to separate from 

natural floating objects. There are two basic categories of FADs according to their 

design: moored to the sea-floor, called anchored FADs (AFADs) (Figure I.12.A), and 

objects that drift freely on the surface of the oceans, called drifting FADs (DFADs) (Figure 

I.12.B).  



 

 

14 
 

 

Figure I.12. Design of anchored FADs anchored to the bottom (A) and design of a drifting 

FAD (B) 

The majority of AFADs have long been used in coastal areas by artisanal and recreational 

fisheries. These anchored objects are usually made of raft anchored with cement blocks 

attached to ropes of several hundred meters to up to 5000 m long (Scott and Lopez 

2014b; Gervain et al. 2015).  

On the other hand, DFADs are most widespread in industrial tuna fisheries. In the late 

1950s, fishers took advantage of encounters with natural objects, such as terrestrial 

wooden debris entering the ocean from river run-offs. In the 1990s, fishers began to 

build and use DFADs to aggregate pelagic fish and increase fishing efficiency and catch 

rates (Hall and Roman 2013). Man-made DFADs are composed of rafts, which are 

constructed with different material (e.g. bamboo or metal), and an underwater part 

hanging off to depths between 5 and 80-100 meters. The length of the underwater 

structure is ocean-specific (5-20 m or 60-80 m depending on the region in the Indian 

Ocean, 80-100 m in the Atlantic Ocean and around 30 m in the Eastern Pacific Ocean) 

(Scott and Lopez 2014b; Murua et al. 2019). The underwater structure of DFADs is used 

to reduce the drifting speed of the DFAD and is thought to act as a shelter for some of 

the associated non-tuna species (Murua et al. 2016). DFADs are used almost exclusively 
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by industrial tuna purse seine fleets throughout the world´s tropical oceans and 

currently it is roughly estimated that ~100,000 DFADs are deployed annually worldwide 

(Scott and Lopez 2014b; Gershman et al. 2015b). 

Due to the extensive use of FADs around the world and the different names given to 

them according to the area, a classification to unify all the definitions of FADs were 

proposed. Following the definitions provided by CECOFAD project (Catch, effort, and 

ecosystem impacts of FAD-fishing, EU MARE/2012/24 project), the International 

Commission for the Conservation of Atlantic Tunas (ICCAT) has adopted a more detailed 

classification of floating objects (Figure I.13), taking into account the construction 

materials or whether the objects were created for fishing or not. 

 

Figure I.13. New classification of Floating Objects (FOBs) proposed in the framework of 
the CECOFAD project 

2.3.3 What are the reasons driving this associative behavior? 

Although fishers have been using FADs for nearly a century to increase their catches, the 

reasons driving this associative behavior are not fully understood. The reasons of this 

behavior may be diverse in nature, as shown by the high number of hypotheses 

proposed to explain the reasons for pelagic fish to associate with floating objects (Castro 

et al. 2002). The first one was briefly mentioned by Suyehiro (1951), and proposes that 

the objects act as a shelter from predators. Although this hypothesis might be feasible 
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for non-tuna species, it is unlikely for large predators such as tuna, as tuna schools are 

too big to hide under small objects. Another hypothesis is that FADs may be an indicator 

of food (Bard et al. 1985). This hypothesis suggests that floating objects aggregate small 

fish in their vicinity, on which large fish could prey. However, no strong evidence has 

been found to support the presence of a sufficient amount of small fish near floating 

object to sustain tunas, as tunas need to eat approximately 5% of their weight each day 

(Olson and Boggs 1986). Klima and Wickham (1971) proposed that floating objects could 

provide spatial references around which fish can orient in unstructured pelagic 

environment, but this hypothesis could not explain the aggregative behavior towards 

moving floating objects such as DFADs (Freon and Dagorn 2000). Another hypothesis 

proposed primarily for solitary predators and then for tuna, was comfortability 

stipulation hypothesis (Batalyants 1992). It suggests that fish remain close to floating 

objects to rest and recover energy after feeding in the area. However, the author 

conceded that stomach content of tuna was difficult to study due to regurgitation of the 

fish when caught and does not explain why a tuna would choose to rest near a DFAD 

instead of elsewhere.  

Currently, the two most accepted hypothesis for tuna aggregation behavior around 

DFADs are the indicator-log (Hall et al. 1992) and the meeting point hypothesis (Dagorn 

and Freon 1999). The first is based on the assumption that tunas may use floating objects 

as a result of an evolutionary process, since natural objects could be an indicator of 

productive areas, either because most natural floating objects originate in rich areas 

(e.g., river mouth, mangrove swamp) and remain within these rich bodies of water, or 

because they aggregate in rich frontal zones (Dagorn et al. 2013). Therefore, tunas could 

use these indicators to find or stay in rich waters. The meeting point hypothesis was first 

advanced by Dagorn (1994) and successfully simulated by Dagorn and Freon (1999). This 

hypothesis relies on the social behavior of tunas and suggests that floating objects could 

act as meeting points in a vast visually-void environment to form and re-structure 

schools of tunas. The benefits of large school are well known (Rieucau et al. 2015), such 

as the reduction of the risk of predation (i.e. to aid in predator avoidance) (Pitcher and 

Parrish 1993; Parrish et al. 2002), the increase of hunting efficiency (i.e. larger schools 

of predators are more effective at quickly breaking up schools of prey, resulting in faster 
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food finding by isolating more prey (Pitcher et al. 1982)) or social benefits (i.e. 

information transfer, and opportunity for learning by social facilitation (Pitcher and 

Parrish 1993; Fréon and Misund 1999; Karplus et al. 2006)). Moreover, acoustic 

telemetry experiments endorse the hypothesis that fish more likely arrive as individuals 

or small groups and leave the DFAD in larger schools (Soria et al. 2009). These 

hypotheses may not mutually exclusive, and it is possible that predatory fish such as 

tunas will be attracted to DFADs for several reasons. 

2.3.4 Behavior of fish associated to floating objects  

The fish species associated to DFADs are classified in different groups according to their 

distance to the floating object (Parin and Fedoryako 1999). The fish community around 

DFADs is subdivided into “intranatant species” (e.g. sergeant major damselfish, 

Abudefduf sp.), which remain within 0.5 m of the floating object, “extranatant species” 

(0.5–2 m) (e.g. White-spotted triggerfish, Canthidermis maculatus) and “circumnatant 

species” (2m- several nmi) (e.g. oceanic whitetip shark, Carcharhinus longimanus), 

which are loosely associated with the object. Freon and Dagorn (2000) proposed 

different distances: 2 m for the intranatants/ extranatants, and up to 10–50 m for the 

extranatants/circumnatants, considering that there is a substantial overlap between the 

distributions of these three communities. 

In addition to the difference in groups according to their distance to the DFADs, there is 

a clear vertical separation between tuna and non-tuna species under the floating 

objects. Although overlap may exist between tuna and non-tuna species, a vertical 

separation have been identified in previous studies conducted in the Indian Ocean using 

a variety of information sources (i.e. tagging, scientific acoustic surveys, visual surveys) 

(Moreno et al. 2007b; Taquet et al. 2007b; Forget et al. 2015). In the research carried 

out by Forget et al. (2015), where tuna and non-tuna species were tagged at DFADs, a 

significant separation at around 25 m was observed between tuna and non-tuna species 

(Figure I.14). This is consistent with the vertical behavior observed by using visual 

surveys (Taquet et al. 2007b) and using scientific echo-sounders (Moreno et al. 2007b), 

where more than 2000 aggregations were analyzed. 
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Figure I.14. Vertical distributions by species in the Mozambique Channel (a) and the 
Seychelles (b. Species code: bigeye tuna (BET), yellowfin tuna (YFT), skipjack tuna (SKJ), 
rainbow runner (RRU), oceanic triggerfish (CNT), silky sharks (FAL). Source: Forget et al. 
(2015) 

Moreover, tagging and acoustic data suggest differences in depth preferences between 

the species and the different sizes of tuna (Moreno et al. 2007b; Matsumoto et al. 2016), 

although overlap may exist in the vertical range of the three species of tuna. Skipjack 

tuna schools tend to remain in shallower waters, as do small yellowfin and bigeye tuna 

that are found occupying similar depth ranges as skipjack. However large individuals of 

bigeye and yellowfin tuna are found at greater depths. In addition to this segregation by 

species and sizes, the vertical distribution of tuna at DFADs may vary depending on 

different factors, such as total biomass associated, species and sizes composition 

(Robert et al. 2013) and oceanographic conditions (e.g. thermocline depth or surface 

and subsurface currents) (Schaefer and Fuller 2013; Fuller et al. 2015). 

In relation to associative behavior, non-tuna species are strongly and tightly associated 

with DFADs (Parin and Fedoryako 1999) showing less frequent excursions out of DFAD 

(Moreno et al. 2007a; Dagorn et al. 2012a; Forget et al. 2015; Lopez et al. 2017a). On 

the other hand, tuna are well known to engage in both horizontal and vertical 

movements around DFADs (Govinden et al. 2013; Schaefer and Fuller 2013; Weng et al. 

2013; Fuller et al. 2015), including diel excursions (Govinden et al. 2010; Schaefer and 

Fuller 2013; Matsumoto et al. 2014; Matsumoto et al. 2016; Lopez et al. 2017a), where 



GENERAL INTRODUCTION 

19 
 

the tuna is supposed to be more distanced from the object during day and night and 

closer to DFAD at dawn (Josse et al. 2000; Moreno et al. 2007a; Harley et al. 2009).  

2.4 Fishing technology development: from free school to DFAD fishing 

Changes in fishing technology and operations have allowed improving the fishing 

strategy and increase catches. Two periods of technological breakthrough could be 

distinguished in the tropical tuna purse seiner fishery worldwide. The first period 

occurred before the widespread use of DFADs (1980-1995) (Scott and Lopez 2014b), 

where innovations were focused on improving the success rate of free school fishing 

and increasing the ability and diminishing the time to load and store the large catches 

(Itano 1998). In the second period, and with the introduction of the DFAD fishery over 

the past 25 years, most of the changes occurring in the tropical tuna purse seine fishery 

have been oriented towards the improvement of purse seine DFAD fishing efficiency 

(Lopez et al. 2014). This change over time from FSC fishing to DFADs fishing, is due to 

the fact that the aggregation behavior of tunas around DFADs facilitates the purse seiner 

set and tuna catch in comparison to FSCs, because the school remains relatively fixed in 

space. The success rate of the purse seine on DFADs is much higher than in FSC, for 

example in 2017 the proportion of success on DFAD-sets was 95% while the proportion 

of successful FSC sets was 52% for the Spanish fleet in the Indian Ocean (Báez et al. 

2018). 

In the first period, different elements of the vessels were modified which increased 

fishing efficiency. For example, during the mid-1980s the hydraulic power systems of 

the purse seiners were modified, helping to reduce the time needed for a fishing set and 

increase the capacity of hauling larger free school sets (Scott and Lopez 2014b). The 

most important changes in that period were related to increasing the size and the 

capacity of vessels to refrigerate large catches (Itano 1998). The average size of purse 

seiners increased from about 42 m length overall for those built during the 60s to more 

than 90 m in the 2000s (Maufroy 2016). Regarding capacity, the tuna seiners can 

nowadays freeze and store up to 200-400 t/day in a series of tanks of up to 3,000 m3 

total capacity. Purse seiners also began to introduce electronics devices into their fishing 

operations (e.g. bird radar, navigation radar, underwater current meters, sonar, etc.). 
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This technological development was highly focused on improving catches of free schools 

(Itano 2003), such as bird radars used to detect flocks of birds, indicators of tuna schools.  

In the second period, the most significant improvement incorporated into the tropical 

tuna purse seine fishery was the use of DFADs. Since the early 1990s, the use of DFADs 

for tuna fishing has widely and rapidly expanded, largely improving the searching 

efficiency of purse seiners (Miyake et al. 2010; Davies et al. 2014b). The development of 

highly efficient purse seining on DFADs was also accompanied by the incorporation of 

support vessels, which invest their time in activities related to DFAD fishing (e.g. 

deployment, visiting, etc.) aimed at increasing the efficiency of tuna vessels they support 

(Itano et al. 2004). Although support vessels do not carry out fishing activities, they 

collaborate with the construction and deployment of DFADs, retrieving DFADs when 

they drift off or too far from the area of fishing interest, or visiting DFADs owned by the 

purse seiners they assist (Arrizabalaga et al. 2001). Support vessels are forbidden in the 

Eastern Pacific Ocean (IATTC resolution C-99-07) and limitations on their numbers have 

been established in the Indian Ocean (IOTC resolution 18/01). 

The implementation of tracking buoys to DFADs is probably the most significant 

technological development that has occurred in the last 20-30 years to increase the 

efficiency of tuna fishing with DFADs (Scott and Lopez 2014b). In the mid-'80s fishers 

began attaching radio beacons to objects so they could monitor and relocate them, with 

signals ranging from 500 to 1,000 nautical miles. In the 90's they started to attach the 

first satellite GPS beacons to DFADs that could be tracked by the vessels in real time 

providing remotely the accurate geolocation of the DFAD. Over time, their emission 

distance and battery autonomy improved and, at the beginning of the 2000s, solar 

panels were included to ensure a virtually limitless duration of emission of the buoys 

signal (Itano et al. 2004).  

The first buoys equipped with an echo-sounder appeared in the market in the 2000, but 

fishers did not began using them regularly until mid-2000’s (Lopez et al. 2014). These 

devices, in addition to geolocate the DFAD, provide rough estimates of the abundance 

of fish underneath (Figure I.15). The echo-sounder provide a single biomass estimation 

which does not comprise information on the species composition nor the size 
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distribution of the aggregation. Fishers use the biomass estimates from the buoys, along 

with other information (e.g. environmental conditions, catches in the same area, etc.), 

to decide on the best DFAD to visit, avoiding DFADs that have not aggregated sufficient 

biomass to undertake a fishing set (Lopez et al. 2014). Therefore, echo-sounder buoys 

facilitate route decisions and reduce search time between two successful DFAD sets. 

 

Figure I.15. Echo-sounder buoys on the deck of a purse seine vessel. Source: Francisco 

Blaha 

From the first echo-sounder buoy, there has been a continuous development in buoy 

technology, with notable advances in the detection zone of the acoustic signal, biomass 

estimation and the battery life. Their use has rapidly spread and, today, the vast majority 

of the purse seine fleets oceanwide use DFADs equipped with satellite linked echo-

sounder buoys (Moreno et al. 2016b) (Figure I.16). 
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Figure I.16. Timeline of the most important events that occurred in the development of 
buoys technology in the Spanish tropical purse seine DFAD fishery in the Indian Ocean 
for the last 30 years. Source: Lopez et al (2014) 

Currently, there are 3 different echo-sounder buoy brands widely used in the tuna purse 

seine fishery worldwide (i.e. Zunibal, Satlink and Marine Instruments). These buoys 

operate with lower frequencies of 38 kHz in some buoys and up to 200 kHz in others, 

with a maximum depth range at which biomass is recorded ranging from 115 to 150. At 

this time, none of the echo-sounders have the capability to directly identify fish size and 

species since, although buoy companies are working towards acoustic discrimination of 

tuna and have improved the hardware for that, discrimination is not possible yet. If 

echo-sounder buoys had the ability to discriminate the species and sizes of tunas found 

at DFADs, fishers could avoid navigating to areas where non-desired species and sizes of 

tunas represent the majority of the catch. Likewise, the use of onboard sonar and echo-

sounders capable of tuna discrimination would allow more accurate evaluation of the 

species and sizes present at DFADs, allowing fishers making more sustainable decisions. 

The acoustic data needed to discriminate tuna species using acoustic gear is not yet 

available, as few studies have addressed acoustic properties of tropical tunas. This may 

be due to the fact that tropical tunas are usually found in offshore fishing grounds and 

DFAD aggregations are ephemeral, making the research expensive and logistically 

difficult. 

3. Impacts of DFADs  

The widespread use of DFADs in tuna fisheries has become an increasingly important 

management concern for the four tropical tuna-RFMOs: the Indian Ocean Tuna 

Commission (IOTC, www.iotc.org), the International Commission for the Conservation 

of Atlantic Tunas (ICCAT, www.iccat.int), the Western and Central Pacific Fisheries 

http://www.iotc.org/
http://www.iccat.int/
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Commission (WCPFC, www.wcpfc.int) and the Inter-American Tropical Tuna 

Commission (IATTC, http://www.iattc.org). Although the use of objects has positive 

consequences for purse seine fishing, such as the reduction in search time (Fonteneau 

et al. 2013; Lopez et al. 2014), traveling time and operating cost for finding tuna schools 

(Guillotreau et al. 2011; Davies et al. 2014b) or the success of DFAD sets against the free-

school sets (Fonteneau et al. 2000), the increasing number of DFAD deployments could 

also bring negative consequences (Fonteneau et al. 2000; Marsac et al. 2000; Essington 

et al. 2002; Dagorn et al. 2012b). 

One of these negative effects is the increase in by-catch levels (Castro et al. 2002; 

Romanov 2008; Amandè et al. 2010; Amande et al. 2012). Although tuna purse seine 

DFAD fisheries have lower levels of by-catch than other fisheries (Alverson et al. 1994; 

Kelleher 2005), several non-target species can be incidentally caught. DFAD fishing 

generates approximately three to five times more bycatch per ton of tuna than fishing 

on FSC (Romanov 2002; Amandè et al. 2010; Kaplan et al. 2014). Romanov (2002) found 

by-catch in 93% of the sets made around DFADs in the western Indian Ocean.  

The use of netting material in the construction of DFADs, both in the raft and underwater 

part, could result in entanglement of sensitive species such as turtles and sharks 

(Anderson et al. 2009; Filmalter et al. 2013). For example, Filmalter et al. (2013) 

estimated that between 480 000 and 960 000 silky sharks could be entangled and dead 

in the Indian Ocean due to the netting used to build DFADs. However, this mortality 

would be very easily avoided by modifying the design of the DFADs to make them non-

entangling. Nowadays, most of the fleets worldwide have moved towards the use of 

either DFADs that present low entanglement risk (netting tied into “sausages” or mesh 

size of less than 7 cm) or are non-entangling (no netting present) (Figure I.17) (Franco 

et al. 2012; Murua et al. 2016; IOTC 2017; Moreno et al. 2018). The obligation to use low 

risk entanglement DFADs or non-entangling DFADs are being adopted by the different 

tuna-RFMOs (IOTC Res. 18/08, IATTC Res. C-17-02, ICCAT Rec. 16-01 and WCPFC CMM-

2013-05). 

http://www.wcpfc.int/
http://www.iattc.org/
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Figure 17. DFAD categories based on entanglement and environmental impact. Source: 
ISSF, 2015 

Another ecological concerns include the increase catch of small yellowfin and bigeye 

tuna (Fonteneau et al. 2000; Miyake et al. 2010; Leroy et al. 2012). Associated school 

around DFADs has much higher proportion of small yellowfin and bigeye tuna compared 

to FSC. As a result of the increased use of DFADs, the exploitation patterns of tropical 

tuna have been modified with a decrease in the mean weight of yellowfin and bigeye 

tuna (Chassot et al. 2015). Most of these two species are caught under DFADs between 

lengths of 40 to 60 cm (Fonteneau et al. 2013), while the size at which they reach 

maturity is between 80-100 cm (Sun et al. 2013; Zudaire et al. 2013). Therefore, large 

catches of small juveniles may threaten the viability of the tuna stocks and decrease the 

yield per recruit and Maximum Sustainable Yield (MSY) (Fonteneau et al. 2000).  

Another concern on using DFADs is the alteration of the natural movements of the 

species associated to DFADs modifying their behavior and biology (Marsac et al. 2000; 

Bromhead et al. 2003; Hallier and Gaertner 2008; Dagorn et al. 2012b; Sempo et al. 

2013). Marsac et al. (2000) proposed the “ecological trap” hypothesis, which suggest 

that DFADs could entrain tunas to biologically unsuitable locations, having a detrimental 

effect on the health of the stock (e.g. condition, natural mortality) and alter the spatio-

temporal dynamics of fish that are strongly associated with floating objects. Some 

evidence has been observed that shows significant differences in many biological and 

ecological characteristics of tunas associated with DFADs as opposed to those in free-
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swimming schools, such as lower growth rates and poorer body condition (Marsac et al. 

2000; Ménard et al. 2000; Hallier and Gaertner 2008; Jaquemet et al. 2011). However, 

these results have been questioned (Dagorn et al. 2013) and there is still a limited 

understanding of the possible long-term effects of DFADs on tuna stocks and pelagic 

ecosystems (Fonteneau et al. 2000; Bromhead et al. 2003).  

One of the biggest concerns of tuna-RFMOs is the damage to marine habitats due to the 

debris resulting from the loss or abandonment of DFADs and the beaching events when 

abandoned DFADs reached sensitive areas (Maufroy et al. 2015; Maufroy et al. 2016; 

Davies et al. 2017). The material used by purse seine fleets to construct DFADs (i.e. the 

nylon fishing nets, the plastic covers of rafts or the plastic floats) increase the lifetime of 

DFADs at sea and therefore increase the marine litter as well as the risk of habitat 

destruction when the object end up stranding in sensitive habitats (Maufroy et al. 2017). 

DFADs used by fleets may drift to land, becoming stuck in a wide range of habitats, being 

coral reefs the most impacted habitat (Balderson and Martin 2015). For example, 

Maufroy et al. (2015) estimated that almost 10% of all DFADs deployed by French vessels 

in the Indian and Atlantic Oceans ultimately became beached. Therefore, reducing the 

amount of synthetic material in the construction of DFADs, by promoting the use of 

environmentally friendly DFADs (i.e. natural or biodegradable materials), will 

automatically reduce the production of marine debris and the impact of the DFAD 

structure in sensitive habitats. The challenge of developing a fully biodegradable DFAD 

constructed with natural materials which will have less impact on coastal sensitive areas 

when stranding, has become one of the key objectives of tuna-RFMOs in relation to 

DFAD fisheries. In that sense, different initiatives have been conducted by both the 

scientific community and the fishing industry to find an efficient DFAD that is composed, 

as much as possible, by biodegradable materials (Franco et al. 2009; Goujon et al. 2012; 

Moreno et al. 2017). In addition, there are other projects being carried out to avoid 

DFAD stranding events, such as FAD-Watch program (Zudaire et al. 2018). This project 

is a first multi-sectorial initiative developed to prevent and mitigate DFAD beaching 

across islands in Seychelles, in which the coastal recovery is applied as a mitigation 

measure. DFADs crossing exclusive economic zone of Seychelles and the beaching 

events have been reduced on 20% and 41% respectively, during 2016 to 2017 period, 
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showing how the FAD-Watch initiative in combination with other mitigation options 

could add great value to the package of mitigation measures on the reduction of DFADs 

impacts on vulnerable coastal and pelagic habitats . 

Due to all these negative effects, increase knowledge about the processes that operate 

in the attraction and aggregation of tropical tuna and non-tuna species and a good 

scientific understanding of the different ecological impacts of the DFADS are essential 

for the provision of best scientific advice to tuna-RFMOs to ensure a proper 

management of the resources. It is therefore necessary to implement management 

measures towards the minimization of the impact of DFAD fishing strategy and ensure 

a sustainable long-term fishery. Currently, several options for managing tropical tuna 

purse seine fisheries are being implemented to reduce the negative impacts of DFAD 

fishing, including the limitation of the number of DFADs, limitation of the use of support 

vessels, time and area closures, application of “best practices” for DFAD use and 

sensitive species safe-release from the deck.  

4. Importance of DFADs research 

Considering the value of the fishery, the lack of knowledge regarding the associative 

behavior of the species around objects and the possible impacts that DFADs could 

produce on the marine ecosystem is striking, as one could have thought that thousands 

of studies related to the topic would be available in the literature. Although in recent 

years, DFAD-related research has increased, there are still few studies on the subject. 

For example, doing a simple search on Science Direct (www.sciencedirect.com) we find 

5 to 10 papers per year with the keyword "fish aggregating device" versus 100-150 per 

year with the keyword "tuna". Therefore, few studies related to fish aggregation at 

DFADs have been published focused on active and passive acoustic tracking (Taquet et 

al. 2007a; Filmalter et al. 2011; Schaefer and Fuller 2013; Matsumoto et al. 2014; 

Filmalter et al. 2015), scientific acoustic surveys (Moreno et al. 2007b), and underwater 

visual census (Taquet et al. 2007b). Clearly, scientific knowledge on the behavior and 

ecology of DFAD associated aggregations is currently limited and much remains to be 

done and investigated. 

http://www.sciencedirect.com/
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One of the main causes of this lack of research is because the associated human and 

economic cost of investigating DFADs at large scale is certainly high, as floating objects 

drift across the surface of the oceans for several months, being temporary in time and 

space. For this reason, the vast majority of research on associate behavior of fish around 

objects has been performed on AFADs, because the associated cost is lower, as they are 

fixed to the bottom and closer to the coastal areas (Ohta and Kakuma 2005; Mitsunaga 

et al. 2012; Govinden et al. 2013; Rodriguez-Tress et al. 2017). However, it is not clear 

whether pelagic fish behave differently in anchored and drifting FADs (Holland 1990; 

Freon and Dagorn 2000) and, therefore, it is preferable to develop investigation for 

improving our understanding of the ecological mechanisms in DFADs. 

Nevertheless, establishment of research program to tackle those scientific questions 

above (e.g. associative behavior around DFADs, ecological impacts, etc.), which will 

inform management measures and conservation strategies for tuna and non-tuna 

species associated to DFADs, require the collection of large-scale data on their spatial 

dynamics and distribution. A single scientific program alone could not achieve such 

spatio-temporal coverage as accessing and working on remote DFADs will be impractical 

and unrealistic, botch economically and logistically. 

4.1 Use of echo-sounders as scientific platforms 

Today, DFADs are equipped with satellite linked echo-sounder buoys (Lopez et al. 2014) 

and they are used by the whole purse seine fleets globally (Moreno et al., 2016). 

Considering that around 100,000 objects may be deployed annually worldwide (Scott 

and Lopez 2014b; Gershman et al. 2015b), these devices could provide invaluable and 

continuous information to researchers about the rough estimate of the biomass of tuna 

and non-tuna aggregations under the objects along its trajectory, almost in real time, in 

a regular and effective basis, representing a powerful tool for the study of pelagic 

ecosystems (Moreno et al. 2016a). In recent years the potential use of DFADs as 

scientific platforms has been highlighted by the scientific community (Santiago et al. 

2015; Lopez et al. 2016; Moreno et al. 2016a), with the aim to investigate several issues 

of scientific relevance as they collect fishery-independent information of the pelagic 

ecosystem in a privileged cost-effective manner (Moreno et al. 2016a). In these studies, 
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its use has been proposed for different investigations, including fishery-independent 

abundance indices for stock assessment and a variety of ecological and behavioral 

investigations of tunas and accompanying species. 

In contrast to fisheries-dependant data, echo-sounder buoys provide data less affected 

by fisheries, such as fleet dynamics, effort, and spatio-temporal constraints. 

Furthermore, DFADs cover thousands of kilometers across the ocean for several months, 

collecting automatically biomass information in a non-invasive manner with high spatio-

temporal resolution. Yet, despite these obvious advantages, very few studies have been 

done using data provided by fishers’ echo-sounder buoys (Robert et al. 2013; Lopez et 

al. 2017a; Lopez et al. 2017b). This is because the data collected by fishers’ echo-sounder 

buoys are not originally intended for scientific purposes but for fishing. Therefore, prior 

to its scientific use, there is a need to carefully refine the data acquisition process (time, 

acoustic sample coverage, etc.) as well as to understand the representativeness of the 

resulting echo-sounder biomass information and explore the different sources of 

uncertainty associated to their use. 

5. Hypothesis and objectives 

5.1 Working hypothesis 

The working hypothesis is a provisional statement that can be composed of activities 

involving the “technique and organs of operation” and that functions as a guide to 

progress in the research (Dewey, 1938; Shields and Tajalli, 2006). As such, the working 

hypothesis helps to establish the connection between the research questions and the 

observed evidences. The working hypothesis is the following: 

“The assessment and management of the tropical tuna purse-seine fishery requires 

information about the ecology and behavior of tuna and non-tuna species associated 

with DFADs. 

Describing the aggregation process, investigating the spatio-temporal distribution and 

environment preferences of those species, using acoustic data provided by fishers´ 
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echo-sounder data, will contribute to the assessment and tropical tuna fishery 

management of tropical tunas in the Western Indian Ocean”. 

5.2 Objectives 

Taken the above-mentioned working hypothesis into account, the overarching aim of 

this thesis is to investigate the aggregation dynamics and spatio-temporal distribution 

of tunas and non-tunas associated with DFADs using acoustic data provided by fishers’ 

echo-sounder buoys in the Indian Ocean.  

In order to investigate the behavior and ecology of tuna and non-tuna species associated 

with DFADs, specific research objectives were defined as follows: 

1. To establish standardized protocols to process fishers echo-sounders´ 

acoustic raw biomass estimates in order to use them for scientific purposes 

(Chapter 1). 

2. To progress towards improved remote biomass estimates by the echo-

sounders equipping DFADs, following previous analysis proposed in the field, 

based on existing knowledge of the vertical distribution of non-tuna and tuna 

species at DFADs and mixed species target strengths (TS) and weights 

(Chapter 2). 

3. To investigate the aggregation process of virgin (i.e. newly deployed) DFADs 

in the Western Indian Ocean using the acoustic records provided by fishers’ 

echo-sounder buoys, determining the first detection day of tuna and non-

tuna species at DFAD and identifying the potential differences in the spatio-

temporal dynamics of the aggregations (Chapter 3). 

4. To investigate the habitat preferences and distribution of tuna and non-tuna 

species associated with DFADs and environmental conditions in the Indian 

Ocean implementing Bayesian Hierarchical spatial models (Chapter 4). 

5. To compare the spatio-temporal distribution of tuna in the Western Indian 

Ocean resulted from both fisheries-dependent (i.e. nominal catch data) and 

independent (i.e. acoustic data from fishers´ echo-sounder buoys) data using 

spatially-explicit Bayesian Hierarchical spatial models (Chapter 5). 
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Chapter 1. From fisheries to scientific 

data: A protocol to process 

information from fishers’ echo-

sounder buoys 
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Abstract 

Most of the drifting fish aggregating devices (DFADs) used by the industrial tropical tuna 

purse seine fishery are deployed with satellite linked echo-sounder buoys. These buoys 

provide information on the accurate geo-location of the floating object and estimates of 

fish biomass aggregated along the trajectory of the DFAD. This huge amount of 

information is provided in large and complex datasets consisting in rough estimations of 

biomass, which are not originally intended to be used for scientific purposes but for 

fishing. This study establishes a standardized protocol for cleaning raw data from fishers' 

echo-sounders buoys prior to their use for scientific purposes, in which potential errors 

are eliminated. In addition, the main advantages and limitations of the data are analyzed 

and discussed. This paper provides the first step towards the use and better 

understanding of fishers' echo-sounder buoys for scientific research. 
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Chapter 2. Using fishers’ echo-
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Abstract 

The majority of the drifting fish aggregating devices (DFADs) used by the industrial 

tropical tuna purse seine fishery are deployed with satellite linked echo-sounder buoys. 

These buoys provide information on the accurate geo-location of the floating object and 

estimates of fish biomass underneath the DFAD. However, current echo-sounder buoys 

do not provide information on species or size composition under the DFADs. The aim of 

this study is to progress towards improved remote biomass estimates using the previous 

models proposed in the field, based on existing knowledge of the vertical distribution of 

non-tuna and tuna species at DFADs and mixed species target strengths (TS) and 

weights. Aiming to this objective, we use 287 fishing set information and their 

corresponding acoustic samples from echo-sounder buoys prior to the fishing set in the 

Indian Ocean. Results show that manufacturer’s biomass estimates generally improve, 

being this improvement more pronounced in NW Seychelles and in Mozambique 

Channel. However, the improvement of the biomass estimates is not as large as 

expected, so it can be further improved, indicating that the large spatio-temporal 

variability in the Indian Ocean is not easily considered with a single model. Potential 

reasons driving echo-sounder buoy estimates variability, as well as the limitations 

encountered with these devices are discussed, including the lack of consistent TS values 

for tropical tunas, among others.  
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(DFADs) in the Western Indian Ocean: 
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Abstract 

Industrial tropical purse seiners have been increasingly deploying artificial man-made 

DFADs equipped with satellite linked echo-sounder buoys, which provide fishers with 

information on the accurate geo-location of the object and rough estimates of the 

biomass aggregated underneath, to facilitate the catch of tuna. Although several 

hypotheses are under consideration to explain the aggregation and retention processes 

of pelagic species around DFADs, the reasons driving this associative behavior are 

uncertain. This study uses information from 962 echo-sounder buoys attached to virgin 

(i.e. newly deployed) DFADs deployed in the Western Indian Ocean between 2012 and 

2015 by the Spanish fleet (42,322 days observations) to determine the first detection 

day of tuna and non-tuna species at DFAD and to model the aggregation processes of 

both species group using Generalize Additive Mixed Models. Moreover, different 

seasons, areas and depths of the DFAD underwater structure were considered in the 

analysis to account for potential spatio-temporal and structure differences. Results 

show that tuna species arrive at DFADs before non-tuna species (13.5±8.4 and 21.7±15.1 

days, respectively), and provide evidence of the significant relationship between DFAD 

depth and detection time for tuna, suggesting faster tuna colonization in deeper objects. 

For non-tuna species, this relationship appeared to be not significant. The study also 

reveals both seasonal and spatial differences in the aggregation patterns for different 

species groups, suggesting that tuna and non-tuna species may have different 

aggregative behaviors depending on the spatio-temporal dynamic of DFADs. This work 

will contribute to the understanding of the fine and mesoscale ecology and behavior of 

target and non-target species around DFADs and will assist managers on the 

sustainability of exploited resources, helping to design spatio-temporal conservation 

management measures for tuna and non-tuna species.   
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Chapter 4. Seasonal distribution of 

tuna and non-tuna species associated 

with Drifting Fish Aggregating Devices 

(DFADs) in the Western Indian Ocean 
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Abstract 

Man-made floating objects in the surface of tropical oceans, also called drifting fish 

aggregating devices (DFADs), attract tens of marine species, including tuna and non-tuna 

species. In the Indian Ocean, around 80% of the sets currently made by the EU purse-

seine fleet are on DFADs. Due to the importance and value of this fishery, understanding 

the habitat characteristics and dynamics of pelagic species aggregated under DFADs is 

key to improve fishery management and fishing practices. This study implements 

Bayesian hierarchical spatial models to investigate tuna and non-tuna species seasonal 

distribution, based on fisheries-independent data derived from fishers’ echo-sounder 

buoys, environmental information (Sea Surface Temperature, Chlorophyll, Salinity, 

Eddie Kinetic Energy, Oxygen concentration, Sea Surface Height, Velocity and Heading) 

and DFAD variables (DFAD identification, days at sea). Results highlighted group-specific 

spatial distributions and habitat preferences, finding higher probability of tuna presence 

in warmer waters, with higher sea surface height and low eddy kinetic energy values. In 

contrast, highest probabilities of non-tuna species were found in colder and productive 

waters. Days at sea were relevant for both groups, with higher probabilities at objects 

with higher soak time. Our results also showed species-specific temporal distributions, 

suggesting that both tuna and non-tuna species may have different habitat preferences 

depending on the monsoon period. The new findings provided by this study will 

contribute to the understanding of the ecology and behavior of target and non-target 

species and their sustainable management. 
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Chapter 5. Modelling tropical tuna 

distribution: do fisheries dependent 

and independent data provide 

comparable results? 



 

 
 

Abstract 

Species distribution models (SDMs) are used for a variety of scientific and management 

applications. For species associated with drifting fish aggregating devices (DFADs), such 

as tuna, spatial models can help tuna Regional Fisheries Management Organizations (t-

RFMOs) understand their habitat characteristics and dynamics. DFADs are monitored 

and tracked with satellite linked echo-sounder buoys, which remotely provide fishers 

rough estimates of the abundance of fish underneath them. Although this type of 

fishery-independent data has been recently used in scientific studies, SDMs using this 

data have never been compared with models using fishery-dependent data (i.e. nominal 

catch data). This study investigates the results obtained with both data sources using 

Bayesian Hierarchical spatio-temporal models, allowing to analyze their advantages and 

disadvantages, as well as compare the predicted distributions. Although the two model 

outputs show, in general, similar areas of tuna presence under the DFADs, the most 

remarkable result of the comparison between the models derived from the two 

different data sources is the precision of the hotspots identified in the prediction maps. 

The maps obtained with acoustic data allow identifying areas of high probability of tuna 

presence under the DFADs with greater precision, whereas the maps derived from catch 

data do not allow observing any variation on a finer scale. The application of spatio-

temporal models of tuna associated with DFADs using acoustic data provided by fishers´ 

echo-sounder buoys appears promising to identify the distribution dynamics of the 

species in a cost-effective way and may help designing integrated spatial programs for 

more efficient fishery management. 
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General discussion 

Tropical tuna purse seine fisheries have increased the use of DFADs in the last 20 years 

(Scott and Lopez 2014a), generating a need for knowledge on DFADs fisheries which has 

not improved at the same pace as their use. Understanding the impacts of DFADs on the 

ecosystem and the ecology and behavior of marine species associated with floating 

objects, with the aim of providing the best scientific advice in support of the 

management of tropical tuna species is, thus, needed. The lack of knowledge and sound 

science to manage DFAD fisheries, in conjunction with their potential impacts on the 

ecosystem, has increased the criticism of DFAD use worldwide. Until recently, most 

studies related to tuna behavior and dynamics at DFADs have been made using  active 

and passive acoustic tracking (Taquet et al. 2007a; Filmalter et al. 2011; Schaefer and 

Fuller 2013; Matsumoto et al. 2014; Filmalter et al. 2015), scientific acoustic surveys 

(Moreno et al. 2007b; Boyra et al. 2018), and underwater visual census (Taquet et al. 

2007b). However, these studies on the associated behavior of species with the DFADs 

were quite limited, due basically to the great economic and human cost involved in the 

research of the drifting objects, as they are very temporary in time and space.  

Currently, DFADs equipped with satellite linked echo-sounder buoys are a privileged 

observation platform of the pelagic ecosystem (Moreno et al. 2016a; Brehmer et al. 

2018), as they are continuously providing information on DFAD position and biomass 

underneath the DFAD, and, hence, have the potential to collect a vast amount of 

information in a cost-effective manner. This PhD investigates the behavior and ecology 

of tuna and non-tuna species associated with floating objects at different spatial-

temporal scales in the Indian Ocean based upon the acoustic data automatically 

collected by the echo-sounder buoys attached to DFADs. For that purpose, we use 

acoustic data provided by fishers’ echo-sounder buoys, which provide information on 

the geo-location of the object and rough estimates of fish biomass aggregated 

underneath along the trajectory of the DFAD. In particular, along this PhD dissertation 

we intend to respond several questions related to the behavior and ecology of the 

species associated to DFADS using acoustic data from fisher´s echo-sounder buoys: 

Could we improve the current biomass estimates provided by echo-sounders? How is 
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the aggregation process of tuna and non-tuna species towards DFADs? Where and when 

are the species associated with DFADs distributed in the Indian Ocean? Are the results 

of species spatial and temporal distribution obtained using fishers' echo-sounder 

biomass data similar to the results using fishery statistics data? 

For this thesis we use data from Satlink echo-sounders buoys (SATLINK, Madrid, Spain, 

www.satlink.es) for three and a half years in the Indian Ocean provided by a Spanish 

fishing company (Echebastar S.A., Bermeo, Spain, www.echebastar.com). Recent works 

noted the importance that these devices may have to investigate several issues of 

scientific relevance, including a variety of ecological and behavioral investigations of 

tunas and accompanying species (Moreno et al. 2016a), and other potential 

applications, such as the development of a fisheries-independent tuna abundance index 

(Capello et al. 2016; Santiago et al. 2017; Santiago et al. 2019). However, prior to the 

use of echo-sounder buoy biomass estimates for scientific purposes, there is a need to 

carefully refine the data acquisition process (e.g. time, acoustic sample coverage, etc.) 

as well as to understand the representativeness of the resulting echo-sounder biomass 

information as a proxy of tuna and non-tuna abundance around DFADs. This is 

particularly important when data is recorded by tools that are not originally developed 

for scientific purposes, implying that data needs to be pre-processed and adapted to the 

requirements of the end-user (Lopez et al. 2014; Baidai et al. 2018). Therefore, the first 

step taken in this investigation was to create a protocol (Chapter 1) that allows cleansing 

and pre-processing the integration of the information provided by fisher's echo-

sounders and to understand in depth these novel data (Chapter 2) before its use with 

the aim of addressing scientific questions posed in Chapter 3, Chapter 4, and Chapter 5 

(Figure D.1). 

http://www.satlink.es/
http://www.echebastar.com/
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Figure D.1. Outline of the research carried out in this thesis 

Making data operational: From fishers to scientific data 

The first step taken in Chapter 1 and Chapter 2 represents a significant effort to 

understand the large amount of data available in this research and its variability. In 

Chapter 1, a deep exploratory analysis of the raw data highlighted the main sources of 

error present in the acoustic measurements provided by the echo-sounders. In Chapter 

2, we analyzed the possibility of improving the estimation of biomass made by current 

echo-sounders, using models previously proposed by Lopez et al. (2016). In this case, 

the improvement of the biomass estimates was not as good as expected. Nevertheless, 

this chapter leads us to better understand sources of variability and uncertainty in the 

echo-sounder buoy data. 

Among the biggest challenges we face when working with data from echo-sounder 

buoys are (i) the differentiation of acoustic data provided by buoys onboard and buoys 

at-sea and, (ii) as multiple acoustic  measurements per day are available, the 

identification of the acoustic sample that provides a better proxy of the biomass 

underneath DFADs. The first issue comes from the fact that the fishers usually turn on 
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the buoys minutes or hours prior to their deployment at sea and are switched off after 

an uncertain period of time (usually when are retrieved from the sea or taken by other 

vessels), therefore some of their acoustic samples may correspond to onboard positions. 

To address this issue, two filters were proposed in Chapter 1: a simpler one based on 

DFAD speed (i.e. <3 knts) and a more complex one based on a Random Forest (RF) 

classification model. The RF identifies 4% more data onboard and, as it included more 

information and it is a more comprehensive model, we believe it is the filter that should 

be used to discern between at sea and onboard data. However, in this thesis we used 

the speed filter, since the necessary data for the creation of the RF model were obtained 

from another brand of echo-sounder buoys in the last months of the study when most 

of the analysis were completed. However, this has not affected the results of the PhD as 

in Chapters 3, 4 and 5 we only selected the buoys for which the time and position of 

deployment was known (i.e. their first day in the water) using information from FAD 

logbooks. As such, any buoy data onboard previous to the deployment that was 

classified at-sea with the speed filter was eliminated. 

Another important aspect to consider when working with acoustic data from buoys is 

the time at which acoustic samples are recorded by the buoys and how to deal with its 

variability. As there is more than one acoustic record per day, it is necessary to consider 

the echo-sounder biomass signal that better represents the abundance of fish under the 

DFAD, given that fish may conduct excursions from and to DFADs at diel scale (Govinden 

et al. 2010; Forget et al. 2015; Lopez et al. 2017a). Depending on the objective of the 

study, different options could be explored. In this thesis we have used different 

approaches regarding the time at which the acoustic sample should be taken for the 

analyses (Table D.1). Although in a preliminary analysis (Chapter 2, Figure 2.3) we 

observed that the maximum daily biomass pattern was different according to the area 

in the Indian Ocean, taking values of abundance at the time of these specific maximum 

peaks limit the number of samples to be used for the posterior phases of the analysis in 

Chapter 2, due to the fact that sampling frequency is not hourly. Therefore, in Chapter 

2, where the objective was to improve the estimation of biomass made by echo-

sounders comparing the acoustic data with catch of the set, and taking into account that 

most sets are made at dawn as this is the time when tuna is assumed to be more closely 
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aggregated under the DFADs (Brill et al. 1999; Josse et al. 2000; Moreno et al. 2007a; 

Harley et al. 2009), we selected the maximum acoustic biomass value around sunrise 

(i.e. between 3 a.m. and 8 a.m.). On the other hand, to study the process of aggregation 

of species associated with DFADs (Chapter 3), we use the maximum daily biomass 

provided by the acoustic signal from the buoy to avoid possible measurement variability 

and sampling constraints as well as obtain the best representation of daily community 

size. In Chapters 4 and 5, presence/absence models were used, so if the buoy emitted a 

non-zero signal throughout a day, it was considered as presence of tuna, regardless of 

the time of the day.  

Table D.1. Options explored and used in this thesis to take into account the time at which 
the acoustic sample should be taken for the different objectives 

 What was done? Why it was done? Where was it applied? 

Option 1 Modelling the diel biomass 

estimated by the echo-sounder 

for different areas, using general 

additive models (GAMs) and 

taking the maximum biomass 

value between the peak hours 

with maximum abundances 

In order to take into account diel 

tuna biomass variability at DFADs 

in a given area 

This option was not used, 

as taking maximum 

values of abundance at 

these specific peaks limit 

the number of samples to 

be used in this study, due 

to sampling frequency is 

not hourly 

Option 2 Choosing the echo-sounder 

sample with maximum biomass 

value before the set in the same 

day or the day before, always 

around sunrise (between 3 a.m. 

and 8 a.m.) 

 As it was necessary to compare 

the acoustic data with catch of the 

set, and taking into account that 

most sets are made at dawn which 

is the time when tuna is assumed 

to be more closely aggregated 

under the DFADs 

Chapter 2 

Option 3 Use the maximum daily biomass 

provided by the acoustic signal 

from the buoy 

To avoid possible measuring 

variability and sampling 

constraints as well as obtain the 

best representation of daily 

community size 

Chapter 3 

Option 4 If the buoy emitted a non-zero 

signal throughout a day, it was 

considered as presence, 

regardless of the time of the day 

Because only presence and 

absence data are used 

Chapter 4 and Chapter 5 
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In this PhD, we propose the data cleansing protocol for a specific buoy brand in order to 

establish the basis of its use for science. The EU FAD-fishing fleet uses four echo-sounder 

buoy brands manufactured by different companies, which work with different 

frequencies, beam angle, ranges and other technical characteristics. Future studies 

should generate brand-specific protocols for cleaning raw acoustic data prior to their 

use for scientific purposes, due to the different technical specifications mentioned 

above. Currently, studies are being conducted with another brand of buoys than the one 

used in this study to evaluate the accuracy of biomass estimates obtained through echo-

sounder buoys and to improve the current algorithms used for estimating the associated 

biomass (Baidai et al. 2018). In addition to the need for brand-specific protocols, each 

company provides a non-comparable pool of acoustic measurements because each 

buoy has specific data processing and echo-integration procedures. Thus, an inter-

calibration is also necessary to understand inter-buoy variability and obtain comparable 

abundance signals per brand (Moreno et al. 2016a).  

In previous works carried out with the same buoy brand, a model capable of improving 

the estimation of the biomass provided by the echo-sounder was described (Lopez et al. 

2016). This model was based on the available knowledge of the vertical behavior of tuna 

and non-tuna species at DFADs and target strength and size/weight values for mixed 

species aggregations under DFADs (Josse and Bertrand 2000; Doray et al. 2006; Doray 

et al. 2007; Moreno et al. 2007b; Fonteneau et al. 2013; Chassot et al. 2015). The study 

developed by Lopez et al. (2016) was conducted in the Atlantic Ocean comparing a small 

sample of acoustic data and catches, exactly 21 fishing sets associated with their 

acoustic data taken previous to the set. The results were good, reducing the error 

variability in biomass estimates by 60%. In Chapter 2 we apply the same model to a large 

number of fishing sets (i.e. 287 sets associated with their previous acoustic data) in the 

Indian Ocean. In this case, although the model improves the biomass provided by the 

manufacturer, the improvement is not as large as observed by Lopez et al. (2016). 

Therefore, in order to not introduce more variability in the data, in Chapter 3 the 

biomass provided by the echo-sounder buoy was used directly, without applying the 

model explored in Chapter 2. The results indicate that the large spatio-temporal 

variability in the Indian Ocean cannot easily be considered with a single model, so the 
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model can be further improved. One of the great advances to improve the biomass 

provided by buoys, would be to apply specific TS values of the associated species 

measured in situ. As there were no consistent TS-length relationship for the three tuna 

species when the buoy algorithm to convert acoustic signal in biomass was developed, 

a TS corresponding to mixed species aggregations was chosen to apply to the assumed 

mixed tuna layers (Moreno et al. 2007b). A series of recent studies measured TS-length 

relationship of skipjack and bigeye tuna at three frequencies (Boyra et al. 2018; Boyra 

et al. Under review), which could considerably improve the biomass estimate from 

acoustic tools (both, used onboard vessels or equipping buoys used to track DFADs). 

Another option would be to include the species composition and size by area and season 

in an algorithm to convert acoustic signal into biomass. The Indian Ocean is 

characterized by experiencing strong environmental fluctuations associated to monsoon 

regimes that affect ocean circulation and biological production (Schott and McCreary 

2001; Wiggert et al. 2006), the marine ecology as well as the presence and relative 

species composition of an area (Jury et al. 2010). Therefore, using fishery statistics it 

would be possible to obtain the percentage and size of the different tuna species 

according to the area and season, and introduce this information in the conversion 

algorithm of the model, in order to further improve the biomass estimate provided by 

the fishers’ echo-sounder buoys.  

The first two chapters of this thesis allowed us to know in depth these novel data in 

order to exploit them correctly. In addition, through the protocol, we obtain clean data 

ready to use in different investigations related to the ecology and behavior of tuna and 

non-tuna aggregations around DFADs at different spatial and temporal scales. These 

investigations could provide an important opportunity to advance in the understanding 

of the aggregation mechanisms (Chapter 3) as well as to investigate the distribution of 

species associated with DFADs (Chapter 4, Chapter 5).  

Understanding the aggregation process of virgin DFADs 

In Chapter 3 we investigate the aggregation process of new DFADs in the Western Indian 

Ocean using the acoustic biomass provided by fishers’ echo-sounder buoys. We 

obtained results on tuna and non-tuna first day of arrival to the DFADs as well as trends 
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in the aggregation process of tuna and non-tuna during the first 60 days of the DFAD at 

sea. 

Contrary to what it has been published up to now (Hunter and Mitchell 1967; Moreno 

et al. 2007a) we found that tuna arrived earlier at DFADs than non-tuna species. Masters 

of the purse-seine fleets working in the Western Indian Ocean were interviewed and 

they suggested that non-tuna species took less time than tunas to colonize floating 

objects (i.e. 1-3 weeks for non-tuna species and one month for tuna) (Moreno et al. 

2007a). This study was more than 10 years ago (i.e. 2007) and they had just started 

working extensively with DFADs equipped with echo-sounders, so it would be necessary 

to consult fishers again to determine whether their beliefs have changed over time due 

to the extensive use of these technological devices. Another possible explanation is that 

non-tuna species may be easier to observe than tuna when fishers approach the object, 

as non-tuna species are strongly associated with DFADs (Parin and Fedoryako 1999) 

showing less frequent excursions out of DFAD (Moreno et al. 2007a; Dagorn et al. 2012a; 

Forget et al. 2015; Lopez et al. 2017a). If a significant time gap between the arrival of 

two groups is confirmed, a potential fisheries management measure to reduce the 

amount of bycatch in the studied region would be to propose sets to be made between 

the tuna arrival and the arrival of the non-tuna species. Although the buoy internal 

detection threshold of 1 ton could affect the results, as arrivals of tuna and non-tuna in 

lower quantities than one ton would not be detected, we do not believe that this 

limitation is a major problem. This is because one ton of the current skipjack-based 

algorithm biomass of Satlink buoy may not necessarily represent the same amount of 

non-target species, but probably less, and thus the threshold may not weaken the 

results and conclusions of later arrival of non-tuna, as explained in Chapter 3. Yet, it 

would be advisable to work with echo-sounder data without this detection threshold. 

Thus, future research is necessary to verify which group of species arrives first at the 

object, for example using remote underwater video cameras or satellite/archival tagging 

information. The use of video cameras to study marine life has increased over the past 

twenty years, and a variety of video survey techniques are now commonly used for 

sampling marine populations (Cappo et al. 2006; Mallet and Pelletier 2014; Stobart et 

al. 2015), including colonization research (Jan et al. 2007; Flopp et al. 2011). We believe 
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that the implementation of video cameras in the underwater structure of the DFADs at 

different depths could provide a very clear view of the colonization process at DFADs. In 

addition, this would contribute to the knowledge about the behavior of the different 

associated species, as well as to throw light on the reasons why they are aggregated. 

In Chapter 3 we found a significant relationship between the depth of the underwater 

structure of DFADs (i.e. < and > 20 meters) and colonization of tuna, suggesting a faster 

tuna colonization for deeper objects. For non-tuna species this relationship appeared to 

be not significant. It is possible that these differences may be related to the vertical 

distribution of the species under DFADs. As non-tuna species usually occupy shallower 

waters (i.e. <25 m) (Forget et al. 2015), the depth of the underwater part may not affect 

their aggregation ability. By contrast, tunas are usually found in deeper waters (i.e. > 25 

m) (Dagorn et al. 2000b; Schaefer et al. 2009; Schaefer and Fuller 2013; Matsumoto et 

al. 2014; Forget et al. 2015), and thus, deeper objects might be easier to detect visually, 

if this is the sensory cue used. If the attraction of the underwater part (i.e. >20m) for 

tunas is stronger in longer DFAD tails, which in turn would produce an increase in the 

difference on arrival time between tuna and non-tuna species (i.e. since tuna would 

arrive earlier and non-tuna species would continue to arrive later without the influence 

of the underwater part), it could be used as a potential bycatch mitigation strategy. As 

such, the time between the arrivals of each group to the DFADs with a deep tail should 

be analyzed and, if significant, this could potentially be applied as a mitigation measure 

to reduce the catch of non-tuna species. It should be taken into account, however, that 

these results are applicable to the Indian Ocean, but may not be extrapolated to other 

oceans as (i) the aggregation process could be ocean-specific and (ii)  the length of the 

underwater structure varies from the different oceans (5-20 m or 60-80 m depending 

on the region in the Indian Ocean, 80-100 m in the Atlantic Ocean and around 30 m in 

the Eastern Pacific Ocean) (Scott and Lopez 2014a; Murua et al. 2019). Therefore, future 

work is needed to confirm whether the relationship between tuna arrival day and the 

depth of the DFAD underwater part also occurs in other oceans. With these results, 

specific management measures could be designed for each RFMO, such as the adoption 

of underwater parts larger than 20 meters in the Indian Ocean for the mitigation of 

incidental catches. However, this could also lead to more marine debris and more impact 
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on beaching events and, therefore, before implemented a risk assessment should be 

done to investigate collateral possible negative effects. Alternatively, the measure could 

be potentially applied in conjunction with other measures such as the use of 

biodegradable materials, when developed and available, for the construction of the 

DFADs. 

The aggregation process (i.e. the biomass trend over 60 days) was analyzed spatially and 

temporally and they differed between monsoon periods and areas in both tuna and non-

tuna species. However, these variations were greater between periods than between 

areas. The differences between monsoons could be explained by changes in the 

biophysical environment associated with seasons. The ocean circulation in the Indian 

Ocean is strongly influenced by the marked monsoon system, which greatly affects the 

oceanography and production in the area (Schott and McCreary 2001; Wiggert et al. 

2006; Schott et al. 2009). The atmospheric Hadley cells, which meet at the Intertropical 

Convergence Zone (ITCZ), play critical roles in transporting heat, driving ocean 

circulation and precipitations. The ITCZ location changes through the year, which 

induces regime fluctuations (Green and Marshall 2017). In the Northern Hemisphere, 

the trade winds move in a southwestern direction from the northeast, while in the 

Southern Hemisphere, they move northwestward from the southeast (Wyrtki 1973). The 

drastic changes in circulation of the surface currents induced by the monsoon affect 

biophysical factors and productivity (i.e. chlorophyll, temperature, salinity, dissolved 

oxygen) (Tomczak and Godfrey 2013) and, thus, could also affect the presence and 

relative species composition in an area (Jury et al. 2010) as well as the abundance and 

distribution of several species (Heinrich 2010; Anderson et al. 2011; Escalle et al. 2016; 

Sasikumar et al. 2018). In addition to the aggregation process (Chapter 3), seasonal 

differences were also found in the distribution of tuna around the DFADs in the Indian 

Ocean (Chapter 4), suggesting that monsoon periods greatly influence the behavior and 

ecology of tunas aggregated to DFADs.  

Habitat preferences and distribution of tuna and non-tuna species associated with 

DFADs  
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Species distribution modeling methods combine known location of a species and 

environmental data to produce a model of species occurrence and distribution patterns 

(Elith and Leathwick 2009). Understanding the habitat characteristics and dynamics of 

pelagic species aggregated under DFADs would contribute to the management and 

design conservation measures of these valuable fishery resources, such as provide a 

base for the design of area closures, especially in a changing ocean. In Chapter 4, results 

highlighted group-specific spatial and temporal distributions and habitat preferences 

under DFADs, suggesting that both tuna and non-tuna species may have different 

habitat preferences depending on the monsoon period. This study represents the first 

investigation of spatial and temporal distribution of tropical tuna and non-tuna species 

aggregated under DFADs in the Indian Ocean using fishery-independent data collected 

by fishers’ echo-sounder buoys. 

The results suggested that part of the variability of the habitat distribution of tuna and 

non-tuna under DFADs is not explained by the selected variables, meaning that other 

ecological processes not considered in this study may also be involved at different scales 

on the aggregation process of the species at DFADs (e.g. social behavior of tuna at 

DFADs, DFAD densities in the area, dispersal or the patterns of aggregative species). This 

is consistent with previous studies, where environmental variables were seen to play a 

more important role in free schools than in DFAD communities in the Indian Ocean 

(Lezama-Ochoa et al. 2015). Therefore, we could hypothesize that for small tuna, that 

usually are aggregated to DFADs, the environmental conditions might be confounded 

with the motivation to remain aggregated with  DFADs, which to some extend is related 

to the ecological trap hypothesis (Marsac et al. 2000). The ecological trap concept was 

developed by Dwernychuk and Boag (1972) and is assumed to arise when formerly 

adaptive habitat preferences become maladaptive because the cues individuals 

preferentially use in selecting habitats lead to lower fitness than other available 

alternatives (Dwernychuk and Boag 1972; Schlaepfer et al. 2002; Fletcher et al. 2012; 

Robertson et al. 2013). Marsac et al. (2000) were the first to propose the possibility that 

the DFADs might act as an ecological trap for tunas, suggesting that DFADs could entrain 

tunas to biologically unsuitable locations, having a detrimental effect on the health of 

the stock (e.g. condition, natural mortality) and alter the spatio-temporal dynamics of 
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fish that strongly associate with floating objects. The majority of studies related to 

ecological traps have been conducted in terrestrial systems (Robertson and Hutto 2006), 

as for example the studies conducted with insects (Ries and Fagan 2003; Duchet et al. 

2018), reptiles (Rotem et al. 2013) or birds (Dwernychuk and Boag 1972; Shochat et al. 

2005; Santangeli et al. 2018). On the contrary, few studies have addressed ecological 

traps in marine environments (Hallier and Gaertner 2008; Dempster et al. 2011; Reubens 

et al. 2013; Gutzler et al. 2015). The demonstration of the existence of an ecological trap 

in fishery studies is difficult because preference for habitat and individual choices driving 

to a poor condition and higher mortality are difficult to detect using most of fisheries 

data (Hallier and Gaertner 2008). Moreover, working with DFADs requires major 

financial cost and logistical support, as they drift through the open sea for several 

months (Dagorn et al. 2010). In order to shed light on the ecological trap hypothesis, 

further research should be carried out using acoustic data provided by echo-sounder 

buoys to model the biomass aggregation/decrease around the DFAD and compare it 

with preferential/non-preferential areas found in Chapter 4 and with the condition of 

tuna, which could inform the effect of the DFADs on the movements of tunas and their 

habitat. 

Effective fisheries management is increasingly important, as overfishing threatens fish 

stocks globally, reduces biodiversity and alters ecosystem functioning (Jackson et al. 

2001; Pauly et al. 2005). Currently, the vast majority of spatial management measures 

for marine species, such as Marine Protected Areas (MPA), often set fixed boundaries 

around mobile species (Hyrenbach et al. 2000; Norse et al. 2005; Crowder and Norse 

2008), which is not very adequate due to the ocean itself being highly dynamic. Fixed 

MPAs may not be also adequate for highly mobile species like tuna, which the United 

Nations Convention on the Law of the Sea (UNCLOS) includes as one of the main 

migratory marine species (Article 64 and Annex 1) (Maguire 2006), due to their large 

migratory nature. In recent years, the concept of dynamic ocean management has been 

defined as “management that changes in space and time in response to the shifting 

nature of the ocean and its users based on the integration of new biological, 

oceanographic, social and/or economic data in near real-time” (Maxwell et al. 2015). 

This concept requires more precise data and faster collection, processing and analysis 
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to enable near real-time responses (Wilson et al. 2018). Data collection for fish such like 

tunas is difficult, time-consuming and costly because of their wide distribution and large 

mobility, and the complex interactions within marine ecosystems and the physical 

environment (Bradley et al. 2019).  

The approach used in this study could be the first steps towards the design, in the near 

future, of spatial-temporal conservation management measures (e.g. area closures) for 

both target and non-target species, using near real-time habitat predictions based on 

acoustic data provided by fishers’ echo-sounders and remote sensing systems (Figure 

D.2). Nevertheless, much work remains to be done, especially related to the 

improvement of biomass estimation by echo-sounders buoys. Moreover, none of the 

echo-sounders used at this time have the capability to directly identify fish size and 

species, since these buoys operate with a single frequency. If echo-sounder buoys had 

the ability to discriminate the species and sizes of tunas found at DFADs, these real-time 

habitat predictions could provide specific management measures for certain species or 

sizes. Moreover, it would be necessary to develop initiatives of data-exchange between 

fishers and scientific organizations, which allow the transmission of echo-sounder buoy 

data to scientists in near real-time following strict confidentiality rules. As the fishing 

fleet has to transfer the data, for this data-exchange to take place efficiently, the fishers 

should understand and be part of the management measures proposed. If the results 

have no value to fishers or cannot benefit their fishing operation, then participation in 

data collection programs will be met with resistance. Therefore, a collaborative process 

is needed to ensure that results are shared with fishers to guide management decisions 

made at sea (Neitzel et al. 2017) and to move towards a co-management system (Jentoft 

2005; Stephenson et al. 2016). 
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Figure D.2. A conceptual diagram of a hypothetical future process of dynamic ocean 
management using fishers' echo-sounder buoys 

Fisheries-dependent vs fisheries-independent data: Advantages of using echo-sounders 

buoys 

Chapter 5 focuses on evaluating whether two different data sources (i.e. fishery 

information as fisheries-dependent data and acoustic information as fisheries-

independent data) produce similar, different or comparable habitat distribution results 

using the same spatio-temporal models of Chapter 4.  The most remarkable result of the 

comparison between the models derived from the two different data sources is the 

precision of the hotspots identified in the prediction maps (Figure D.3). In the maps 

derived from catch data we obtain a large hotspot that covers practically the entire 

fishing area without major changes during the year, but that does not allow observing 

any variation on a finer scale (Figure D.3, B). On the other hand, the maps obtained with 

acoustic data allow identifying areas of high probability of tuna presence under the 

DFADs with greater precision (Figure D.3, A). It is possible that the differences found 

between models are related to the characteristics of the data (i.e. the spatial and 

temporal resolution of the data) and data processing (e.g. aggregated or fine scale 

environmental data). Moreover, the prediction maps obtained with catch data indicate 

zero probability of finding tuna near the horn of Somalia since there are no observations 

to build SDMs due to the large exclusion zone off the Somali coast due to piracy 

problems (Chassot et al. 2010) in the study period. In contrast, echo-sounder buoys 
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continuously record and provide information in areas and seasons where catch data is 

not available. Maps illustrating the distribution of tuna associated with DFADs are 

fundamental sources to help design management and conservation measures, so it is 

very useful to obtain maps as much detailed as possible within the large area occupied 

by tropical purse-seine fisheries. With the availability of high-resolution data of tuna 

presence derived from fishers’ echo-sounder buoys and environmental variables from 

satellite data, broad-scale studies can be made to estimate tuna distribution at fine 

resolutions. 

 

Figure D.3. Maps of the posterior mean of tuna occurrence probability in august using 
fishery- independent (A) and dependent data (B). 

As discussed extensively in Chapter 5, fisheries-dependent and independent data have 

different advantages and limitations (Table D.2). Although ideally the use of scientific 

data specifically designed for each study would be best, this is often difficult in large-

scale studies due to the high economic cost of these surveys (e.g. ocean research vessels 

cost ranging from $10,000 to more than $40,000 per day (Valdés 2017)). Having a large 

amount of data with high spatial and temporal resolution is essential to scientific studies 

and to effectively manage the fishery. However, oceans are a three-dimensional habitat, 

that forms over seventy percent of the surface area of the earth, in constant flux 

affecting the species and resource users which are being managed (Maxwell et al. 2015). 

In that sense, DFADs appear as a valuable tool for obtaining huge amounts of 

information in a very cost-effective manner and with a high spatio-temporal resolution, 
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presenting clear advantages for broad-scale ecological analyses. For information 

purposes, if the acoustic data used in this thesis were collected with a scientific acoustic 

survey, it would have cost more than 710 million euros (i.e. assuming that a scientific 

acoustic survey costs around 10 euros per square nautical mile per year (G. Boyra, pers. 

comm.)). Chapter 5 highlights the great potential fishers´ echo-sounder buoys have for 

undertaking studies to address sound scientific questions, including those related to the 

ecology and behavior of tuna species associated with DFADs. The integration of these 

novel sources of information in science and management are a valuable tool that should 

not be undervalued and dismissed. 

Table D.2. Main characteristics of catch data, scientific fishery-independent data and 
echo-sounder data, as well as their major limitations and advantages. 

 Catch data  

(Fishery-dependent 

data) 

Scientific surveys 

(Fishery-independent 

data) 

Echo-sounder buoys 

(Fishery-independent 

data) 

Economic cost Low-cost High-cost Low-cost 

Spatial coverage 
1ºx1º or 5ºx5º   Samples that generally 

cover specific areas and 

relatively short periods of 

time 

Fine scale (latitude, 

longitude) 

Temporal 

coverage 

Monthly Daily 

Bias sources 

-Preferential sampling 

-Data constrained to 

the areas where fishing 

occurs 

-Others: aggregation of 

species into generic 

groups, transcription 

errors and 

misreporting of catches 

-Limited amount of data 

can be collected 

-Limited coverage in space 

and time (in terms of 

seasonality or the number 

of years of available data) 

-Not originally developed 

for scientific purposes 

-Echo-sounder buoys are 

switched off when they 

move away from the 

fishing zone 

- Others: aggregation of 

species into groups (tuna 

and non-tuna), no size 

information, 

measurement errors 

Advantages 

-Long time series 

-Wide spatial coverage 

-Less bias: Survey data are 

considered to be of higher 

quality because sampling 

-Echo-sounders buoys are 

continuously recording 

information on the DFADs 
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and collection are 

scientifically designed and 

standardized 

trajectories and biomass 

of fish aggregated 

underneath in a non-

invasive manner, covering 

areas and seasons where 

catch data are not 

available 

- Wide spatial/temporal 

coverage 

Main limitations of fishers´ echo-sounder buoys 

Despite the advantages, the novel acoustic data used in this thesis has some limitations 

(Figure D.4), however, this thesis has shown that acoustic data provided by fishers’ 

echo-sounders buoys can be used knowing how to interpret the information and being 

aware of their limitations.  

  

Figure D.4. Main limitations of acoustic data provided by fishers’ echo-sounder buoys 

The first limitation is related to the measurement errors of the echo-sounder buoy. 

Acoustic samples are subject to errors caused by the nature of the physical 

measurement (Johannesson and Mitson 1983). In addition, oceanographic conditions, 
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like wind induced bubbles, can produce attenuation of acoustic waves and therefore 

affect buoys’ movement and subsequently, negatively bias the acoustic signal and 

sampling. Another source of noise may occur when underwater part of the DFAD gets 

under the echo-sounder, so the echo will be integrated as a false fish echo. However, 

when this occurs the echo-sounder signal give the maximum value in several layers (i.e 

63 tons), which is very easy to recognize and, therefore, to remove from the analysis. In 

addition, duplicate data or seabed reverberation (i.e. biomass signals reflecting the 

seafloor) are also part of these measurement errors. Thanks to the in-depth data 

analysis carried out in Chapter 1, the latter measurement errors (i.e. false positives due 

to underwater part of DFAD) were identified and removed from the database. Another 

aspect to take into account is the beam angle of the echo-sounder, since it has a certain 

aperture (i.e. 32º), which probably does not allow to collect the information of the whole 

aggregation. Moreover, the position of the fish in relation to the echo-sounder beam 

and its detectability is something to be considered. Some bycatch species are known to 

be more strongly and tightly attached to the DFAD (intranatant/extranatant species, see 

Freon and Dagorn (2000)) than tuna species (circumnatant) and thus, may be more 

easily detected. Besides, some species like tuna make longer excursions out of the DFAD 

when compared to most non-tuna species (Govinden et al. 2010; Forget et al. 2015; 

Lopez et al. 2017a). However, the cone shape of the beam of the echo-sounder, covering 

a larger area with increasing depth, compensates the detectability of tuna individuals. 

Future studies should combine echo-sounder buoy sampling around DFADs with 

dedicated tagging and monitoring of fauna surveys to infer detectability rates per size 

and species to assist in acoustic signal interpretation. 

One of the major limitations of the data used in this thesis is that the buoys have an 

internal detection threshold of 1 ton of estimated tuna biomass. If the amount of fish 

aggregated under the DFADs is lower than one ton (as for the conversion done by the 

manufacturer) during the first few days the object is at sea, the echo-sounder may not 

be indicating biomass presence, potentially biasing the analysis. This limitation may be 

significant in the case of non-tuna species, since bycatch species are normally found in 

lower amounts than tuna species at DFADs (i.e. in a range between 1-5 tons (Romanov 

2002; Romanov 2008; Dagorn et al. 2012a)). Satlink buoys use a method that converts 
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raw acoustic backscatter into biomass using an empiric algorithm based on the target 

strength and weight of skipjack tuna, which is the main target species of purse seine 

fishery using DFADs. Whereas the skipjack tuna does not have a swimbladder, the 

majority of bycatch species do (e.g. wahoo (Acanthocybium solandri), rainbow runner 

(Elegatis bipinnulata) or trigger fish (Canthidermis maculatus). Swimbladdered species 

normally produce a much higher echo than bladderless since this hydrostatic organ, 

when present, is responsible for 90–95% of the backscattering energy (Foote 1980). 

Accordingly, one ton of the skipjack-based algorithm non-tuna biomass may not 

necessarily represent the same biomass of non-target species, but probably less, and 

therefore the threshold of one ton may not be as important as would be expected for 

first detection of non-tuna in DFADs. Nevertheless, it is important to take into account 

this limitation for the use of these data for scientific purposes. Yet, it would be very 

useful to work without this detection threshold which could be solved by buoy providers 

very easily. Access to these raw data would provide scientists information without the 

threshold limitation, which could help in the investigation of sustainability and the 

management of the exploited resources. 

The echo-sounder used in this research only works with one frequency, so it is not 

possible to discriminate between the three main species and sizes of tropical tuna found 

in the DFADs. One of the prerequisites to discriminate tuna species and asses their 

biomass is knowing the target strength (TS; dB re 1 m), TS-length (L; cm) and TS-

frequency (f; kHz) for the 3 species found at DFADs. An acoustic research conducted by 

ISSF (Moreno et al. 2015; Moreno et al. in press) found different frequency response for 

skipjack compared to bigeye and yellowfin tunas when analyzed simultaneously with 

multi-frequency echo-sounder, because skipjack doesn´t have swim bladder while 

bigeye and yellowfin do. Given that the highest contribution to the TS is given by the 

swim bladder, there is normally a contrasting different frequency response between 

swim bladdered and non-swim bladdered species (Gorska et al. 2005; Fernandes et al. 

2006). This source of discrimination between species could be applied to distinguish 

skipjack from bigeye and yellowfin, as it has already been applied in other cases 

(Logerwell and Wilson 2004; Korneliussen 2010). Unfortunately, only few studies have 

analyzed acoustic properties on aggregations around DFADs, most of them using a single 
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acoustic frequency, probably due to the fact that DFAD aggregations are ephemeral in 

time and space making the research expensive and logistically difficult. In situ TS 

measurements for bigeye and yellowfin are only available at 38 kHz (Josse and Bertrand 

2000; Doray et al. 2006; Moreno et al. 2007b), whereas a recent study measured TS-

length relationship of skipjack and bigeye tuna at three frequencies (Boyra et al. 2018; 

Boyra et al. Under review). Finding specific TS-frequency relationships for each tuna 

species would allow significantly improving the accuracy of biomass estimates by tuna 

species and, in monospecific aggregations, even tuna sizes before the fishing set.  

Future perspectives using fishers’ echo-sounder buoys data 

This thesis represents the first steps towards understanding and use of acoustic data 

provided by fishers’ echo-sounder buoys for scientific purposes.  

One of the most promising and innovative research areas is to derive fishery-

independent abundance indices of tunas based on acoustic samples of echo-sounder 

buoys. Fisheries stock assessment models are the basis to evaluate and assess the 

condition of a population and a fishery, and to establish a scientifically sound 

management measures (Hilborn and Walters 2001). The vast majority of stock 

assessment models require some index of abundance. In tuna stocks, the use of 

fisheries-independent abundance indices is rare due to the migratory nature of the 

species and, hence, the difficulty to carry out dedicated scientific surveys covering the 

whole spatio-temporal distribution of the species. Currently, the majority of abundance 

indices used in the stock assessment models for highly migratory species are based on 

fisheries-dependent catch-and-effort analysis (Catch per Unit of Effort, CPUE) (Maunder 

and Punt 2004). The CPUE of the tropical tuna purse seine fishery is typically 

standardized using fishing time, searching time or the number of positive fishing sets as 

fishing effort unit, without considering technological creep or fishing strategy changes 

that may affect catchability (i.e. the parameter relating catch and effort with stock 

abundance) (Fonteneau et al. 2013; Katara et al. 2017). The introduction of DFADs, and 

the associated rapid technological development, make it difficult to evaluate the 

effective effort of the purse seine fisheries and have therefore hindered the reliable 

estimation of standardized purse seine CPUE indices (Maunder et al. 2006; Gaertner et 
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al. 2015). Alternatively, several authors have proposed the use of fisheries-independent 

data to develop relative abundance indices of tuna species. Capello et al. (2016) 

proposed a method to estimate species abundance using data obtained through 

acoustic tagging at DFADs and DFAD densities. Furthermore, several studies (Santiago 

et al. 2017; Santiago et al. 2019) proposed to use the biomass estimated from acoustic 

samples provided by echo-sounders buoys on DFADs to develop a tuna abundance 

index, based on the assumption that the signal from the echo-sounder is proportional 

to the abundance of fish: 

𝐵𝐴𝐼𝑡=𝜑 .𝐵𝑡 

where BAIt is the Buoy-derived Abundance Index, 𝜑 is the coefficient of proportionality 

and Bt is the biomass in time t. The results derived from this tuna BAI could provide 

significant information to further complement current stock assessments of tropical 

tuna fisheries that only rely on fisheries-dependent data, particularly for this fleet, 

where changes in technology may imply significant changes in fleet behavior, effort and 

catchability of the species. 

Another major development for the future of echo-sounders related to both research 

and conservation, is the integration of different frequencies. The data provided by buoys 

equipped with multi-frequency echo-sounders could be very useful for informing 

species specific BAI indices (above) but also in developing science-based regulatory 

measures to minimize bycatch and catches of vulnerable species (Moreno et al. in press). 

For example, the over-exploitation of bigeye tuna is in part due to the catch of small 

bigeye at DFADs, that simultaneously aggregate the three species (Leroy et al. 2012; 

Pons et al. 2017). Having a specific composition information before the fishing set could 

contribute to mitigate the catches of small bigeye individuals, avoiding their fishing, and, 

hence, contributing to a more sustainable exploitation of the resources. Moreover, 

acoustic discrimination of different species associated with DFADs could contribute to 

increase knowledge on their ecology and behavior. The availability of acoustic data by 

species would make it possible to conduct the analyses carried out in Chapter 3, 

obtaining the aggregation dynamics for the three tuna species separately, as well as 
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obtaining maps of preferential habitats for each species, such as those obtained in 

Chapter 4 and Chapter 5. 

This thesis focuses on the ecology and behavior of tuna and non-tuna species associated 

with DFADs in the Indian Ocean. Since each ocean has unique oceanographic 

characteristics and the fleet makes different use of DFADs depending on the ocean (i.e. 

deployment strategy, length of the underwater structure, etc…), it could be very useful 

to expand the different analysis performed in this thesis to other oceans. This could 

allow a general comparison of all these aspects (i.e. aggregation process, spatio-

temporal distribution and environmental preferences) by ocean basins. 

Throughout this thesis, we highlight the importance of the acoustic data provided by 

fishers’ echo-sounder buoys for scientific analysis. Considering this, there is a need to 

propose collaborations between buoy companies, fishers and scientists to develop a 

process for a routine, continuous, confidential and RFMO-supported raw data transfer 

between the purse seine industry and research centers. 

Main contributions 

The main contributions of this thesis are, on the one hand, to detail the management of 

acoustic data provided by fishers’ echo-sounder buoys for scientific purposes and, on 

the other hand, to increase knowledge about the ecology and behavior of tuna and non-

tuna species associated with DFAD, analyzing the aggregation process as well as the 

habitat distribution and preferences of both species groups. The scientific advances in 

this knowledge could contribute to the scientific basis for DFAD management measures 

(e.g. dynamic spatial management on real time), supporting tuna RFMOs in decision-

making for a more sustainable management of the species and fishery under their 

mandate. Overall our findings show that acoustic data provided by fishers’ echo-

sounders buoys can be used in scientific research, especially in large-scale studies where 

data accessibility is limited. Fine-scale extended open-ocean data allow us to have a 

large spatial-temporal coverage for diverse investigations related to the species 

associated to floating objects. 
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Conclusions and thesis 

The conclusion of the first chapter with the aim “to establish standardized protocols to 

process fishers echo-sounders´ acoustic raw biomass estimates in order to use them for 

scientific purposes” is: 

1. The implementation of the proposed standardized protocol eliminates errors 

and false positives found in data provided by fishers’ echo-sounder buoys and 

allows the collection of clean acoustic data useful for scientific purposes. 

The conclusion of the second chapter with the aim “to progress towards improved 

remote biomass estimates by the echo-sounders equipping DFADs, following previous 

analysis proposed in the field, based on existing knowledge of the vertical distribution of 

non-tuna and tuna species at DFADs and mixed species target strengths (TS) and 

weights” is: 

2. Although the application of behavior/size-based model improves acoustic 

biomass estimates provided originally by manufacturers, the improvement of 

the biomass estimates is not as large as expected; which suggest that a single 

model to convert acoustic signal into biomass is not enough to explain the large 

variability in these data and further improvements are needed. 

The conclusions of the third chapter with the aim “to investigate the aggregation 

process of virgin (i.e. newly deployed) DFADs in the Western Indian Ocean using the 

acoustic records provided by fishers’ echo-sounder buoys, determining the first detection 

day of tuna and non-tuna species at DFAD and identifying the potential differences in the 

spatio-temporal dynamics of the aggregations” are: 

3. The average period for the arrival of fishes to the DFADs (i.e. first day that the 

echo-sounder detected biomass) is 13.5±8.4 days for tuna and 21.7±15.1 days 

for non-tuna species; which indicates that tuna arrive at DFADs before non-tuna 

species. 

4. The analysis shows a significant relationship between DFAD depth and detection 

time of tuna, suggesting a faster tuna colonization for deeper objects. For non-
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tuna species this relationship appears to be not significant. The influence of 

underwater structure on the aggregation process may be related to the vertical 

distribution of the species under DFADs.  

5. The aggregation dynamics differ between area and monsoon periods in both 

tuna and non-tuna species. These differences could be explained by changes in 

the biophysical environment associated with seasonality, although there may be 

other social factors affecting the aggregation process of tuna and non-tuna 

species at DFADs, such as the density and abundance of the local tuna population 

or DFADs.  

6. The results of this research could be used as a tool to assist on the sustainability 

of tuna fisheries, helping to design conservation measures for tuna and non-tuna 

species management, such as reducing the undesired catch. 

The conclusions of the fourth chapter with the aim “to investigate the habitat 

preferences and distribution of tuna and non-tuna species associated with DFADs and 

environmental conditions in the Indian Ocean implementing Bayesian Hierarchical 

spatial models” are: 

7. Results highlight species-specific spatial and temporal distributions as well as 

different relevant environmental factors for tuna and non-tuna species presence 

associated with DFADs, which suggest that both species group may have 

different habitat preferences. 

8. The highest probabilities for tuna presence are found in warmer waters, with 

larger sea surface height and low eddy kinetic energy. In the case of non-tuna 

species presence on DFADs, the highest probabilities are found in colder and 

productive waters. For both groups, days at sea is relevant, with a higher 

probability of tuna and non-tuna presence on DFADS when the object stays 

longer at sea.  

9. The relevance of buoy random effect and the spatial effect could indicate that 

there must be other ecological processes behind this associative behavior of tuna 

and non-tuna species at DFADs that are not being taken into account in this study 

(e.g. social behavior of tuna at DFADs or DFAD densities in the area). 
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10. The results of his study could contribute to design spatio-temporal conservation 

management measures (e.g. dynamic area closures) for both target and non-

target species, using near real-time habitat predictions based on acoustic data 

provided by fishers’ echo-sounders and remote sensing systems. 

The conclusions of the fifth chapter with the aim “to compare the spatio-temporal 

distribution of tuna in the Western Indian Ocean resulted from both fisheries-dependent 

(i.e. nominal catch data) and independent (i.e. acoustic data from fishers´ echo-sounder 

buoys) data using spatially-explicit Bayesian Hierarchical spatial models” are: 

11. The predicted probability of occurrence for tuna developed using fisheries-

dependent and fisheries-independent data show, in general, similar areas of 

tuna presence under the DFADs, however, some fine-scale differences are 

observed. The good level of overlap in the predictions indicate by the similarity 

statistics, considering the low correlation values, are most likely due to the fact 

that the large-scale habitat preference predictions considered in this study have 

very low probabilities outside the main fishing area, which may result in 

misleading similarity statistics. 

12. The maps obtained with acoustic data allow identifying areas of high probability 

of tuna presence at DFADs with greater precision, whereas the maps derived 

from catch data do not indicate any variation of tuna distribution on a finer scale. 

13. Results of monthly specific tuna distribution patterns under DFADs suggest that 

tuna species may have different habitat preferences depending on the season. 

14. The results of this research highlight the great potential fishers´ echo-sounder 

buoys have for addressing key scientific questions on tuna ecology and behavior. 

Furthermore, these data could significantly contribute to the development of 

possible management measures, for example time–area closures, in which, by 

having greater precision in the spatio-temporal distribution of tuna associated 

with DFADs, management measures could be more efficient. 
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Finally, considering all these conclusions, the working hypothesis has been 

confirmed: 

Results on the aggregation process, spatio-temporal distribution and 

environmental preferences of species associated with DFADs in the Indian Ocean, 

using acoustic data provided by fishers’ echo-sounder buoys, contribute to 

increase the knowledge of ecology and behavior of tuna and non-tuna species 

associated with DFADs, which could advice the scientific basis for DFAD fishery 

management, supporting tuna RFMOs in decision-making for a more sustainable 

management of the species and the fishery. 



 

175 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

References



 

176 
 



REFERENCES 

 

177 
 

Alverson DL, Freeberg M, Pope J, Murawski S (1994) A global assessment of fisheries 

bycatch and discards. FA0 Fisheries Technical Paper 

Allouche O, Tsoar A, Kadmon R (2006) Assessing the accuracy of species distribution 

models: prevalence, kappa and the true skill statistic (TSS). Journal of Applied 

Ecology 43: 1223-1232  

Amandè MJ, Ariz J, Chassot E, de Molina AD, Gaertner D, Murua H, Pianet R, Ruiz J, 

Chavance P (2010) Bycatch of the European purse seine tuna fishery in the 

Atlantic Ocean for the 2003–2007 period. Aquat Living Resour 23: 353-362  

Amande MJ, Chassot E, Chavance P, Murua H, de Molina AD, Bez N (2012) Precision in 

bycatch estimates: the case of tuna purse-seine fisheries in the Indian Ocean. 

ICES J Mar Sci 69: 1501-1510  

Anderson R, Lew D, Peterson A (2003) Evaluating predictive models of species’ 

distributions: criteria for selecting optimal models. Ecological Modelling 162: 

211-232  

Anderson R, Zahir H, Jauharee R, Sakamoto T, Sakamoto I, Johnson G (2009) 

Entanglement of Olive Ridley Turtles Lepidochelys olivacea in ghost nets in the 

equatorial Indian Ocean. IOTC Proceedings IOTC, Mombasa, Kenya IOTC-2009-

WPEB-07  

Anderson RC, Adam MS, Goes JI (2011) From monsoons to mantas: seasonal distribution 

of Manta alfredi in the Maldives. Fisheries oceanography 20: 104-113  

Angel MV (1993) Biodiversity of the pelagic ocean. Conservation Biology 7: 760-772  

Arrizabalaga H, Ariz J, Mina X, Delgado de Molina A, Artetxe I, Pallares P, Iriondo A (2001) 

Analysis of the activities of supply vessels in the Indian Ocean from observers 

data. IOTC-2001-WPTT01-11   

Arrizabalaga H, Dufour F, Kell L, Merino G, Ibaibarriaga L, Chust G, Irigoien X, Santiago J, 

Murua H, Fraile I (2015) Global habitat preferences of commercially valuable 

tuna. Deep Sea Res Part 2 Top Stud Oceanogr 113: 102-112  



 

 

178 
 

Báez JC, Fernández F, Pascual-Alayón PJ, Ramos ML, Abascal F (2017) Updating the 

statistics of the EU-Spain purse seine fleet in the Indian Ocean (1990-2016). IOTC-

2017-WPTT19-INFO5   

Báez JC, Fernández F, Pascual-Alayón PJ, Ramos ML, Deniz S, Abascal F (2018) Updating 

the statistics of the EU-Spain purse seine fleet in the Indian Ocean (1990-2017). 

IOTC-2018-WPTT20-15   

Baidai Y, Capello M, Amande J, Gaertner D, Dagorn L (2018) Supervised learning 

approach for detecting presence-absence of tuna under FAD from echosounder 

buoys data. SCRS/2018/125   

Balderson S, Martin L (2015) Environmental impacts and causation of ‘beached’Drifting 

Fish Aggregating Devices around Seychelles Islands: a preliminary report on data 

collected by Island Conservation Society. IOTC-2015-WPEB11-39   

Banerjee S, Carlin BP, Gelfand AE (2014) Hierarchical modeling and analysis for spatial 

data. Crc Press 

Bard F-X, Stretta J-M, Slepoukha M (1985) Les épaves artificielles comme auxiliaires de 

la pêche thonière en océan Atlantique: quel avenir? La peche maritime: 655-659  

Barkley RA, Neill WH, Gooding RM (1978) Skipjack tuna, Katsuwonus pelamis, habitat 

based on temperature and oxygen requirements. Fish Bull 76: 653-662  

Barrett I, Hester FJ (1964) Body temperature of yellowfin and skipjack tunas in relation 

to sea surface temperature. Nature 203: 96  

Baske A, Gibbon J, Benn J, Nickson A (2012) Estimating the use of drifting Fish 

Aggregation Devices (FADs) around the globe. PEW Environmental group, 

discussion paper, 8p   

Batalyants KY (1992) On the hypothesis of comfortability stipulation of tuna association 

with natural and artificial floating objects. ICCAT Coll Vol Sci Pap 40: 447-453  



REFERENCES 

 

179 
 

Beal L, Donohue K (2013) The Great Whirl: Observations of its seasonal development 

and interannual variability. Journal of Geophysical Research: Oceans 118: 1-13  

Beguin J, Martino S, Rue H, Cumming SG (2012) Hierarchical analysis of spatially 

autocorrelated ecological data using integrated nested Laplace approximation. 

Methods in Ecology and Evolution 3: 921-929  

Benitez-Nelson CR, Bidigare RR, Dickey TD, Landry MR, Leonard CL, Brown SL, Nencioli 

F, Rii YM, Maiti K, Becker JW (2007) Mesoscale eddies drive increased silica 

export in the subtropical Pacific Ocean. Science 316: 1017-1021  

Benny PN (2002) Variability of western Indian Ocean currents. Western Indian Ocean 

Journal of Marine Science 1: 81-90  

Biais G, Taquet M (1991) Dispositifs de concentration de poissons a la Reunion. 

Equinoxe: 20-27  

Block BA, Stevens ED (2001) Tuna: physiology, ecology, and evolution. Gulf Professional 

Publishing 

Bourjea J, Cleremont S, Delgado A, Murua H, Ruiz J, Ciccione S, Chavance P (2014) Marine 

turtle interaction with purse-seine fishery in the Atlantic and Indian oceans: 

Lessons for management. Biological Conservation 178: 74-87 doi 

10.1016/j.biocon.2014.06.020 

Boyra G, Moreno G, Orue B, Sobradillo B, Sancristobal I (Under review) In situ target 

strength of bigeye tuna (Thunnus obesus)  ICES J Mar Sci   

Boyra G, Moreno G, Sobradillo B, Pérez-Arjona I, Sancristobal I, Demer DA (2018) Target 

strength of skipjack tuna (Katsuwanus pelamis) associated with fish aggregating 

devices (FADs). ICES J Mar Sci 75: 1790-1802  

Bradley D, Merrifield M, Miller KM, Lomonico S, Wilson JR, Gleason MG (2019) 

Opportunities to improve fisheries management through innovative technology 

and advanced data systems. Fish and fisheries 20 564-583 doi 10.1111/faf.12361 



 

 

180 
 

Brehmer P, Sancho G, Trygonis V, Itano D, Dalen J, Fuchs A, Faraj A, Taquet M (2018) 

Towards an Autonomous Pelagic Observatory: Experiences from Monitoring Fish 

Communities around Drifting FADs. Thalassas: An International Journal of 

Marine Sciences: 1-13  

Breiman L (2001) Random forests. Machine learning 45: 5-32  

Brill R, Block B, Boggs C, Bigelow K, Freund E, Marcinek D (1999) Horizontal movements 

and depth distribution of large adult yellowfin tuna (Thunnus albacares) near the 

Hawaiian Islands, recorded using ultrasonic telemetry: implications for the 

physiological ecology of pelagic fishes. Mar Biol 133: 395-408  

Brill RW (1994) A review of temperature and oxygen tolerance studies of tunas pertinent 

to fisheries oceanography, movement models and stock assessments. Fisheries 

oceanography 3: 204-216  

Brodie S, Hobday AJ, Smith JA, Everett JD, Taylor MD, Gray CA, Suthers IM (2015) 

Modelling the oceanic habitats of two pelagic species using recreational fisheries 

data. Fisheries oceanography 24: 463-477  

Bromhead D, Foster J, Attard R, Findlay J, Kalish J (2003) A review of the impact of fish 

aggregating devices (FADs) on tuna fisheries. Final report to the Fisheries 

Resources Research Fund Bureau of Rural Sciences, Canberra, Australia: 122pp  

Capello M, Deneubourg JL, Robert M, Holland KN, Schaefer KM, Dagorn L (2016) 

Population assessment of tropical tuna based on their associative behavior 

around floating objects. Sci Rep 6: 36415 doi 10.1038/srep36415 

Capietto A, Escalle L, Chavance P, Dubroca L, De Molina AD, Murua H, Floch L, Damiano 

A, Rowat D, Merigot B (2014) Mortality of marine megafauna induced by 

fisheries: Insights from the whale shark, the world's largest fish. Biological 

Conservation 174: 147-151  



REFERENCES 

 

181 
 

Cappo M, Harvey E, Shortis M (2006) Counting and measuring fish with baited video 

techniques-an overview Australian Society for Fish Biology Workshop 

Proceedings. Australian Society for Fish Biology, pp 101-114 

Carey FG (1982) Sonic tracking experiments with tunas. ICCAT Col Vol Sci Pap 17: 458-

466  

Carey FG, Teal JM (1966) Heat conservation in tuna fish muscle. Proceedings of the 

National academy of Sciences of the United States of America 56: 1464  

Castro J, Santiago J, Santana-Ortega A (2002) A general theory on fish aggregation to 

floating objects: an alternative to the meeting point hypothesis. Rev Fish Biol Fish 

11: 255-277  

Cillaurren E (1994) Daily fluctuations in the presence of Thunnus albacares and 

Katsuwonus pelamis around fish aggregating devices anchored in Vanuatu, 

Oceania. Bull Mar Sci 55: 581-591  

Coelho R, Mejuto J, Domingo A, Yokawa K, Liu KM, Cortés E, Romanov EV, Silva C, Hazin 

F, Arocha F (2017) Distribution patterns and population structure of the blue 

shark (Prionace glauca) in the Atlantic and Indian Oceans. Fish and fisheries 19 

90-106  

Collette BB, Nauen CE (1983) FAO species catalogue. Volume 2. Scombrids of the world. 

An annotated and illustrated catalogue of tunas, mackerels, bonitos and related 

species known to date 

Conn PB, Thorson JT, Johnson DS (2017) Confronting preferential sampling when 

analysing population distributions: diagnosis and model‐based triage. Methods 

in Ecology and Evolution 8: 1535-1546  

Costa TL, Pennino MG, Mendes LF (2017) Identifying ecological barriers in marine 

environment: The case study of Dasyatis marianae. Mar Environ Res 125: 1-9  

Costello C, Kaffine DT (2010) Marine protected areas in spatial property‐rights fisheries. 

Australian Journal of Agricultural and Resource Economics 54: 321-341  



 

 

182 
 

Crowder L, Norse E (2008) Essential ecological insights for marine ecosystem-based 

management and marine spatial planning. Marine Policy 32: 772-778  

Chassot E, Assan C, Soto M, Damiano A, Delgado de Molina A, Joachim L, Cauquil P, 

Lesperance F, Curpen M, Lucas J (2015) Statistics of the European Union and 

associated flags purse seine fishing fleet targeting tropical tunas in the Indian 

Ocean during 1981–2014. IOTC-2015-WPTT17-12 

Chassot E, Dewals P, Floch L, Lucas V, Morales-Vargas M, Kaplan D (2010) Analysis of the 

effects of Somali piracy on the European tuna purse seine fisheries of the Indian 

Ocean. IOTC Scientific Committee Report: IOTC-2010-SC-09 Indian Ocean Tuna 

Commission, Victoria, Seychelles   

Chavance P, Amande J, Pianet R, Chassot E, Damiano A (2011) Bycatch and discards of 

the French tuna purse seine fishery during the 2003-2010 period estimated from 

observer data. IOTC-2011-WPEB07-23 

Chavance P, Dewals P, Amandè M, Delgado de Molina A, Damiano A, Tamegnon A (2015) 

Tuna fisheries catch landed in Abidjan (Côte d’Ivoire) and sold on local fish 

market for the period 1982–2013 (preliminary data). Collect Vol Sci Pap ICCAT 

71: 183-188  

Chen I, LEE PF, TZENG WN (2005) Distribution of albacore (Thunnus alalunga) in the 

Indian Ocean and its relation to environmental factors. Fisheries Oceanography 

14: 71-80  

Dagorn L (1994) Le comportement des thons tropicaux modélisé selon les principes de 

la vie artificielle. Thèse  de  l’Ecole Nationale   Supérieure   Agronomique   de   

Rennes,   TDM  133, ORSTOM Editions, Paris, 250 pp   

Dagorn L, Bach P, Josse E (2000a) Movement patterns of large bigeye tuna (Thunnus 

obesus) in the open ocean, determined using ultrasonic telemetry. Mar Biol 136: 

361-371  



REFERENCES 

 

183 
 

Dagorn L, Bez N, Fauvel T, Walker E (2013) How much do fish aggregating devices (FADs) 

modify the floating object environment in the ocean? Fisheries Oceanography 

22: 147-153 doi 10.1111/fog.12014 

Dagorn L, Filmalter J, Forget F, Amandè MJ, Hall MA, Williams P, Murua H, Ariz J, 

Chavance P, Bez N (2012a) Targeting bigger schools can reduce ecosystem 

impacts of fisheries. Can J Fish Aquat Sci 69: 1463-1467 doi 10.1139/F2012-089 

Dagorn L, Freon P (1999) Tropical tuna associated with floating objects: a simulation 

study of the meeting point hypothesis. Can J Fish Aquat Sci 56: 984-993  

Dagorn L, Holland KN, Filmalter J (2010) Are drifting FADs essential for testing the 

ecological trap hypothesis? Fish Res 106: 60-63 doi 

10.1016/j.fishres.2010.07.002 

Dagorn L, Holland KN, Hallier J-P, Taquet M, Moreno G, Sancho G, Itano DG, Aumeeruddy 

R, Girard C, Million J (2006) Deep diving behavior observed in yellowfin tuna 

(Thunnus albacares). Aquat Living Resour 19: 85-88  

Dagorn L, Holland KN, Itano DG (2007a) Behavior of yellowfin (Thunnus albacares) and 

bigeye (T. obesus) tuna in a network of fish aggregating devices (FADs). Mar Biol 

151: 595-606  

Dagorn L, Holland KN, Restrepo V, Moreno G (2012b) Is it good or bad to fish with FAD 

s? What are the real impacts of the use of drifting FAD s on pelagic marine 

ecosystems? Fish and fisheries 14: 391-415  

Dagorn L, Josse E, Bach P, Bertrand A (2000b) Modeling tuna behaviour near floating 

objects: from individuals to aggregations. Aquat Living Resour 13: 203-211  

Dagorn L, Pincock D, Girard C, Holland K, Taquet M, Sancho G, Itano D, Aumeeruddy R 

(2007b) Satellite-linked acoustic receivers to observe behavior of fish in remote 

areas. Aquat Living Resour 20: 307-312  

Davies R, Cripps S, Nickson A, Porter G (2009) Defining and estimating global marine 

fisheries bycatch. Marine Policy 33: 661-672  



 

 

184 
 

Davies T, Curnick D, Barde J, Chassot E (2017) Potential environmental impacts caused 

by beaching of drifting Fish Aggregating Devices and identification of 

management solutions and uncertainties. . IOTC-2017-WGFAD01-08 

Davies TK, Mees CC, Milner-Gulland E (2014a) Modelling the spatial behaviour of a 

tropical tuna purse seine fleet. PloS one 9: e114037  

Davies TK, Mees CC, Milner-Gulland E (2014b) The past, present and future use of 

drifting fish aggregating devices (FADs) in the Indian Ocean. Marine Policy 45: 

163-170  

De Molina AD, Ariz J, Santana J, Rodriguez S (2013) EU/Spain Fish Aggregating Device 

Management Plan. SCRS/2013/029   

Dell'Apa A, Pennino MG, Bonzek C (2017) Modeling the habitat distribution of spiny 

dogfish (Squalus acanthias), by sex, in coastal waters of the northeastern United 

States. Fish Bull 115: 89-100  

Dempster T, Kingsford MJ (2003) Homing of pelagic fish to fish aggregation devices 

(FADs): the role of sensory cues. Marine Ecology Progress Series 258: 213-222  

Dempster T, Sanchez-Jerez P, Fernandez-Jover D, Bayle-Sempere J, Nilsen R, Bjørn P-A, 

Uglem I (2011) Proxy measures of fitness suggest coastal fish farms can act as 

population sources and not ecological traps for wild gadoid fish. PloS one 6: 

e15646  

Dempster T, Taquet M (2004) Fish aggregation device (FAD) research: gaps in current 

knowledge and future directions for ecological studies. Rev Fish Biol Fish 14: 21-

42  

Dinno A, Dinno MA (2017) Package ‘dunn. test’  

Doray M, Josse E, Gervain P, Reynal L, Chantrel J (2006) Acoustic characterisation of 

pelagic fish aggregations around moored fish aggregating devices in Martinique 

(Lesser Antilles). Fish Res 82: 162-175  



REFERENCES 

 

185 
 

Doray M, Josse E, Gervain P, Reynal L, Chantrel J (2007) Joint use of echosounding, 

fishing and video techniques to assess the structure of fish aggregations around 

moored Fish Aggregating Devices in Martinique (Lesser Antilles). Aquat Living 

Resour 20: 357-366  

Doray M, Petitgas P, Nelson L, Mahévas S, Josse E, Reynal L (2009) The influence of the 

environment on the variability of monthly tuna biomass around a moored, fish-

aggregating device. ICES J Mar Sci 66: 1410-1416  

Druon J-N, Chassot E, Murua H, Lopez J (2017) Skipjack Tuna Availability for Purse Seine 

Fisheries Is Driven by Suitable Feeding Habitat Dynamics in the Atlantic and 

Indian Oceans. Frontiers in Marine Science 4: 315  

Duchet C, Moraru GM, Spencer M, Saurav K, Bertrand C, Fayolle S, Hayoon AG, Shapir R, 

Steindler L, Blaustein L (2018) Pesticide‐mediated trophic cascade and an 

ecological trap for mosquitoes. Ecosphere 9: e02179  

Dueri S, Maury O (2013) Modelling the effect of marine protected areas on the 

population of skipjack tuna in the Indian Ocean. Aquat Living Resour 26: 171-178  

Dufois F, Hardman‐Mountford NJ, Fernandes M, Wojtasiewicz B, Shenoy D, Slawinski D, 

Gauns M, Greenwood J, Toresen R (2017) Observational insights into chlorophyll 

distributions of subtropical South Indian Ocean eddies. Geophysical research 

letters 44: 3255-3264  

Dufois F, Hardman‐Mountford NJ, Greenwood J, Richardson AJ, Feng M, Herbette S, 

Matear R (2014) Impact of eddies on surface chlorophyll in the South Indian 

Ocean. Journal of Geophysical Research: Oceans 119: 8061-8077  

Dwernychuk L, Boag D (1972) Ducks nesting in association with gulls-An ecological trap? 

Canadian Journal of Zoology 50: 559-563  

Elith J, Leathwick JR (2009) Species distribution models: ecological explanation and 

prediction across space and time. Annual review of ecology, evolution, and 

systematics 40  



 

 

186 
 

Escalle L, Capietto A, Chavance P, Dubroca L, De Molina AD, Murua H, Gaertner D, 

Romanov E, Spitz J, Kiszka JJ, Floch L, Damiano A, Merigot B (2015) Cetaceans 

and tuna purse seine fisheries in the Atlantic and Indian Oceans: interactions but 

few mortalities. Marine Ecology Progress Series 522: 255-268 doi 

10.3354/meps11149 

Escalle L, Gaertner D, Chavance P, Murua H, Simier M, Pascual-Alayón PJ, Ménard F, Ruiz 

J, Abascal F, Mérigot B (2019) Catch and bycatch captured by tropical tuna purse-

seine fishery in whale and whale shark associated sets: comparison with free 

school and FAD sets. Biodiversity and conservation 28: 467-499  

Escalle L, Muller B, Brouwer S, Pilling GM (2018) Report on analyses of the 2016/2018 

PNA FAD tracking programme, WCPFC-SC14-2018/ MI-WP-09 

Escalle L, Pennino MG, Gaertner D, Chavance P, Delgado de Molina A, Demarcq H, 

Romanov E, Merigot B (2016) Environmental factors and megafauna spatio‐

temporal co‐occurrence with purse‐seine fisheries. Fisheries oceanography 25: 

433-447  

Essington TE, Schindler DE, Olson RJ, Kitchell JF, Boggs C, Hilborn R (2002) Alternative 

fisheries and the predation rate of yellowfin tuna in the eastern Pacific Ocean. 

Ecol Appl 12: 724-734  

Eveson JP, Million J, Sardenne F, Le Croizier G (2015) Estimating growth of tropical tunas 

in the Indian Ocean using tag-recapture data and otolith-based age estimates. 

Fish Res 163: 58-68  

FAO (2018) The State of World Fisheries and Aquaculture (SOFIA). Meeting the 

Sustainable Development Goals, Food and Agriculture Organization, Rome, Italy   

Fawcett T (2006) An introduction to ROC analysis. Pattern recognition letters 27: 861-

874  

Fernandes P, Korneliussen R, Lebourges-Dhaussy A, Masse J, Iglesias M, Diner N, Ona E, 

Knutsen T, Gajate J, Ponce R (2006) The SIMFAMI project: species identification 



REFERENCES 

 

187 
 

methods from acoustic multifrequency information. Final Report to the EC: 

02054  

Fielding AH, Bell JF (1997) A review of methods for the assessment of prediction errors 

in conservation presence/absence models. Environmental conservation 24: 38-

49  

Filmalter J, Cowley P, Forget F, Dagorn L (2015) Fine-scale 3-dimensional movement 

behaviour of silky sharks Carcharhinus falciformis associated with fish 

aggregating devices (FADs). Marine Ecology Progress Series 539: 207-223  

Filmalter JD, Capello M, Deneubourg J-L, Cowley PD, Dagorn L (2013) Looking behind the 

curtain: quantifying massive shark mortality in fish aggregating devices. Frontiers 

in Ecology and the Environment 11: 291-296  

Filmalter JD, Dagorn L, Cowley PD, Taquet M (2011) First descriptions of the behavior of 

silky sharks, Carcharhinus falciformis, around drifting fish aggregating devices in 

the Indian Ocean. Bull Mar Sci 87: 325-337  

Fletcher RJ, Orrock JL, Robertson BA (2012) How the type of anthropogenic change alters 

the consequences of ecological traps. Proceedings of the Royal Society of London 

B: Biological Sciences 279: 2546-2552  

Flopp H, Lowry M, Gregson M, Suthers IM (2011) Colonization and community 

development of fish assemblages associated with estuarine artificial reefs. 

Brazilian Journal of Oceanography 59: 55-67  

Fonseca VP, Pennino MG, de Nóbrega MF, Oliveira JEL, de Figueiredo Mendes L (2017) 

Identifying fish diversity hot-spots in data-poor situations. Mar Environ Res 129: 

365-373  

Fonteneau A, Chassot E, Bodin N (2013) Global spatio-temporal patterns in tropical tuna 

purse seine fisheries on drifting fish aggregating devices (DFADs): Taking a 

historical perspective to inform current challenges. Aquat Living Resour 26: 37-

48 doi 10.1051/alr/2013046 



 

 

188 
 

Fonteneau A, Lucas V, Tewkai E, Delgado A, Demarcq H (2008) Mesoscale exploitation 

of a major tuna concentration in the Indian Ocean. Aquat Living Resour 21: 109-

121  

Fonteneau A, Pallares P, Pianet R (2000) A worldwide review of purse seine fisheries on 

FADs Proceedings of the Conference on Pêche thonière et dispositifs de 

concentration de poissons, Martinique, 15-19 October, Edited by JY Le Gall, 

PCayré and MTaquet, IFREMER edition pp 15-35 

Foote KG (1980) Importance of the swimbladder in acoustic scattering by fish: a 

comparison of gadoid and mackerel target strengths. J Acoust Soc Am 67: 2084-

2089  

Forget FG, Capello M, Filmalter JD, Govinden R, Soria M, Cowley PD, Dagorn L (2015) 

Behaviour and vulnerability of target and non-target species at drifting fish 

aggregating devices (FADs) in the tropical tuna purse seine fishery determined 

by acoustic telemetry. Can J Fish Aquat Sci 72: 1398-1405  

Fraile I, Murua H, Goni N, Caballero A (2010) Effects of environmental factors on catch 

rates of FAD-associated yellowfin (Thunnus albacares) and skipjack (Katsuwonus 

pelamis) tunas in the western Indian Ocean. IOTC-2010-WPTT-46 

Franco J, Dagorn L, Sancristobal I, Moreno G (2009) Design of ecological FADs. Indian 

Ocean Tuna Commission document IOTC-2009-WPEB-16: 22 pp  

Franco J, Moreno G, López J, Sancristobal I (2012) Testing new designs of Drifting Fish 

Aggretating Device (DFAD) in the Eastern Atlantic to reduce turtle and shark 

mortality. Collect Vol Sci Pap ICCAT 68: 1754-1762  

Freeman EA, Moisen G (2008) PresenceAbsence: An R package for presence absence 

analysis. Journal of Statistical Software 23 (11): 31 p   

Freon P, Dagorn L (2000) Review of fish associative behaviuour: toward a generalisation 

of the meeting point hypothesis. Rev Fish Biol Fish 10: 183-207  



REFERENCES 

 

189 
 

Fréon P, Misund OA (1999) Dynamics of pelagic fish distribution and behaviour. Fishing 

News Books 

Froese R, and, Pauly D (2009) Fishbase: a global information system on fishes. 

International Center for Living Acquatic Resources Management Available from 

http://fishbase.org  

Fuller DW, Schaefer KM, Hampton J, Caillot S, Leroy BM, Itano DG (2015) Vertical 

movements, behavior, and habitat of bigeye tuna (Thunnus obesus) in the 

equatorial central Pacific Ocean. Fish Res 172: 57-70  

Gaertner D, Ariz J, Bez N, Clermidy S, Moreno G, Murua H, Soto M (2015) Catch, Effort, 

and eCOsystem impacts of FAD-fishing (CECOFAD). Collect Vol Sci Pap ICCAT 71: 

525-539  

Galland G, Rogers A, Nickson A (2016) Netting billions: a global valuation of tuna. The 

Pew Charitable Trusts: 1-22  

Gaube P, Chelton DB, Strutton PG, Behrenfeld MJ (2013) Satellite observations of 

chlorophyll, phytoplankton biomass, and Ekman pumping in nonlinear 

mesoscale eddies. Journal of Geophysical Research: Oceans 118: 6349-6370  

Gelfand AE, Silander JA, Wu S, Latimer A, Lewis PO, Rebelo AG, Holder M (2006) 

Explaining species distribution patterns through hierarchical modeling. Bayesian 

Analysis 1: 41-92  

Gershman D, Nickson A, O’Toole M (2015a) Estimating The Use of FADS Around the 

World. PEW Environmental group, discussion paper, 19 p   

Gershman D, Nickson A, O’Toole M (2015b) Estimating the use of FADs around the 

world: An updated analysis of the number of fish aggregating devices deployed 

in the ocean. PEW Environmental group, discussion paper, 19 p   

Gervain P, Reynal L, Defoe J, Ishida M (2015) Manual of best practices in fisheries that 

use Fish aggregating devices (FADs). Vol I Fad design, construction and 

deployment, December 2015, CRFM Secretariat, Belize   

http://fishbase.org/


 

 

190 
 

Ghazali SM, Montgomery JC, Jeffs AG, Ibrahim Z, Radford CA (2013) The diel variation 

and spatial extent of the underwater sound around a fish aggregation device 

(FAD). Fish Res 148: 9-17 doi http://dx.doi.org/10.1016/j.fishres.2013.07.015 

Giannoulaki M, Iglesias M, Tugores MP, Bonanno A, Patti B, De Felice A, Leonori I, Bigot 

J-L, Tičina V, Pyrounaki M (2013) Characterizing the potential habitat of European 

anchovy Engraulis encrasicolus in the Mediterranean Sea, at different life stages. 

Fisheries Oceanography 22: 69-89  

Gooding RM, Magnuson JJ (1967) Ecological significance of a drifting object to pelagic 

fishes. Pac Sci 21: 486-497  

Gorska N, Ona E, Korneliussen R (2005) Acoustic backscattering by Atlantic mackerel as 

being representative of fish that lack a swimbladder. Backscattering by individual 

fish. ICES J Mar Sci 62: 984-995  

Goujon M, Vernet A-L, Dagorn L (2012) Preliminary results of the Orthongel program 

“eco-FAD” as June 30 th 2012. IOTC-2012-WPEB08-INF21, 1-7 pp 

Govinden R, Dagorn L, Filmalter J, Soria M (2010) Behaviour of Tuna a ssociated with 

Drifting Fish Aggregating Devices (FADs) in the Mozambique Channel. IOTC-

2010-WPTT-25 

Govinden R, Jauhary R, Filmalter J, Forget F, Soria M, Adam S, Dagorn L (2013) 

Movement behaviour of skipjack (Katsuwonus pelamis) and yellowfin (Thunnus 

albacares) tuna at anchored fish aggregating devices (FADs) in the Maldives, 

investigated by acoustic telemetry. Aquat Living Resour 26: 69-77  

Graham JB, Dickson KA (2001) Anatomical and physiological specializations for 

endothermy. Fish physiology 19: 121-165  

Graham JB, Dickson KA (2004) Tuna comparative physiology. Journal of experimental 

biology 207: 4015-4024  

http://dx.doi.org/10.1016/j.fishres.2013.07.015


REFERENCES 

 

191 
 

Grande M, Murua H, Zudaire I, Goñi N, Bodin N (2014) Reproductive timing and 

reproductive capacity of the Skipjack Tuna (Katsuwonus pelamis) in the western 

Indian Ocean. Fish Res 156: 14-22  

Green B, Marshall J (2017) Coupling of trade winds with ocean circulation damps ITCZ 

shifts. Journal of Climate 30: 4395-4411  

Guillotreau P, Salladarré F, Dewals P, Dagorn L (2011) Fishing tuna around Fish 

Aggregating Devices (FADs) vs free swimming schools: Skipper decision and other 

determining factors. Fish Res 109: 234-242  

Guisan A, Tingley R, Baumgartner JB, Naujokaitis‐Lewis I, Sutcliffe PR, Tulloch AI, Regan 

TJ, Brotons L, McDonald‐Madden E, Mantyka‐Pringle C (2013) Predicting species 

distributions for conservation decisions. Ecology letters 16: 1424-1435  

Guisan A, Zimmermann NE (2000) Predictive habitat distribution models in ecology. 

Ecological Modelling 135: 147-186 doi http://dx.doi.org/10.1016/S0304-

3800(00)00354-9 

Gutzler BC, Butler IV MJ, Behringer DC (2015) Casitas: a location-dependent ecological 

trap for juvenile Caribbean spiny lobsters, Panulirus argus. ICES J Mar Sci 72: 

i177-i184  

Haining R, Law J, Maheswaran R, Pearson T, Brindley P (2007) Bayesian modelling of 

environmental risk: example using a small area ecological study of coronary 

heart disease mortality in relation to modelled outdoor nitrogen oxide levels. 

Stochastic Environmental Research and Risk Assessment 21: 501-509  

Hall M, Lennert-Cody C, Garcia M, Arenas P (1992) Characteristics of floating objects and 

their attractiveness for tunas In: Scott, MD, Bayliff, WH, Lennert-Cody, CE and 

Schaefer, KM (eds), Proceedings of the International Workshop on the Ecology 

and Fisheries for Tunas Associated with Floating Objects, February 11–13, 1992, 

Inter-American Tropical Tuna Commission Special Report 11, 396–446 La Jolla, 

California 

http://dx.doi.org/10.1016/S0304-3800(00)00354-9
http://dx.doi.org/10.1016/S0304-3800(00)00354-9


 

 

192 
 

Hall M, Roman M (2013) Bycatch and non-tuna catch in the tropical tuna purse seine 

fisheries of the world. FAO Fisheries and Aquaculture Technical Paper 568  

Hall M, Roman M (2016) The fishery on fish aggregating devices (FADs) in the Eastern 

Pacific Ocean. IATTC, SAC-07 03e   

Hall MA (1998) An ecological view of the tuna--dolphin problem: impacts and trade-offs. 

Rev Fish Biol Fish 8: 1-34  

Hallier J-P, Parajua J (1992) Review of tuna fisheries on floating objects in the Indian 

Ocean. International Workshop on the Ecology and Fisheries for Tunas 

Associated with Floating Objects and on Assessment Issues Arising fom the 

Asociation of Tunas with Floating Objects Edited by M Hall Internal Report, Inter-

Anerucab Tropical Tuna Commission, San Diego, California   

Hallier J, Gaertner D (2008) Drifting fish aggregation devices could act as an ecological 

trap for tropical tuna species. Marine Ecology Progress Series 353: 255-264  

Harley S, Williams P, Hampton J (2009) Analysis of purse seine set times for different 

school associations: a further tool to assist in compliance with FAD closures? 

Western and Central Pacific Fisheries Commission WCPFC-TCC5-2009/IP-02  

Hastie T, Fithian W (2013) Inference from presence‐only data; the ongoing controversy. 

Ecography 36: 864-867  

Hastie TJ, Tibshirani RJ (1990) Generalized additive models. CRC press 

Hazen EL, Palacios DM, Forney KA, Howell EA, Becker E, Hoover AL, Irvine L, DeAngelis 

M, Bograd SJ, Mate BR (2017) WhaleWatch: a dynamic management tool for 

predicting blue whale density in the California Current. Journal of Applied 

Ecology 54: 1415-1428  

Heinrich A (2010) Influence of the monsoon climate on the distribution of neuston 

copepods in the Northeastern Indian ocean. Oceanology 50: 549-555  



REFERENCES 

 

193 
 

Held L, Schrödle B, Rue H (2010) Posterior and cross-validatory predictive checks: a 

comparison of MCMC and INLA. Statistical modelling and regression structures: 

91-110  

Hijmans R, Phillips S, Leathwick J, Elith J (2016) dismo: species distribution modeling. R 

package ver. 1.0-15 

Hijmans R, van Etten J, Cheng J, Mattiuzzi M, Sumner M, Greenberg J (2017) Raster: 

Geographic Data Analysis and Modeling. R package version 2.3–33; 2016 

Hilborn R, Walters CJ (2001) Quantitative fisheries stock assessment: choice, dynamics 

and uncertainty. Chapman and Hall, New York 

Hitchcock GL, Key EL, Masters J (2000) The fate of upwelled waters in the Great Whirl, 

August 1995. Deep Sea Res Part 2 Top Stud Oceanogr 47: 1605-1621  

Holland KN (1990) Horizontal and vertical movements of yellowfin and bigeye tuna 

associated with fish aggregating devices. Fish Bull 88: 493-507  

Holland KN, Sibert JR (1994) Physiological thermoregulation in bigeye tuna, Thunnus 

obesus. Environmental Biology of Fishes 40: 319-327  

Hunter J, Macewicz BJ, Sibert J (1986) The spawning frequency of skipjack tuna, 

Katsuwonus pelamis, from the South Pacific. Fish Bull 84: 895-903  

Hunter JR, Mitchell CT (1967) Association of fishes with flotsam in offshore waters of 

Central America. Fish Bull 66: 13-29  

Hyrenbach KD, Forney KA, Dayton PK (2000) Marine protected areas and ocean basin 

management. Aquatic Conservation: Marine and Freshwater Ecosystems 10: 

437-458  

IATTC (2008) FAD-related research. Western and Central Pacific Fisheries Commission, 

fourth regular session of the Scientific Committee, Aug. 11-22, 2008, Port 

Moresby, Papua New Guinea. WCPFC-SC4-2008/FT-IP-3.  



 

 

194 
 

IATTC (2016) Amendment of resolution C-15-03 on the collection and analyses of data 

on Fish Aggregating Devices  

ICCAT (2016) Recommendation by ICCAT on a multi-annual conservation and 

management programme for tropical tunas  

IOTC (2017) Procedures on a Fish Aggregating Devices (FADs) management plan, 

including a limitation on the number of FADs, more detailed specifications of 

catch reporting from FAD sets and the development of improved FAD designs to 

reduce the incidence of entanglement of non-target species. IOTC-2017-

WPDCS13-INF02   

Ishibashi Y, Honryo T, Saida K, Hagiwara A, Miyashita S, Sawada Y, Okada T, Kurata M 

(2009) Artificial lighting prevents high night-time mortality of juvenile Pacific 

bluefin tuna, Thunnus orientalis, caused by poor scotopic vision. Aquaculture 

293: 157-163  

ISSF (2017) Status of the world fisheries for tuna. Feb. 2017. ISSF Technical Report 2017-

02. Seafood Sustainability Foundation,Washington, DC, USA   

ISSF (2018) Status of the world fisheries for tuna. Oct. 2018. ISSF Technical Report 2018-

21. Seafood Sustainability Foundation,Washington, DC, USA   

ISSF (2019) Status of the world fisheries for tuna. Mar. 2019. ISSF Technical Report 2019-

07. Seafood Sustainability Foundation,Washington, DC, USA   

Itano D (1998) Notes on the improvement of fishing power and efficiency by western 

Pacific tuna purse seine vessels. Report of the 11th Standing Committee and 

Tuna and Billfish 28  

Itano D (2003) Documentation and classification of fishing gear and technology on board 

tuna purse seine vessels 16th Sixteenth Meeting of the Standing Committee on 

Tuna and Billfish (SCTB16), held in Mooloolaba, Queensland, Australia, pp 9-16 

Itano D, Fukofuka S, Brogan D (2004) The development, design and recent status of 

anchored and drifting FADs in the WCPO. Information Paper INF-FTWG-317 TH 



REFERENCES 

 

195 
 

Standing Committee on Tuna and Billfish, Majuro, Republic of the Marshall 

Islands   

Jackson JB, Kirby MX, Berger WH, Bjorndal KA, Botsford LW, Bourque BJ, Bradbury RH, 

Cooke R, Erlandson J, Estes JA (2001) Historical overfishing and the recent 

collapse of coastal ecosystems. Science 293: 629-637  

Jan R-Q, Shao Y-T, Lin F-P, Fan T-Y, Tu Y-Y, Tsai H-S, Shao K-T (2007) An underwater 

camera system for real-time coral reef fish monitoring. The Raffles Bulletin of 

Zoology 14: 273-279  

Jaquemet S, Potier M, Ménard F (2011) Do drifting and anchored Fish Aggregating 

Devices (FADs) similarly influence tuna feeding habits? A case study from the 

western Indian Ocean. Fish Res 107: 283-290  

Jentoft S (2005) Fisheries co-management as empowerment. Marine Policy 29: 1-7  

Johannesson K, Mitson R (1983) Fisheries acoustics: a practical manual for aquatic 

biomass estimation. Food and Agriculture Organization of the United Nations 

Jones A, Hosegood P, Wynn R, De Boer M, Butler-Cowdry S, Embling C (2014) Fine-scale 

hydrodynamics influence the spatio-temporal distribution of harbour porpoises 

at a coastal hotspot. Prog Oceanogr 128: 30-48  

Josse E, Bertrand A (2000) In situ acoustic target strength measurements of tuna 

associated with a fish aggregating device. ICES J Mar Sci 57: 911  

Josse E, Bertrand A, Dagorn L (1999) An acoustic approach to study tuna aggregated 

around fish aggregating devices in French Polynesia: methods and validation. 

Aquat Living Resour 12: 303-313  

Josse E, Dagorn L, Bertrand A (2000) Typology and behaviour of tuna aggregations 

around fish aggregating devices from acoustic surveys in French Polynesia. Aquat 

Living Resour 13: 183-192  



 

 

196 
 

Juan-Jordá M, Mosqueira I, Freire J, Dulvy N (2015) Population declines of tuna and 

relatives depend on their speed of life. Proceedings of the Royal Society B: 

Biological Sciences 282: 20150322  

Jury M, McClanahan T, Maina J (2010) West Indian ocean variability and east African fish 

catch. Mar Environ Res 70: 162-170  

Kaplan D, Chassot E, Gruss A, Fonteneau A (2010) Pelagic MPAs: the devil is in the details. 

trends in ecology & Evolution/trends in ecology and Evolution 25: 62-63  

Kaplan DM, Chassot E, Amandé JM, Dueri S, Demarcq H, Dagorn L, Fonteneau A (2014) 

Spatial management of Indian Ocean tropical tuna fisheries: potential and 

perspectives. ICES Journal of Marine Science: Journal du Conseil 71: 1728-1749  

Karplus I, Katzenstein R, Goren M (2006) Predator recognition and social facilitation of 

predator avoidance in coral reef fish Dascyllus marginatus juveniles. Marine 

Ecology Progress Series 319: 215-223  

Katara I, Gaertner D, Billet N, Lopez J, Fonteneau A, Murua H, Daniel P, Báez J (2017) 

Standardisation of skipjack tuna CPUE for the EU purse seine fleet operating in 

the Indian Ocean. IOTC-2017-WPTT19 

Kawamura G, Nishimura W, Ueda S, Nishi T (1981) Vision in tunas and marlins. 

MemKagoshima Univ ResCenter SPac 2: 3-47  

Kelleher K (2005) Discards in the world's marine fisheries: an update. Food & Agriculture 

Org. 

Kinas PG, Andrade HA (2017) Introdução à análise bayesiana (com R). Consultor Editorial 

Klima EF, Wickham DA (1971) Attraction of coastal pelagic fishes with artificial 

structures. Transactions of the American Fisheries Society 100: 86-99  

Kohavi R (1995) A study of cross-validation and bootstrap for accuracy estimation and 

model selection Ijcai. Montreal, Canada, pp 1137-1145 



REFERENCES 

 

197 
 

Korneliussen RJ (2010) The acoustic identification of Atlantic mackerel. ICES J Mar Sci 67: 

1749-1758  

Lan K-W, Evans K, Lee M-A (2013) Effects of climate variability on the distribution and 

fishing conditions of yellowfin tuna (Thunnus albacares) in the western Indian 

Ocean. Climatic change 119: 63-77  

Lan K-W, Lee M-A, Lu H-J, Shieh W-J, Lin W-K, Kao S-C (2011) Ocean variations associated 

with fishing conditions for yellowfin tuna (Thunnus albacares) in the equatorial 

Atlantic Ocean. ICES J Mar Sci 68: 1063-1071  

Lan K-W, Shimada T, Lee M-A, Su N-J, Chang Y (2017) Using Remote-Sensing 

Environmental and Fishery Data to Map Potential Yellowfin Tuna Habitats in the 

Tropical Pacific Ocean. Remote Sensing 9: 444  

Le Gall J-Y, Cayré P, Taquet M (2000) Mechanisms and effects of the aggregation of tuna 

by Fish Aggregating Devices (FADs). Aquat Living Resour 13: 181-182  

Lee P-F, Chen I, Tzeng W-N (2005) Spatial and temporal distribution patterns of bigeye 

tuna (Thunnus obesus) in the Indian Ocean. Zoological studies 44: 260-270  

Lehodey P, Leroy B (1999) Age and growth of yellowfin tuna (Thunnus albacares) from 

the western and central Pacific Ocean as indicated by daily growth increments 

and tagging data. WP YFT-2, SCTB 12: 16-23  

Lennert-Cody C, Hall M (2000) The development of the purse seine fishery on drifting 

Fish Aggregating Devices in the eastern Pacific Ocean: 1992-1998 Pêche thonière 

et dispositifs de concentration de poissons, Caribbean-Martinique, 15-19 Oct 

1999 15-19 octobre 1999 

Lennert-Cody CE, Moreno G, Restrepo V, Román MH, Maunder MN, Poos HeJJ (2018) 

Recent purse-seine FAD fishing strategies in the eastern Pacific Ocean: what is 

the appropriate number of FADs at sea? ICES J Mar Sci 75: 1748-1757  



 

 

198 
 

Lennert-Cody CE, Roberts JJ, Stephenson RJ (2008) Effects of gear characteristics on the 

presence of bigeye tuna (Thunnus obesus) in the catches of the purse-seine 

fishery of the eastern Pacific Ocean. ICES J Mar Sci 65: 970-978  

Leroy B, Itano DG, Usu T, Nicol SJ, Holland KN, Hampton J (2009) Vertical behavior and 

the observation of FAD effects on tropical tuna in the warm-pool of the western 

Pacific Ocean Tagging and Tracking of Marine Animals with Electronic Devices. 

Springer, pp 161-179 

Leroy B, Phillips JS, Nicol S, Pilling GM, Harley S, Bromhead D, Hoyle S, Caillot S, Allain V, 

Hampton J (2012) A critique of the ecosystem impacts of drifting and anchored 

FADs use by purse-seine tuna fisheries in the Western and Central Pacific Ocean. 

Aquat Living Resour 26: 49-61 doi 10.1051/alr/2012033 

Lezama-Ochoa N, Murua H, Chust G, Ruiz J, Chavance P, de Molina AD, Caballero A, 

Sancristobal I (2015) Biodiversity in the by-catch communities of the pelagic 

ecosystem in the Western Indian Ocean. Biodiversity and conservation 24: 2647-

2671  

Lezama-Ochoa N, Murua H, Chust G, Van Loon E, Ruiz J, Hall M, Chavance P, Delgado De 

Molina A, Villarino E (2016) Present and future potential habitat distribution of 

Carcharhinus falciformis and Canthidermis maculata by-catch species in the 

tropical tuna purse-seine fishery under climate change. Frontiers in Marine 

Science 3: 34  

Lindgren F, Rue H, Lindström J (2011) An explicit link between Gaussian fields and 

Gaussian Markov random fields: the stochastic partial differential equation 

approach. Journal of the royal statistical society: Series b (statistical 

methodology) 73: 423-498  

Logerwell EA, Wilson CD (2004) Species discrimination of fish using frequency-

dependent acoustic backscatter. ICES J Mar Sci 61: 1004-1013  

Longhurst A, Pauly D (1987) Ecology of Tropical Oceans. Elsevier, 407   



REFERENCES 

 

199 
 

López-Calderón J, Manzo-Monroy H, Santamaría-del-Ángel E, Castro R, González-Silvera 

A, Millán-Núñez R (2006) Mesoscale variability of the Mexican Tropical Pacific 

using TOPEX and SeaWiFS data. Ciencias marinas 32: 539-549  

Lopez J, Moreno G, Boyra G, Dagorn L (2016) A model based on data from echosounder 

buoys to estimate biomass of fish species associated with fish aggregating 

devices. Fish Bull 114: 166-178  

Lopez J, Moreno G, Ibaibarriaga L, Dagorn L (2017a) Diel behaviour of tuna and non-tuna 

species at drifting fish aggregating devices (DFADs) in the Western Indian Ocean, 

determined by fishers’ echo-sounder buoys. Mar Biol 164: 44  

Lopez J, Moreno G, Lennert-Cody C, Maunder M, Sancristobal I, Caballero A, Dagorn L 

(2017b) Environmental preferences of tuna and non-tuna species associated 

with drifting fish aggregating devices (DFADs) in the Atlantic Ocean, ascertained 

through fishers’ echo-sounder buoys. Deep Sea Res Part 2 Top Stud Oceanogr 

140: 127-138  

Lopez J, Moreno G, Sancristobal I, Murua J (2014) Evolution and current state of the 

technology of echo-sounder buoys used by Spanish tropical tuna purse seiners 

in the Atlantic, Indian and Pacific Oceans. Fish Res 155: 127-137 doi 

10.1016/j.fishres.2014.02.033 

Lopez J, Moreno G, Soria M, Cotel P, Dagorn L (2010) Remote discrimination of By-cath 

in purse seine fishery using fishers' echo-sounder buoys. IOTC-2010-WPEB-03   

Lumban-Gaol J, Leben RR, Vignudelli S, Mahapatra K, Okada Y, Nababan B, Mei-Ling M, 

Amri K, Arhatin RE, Syahdan M (2015) Variability of satellite-derived sea surface 

height anomaly, and its relationship with Bigeye tuna (Thunnus obesus) catch in 

the Eastern Indian Ocean. European Journal of Remote Sensing 48: 465-477  

Lumpkin R, Garzoli SL (2005) Near-surface circulation in the Tropical Atlantic Ocean. 

Deep Sea Research Part I: Oceanographic Research Papers 52: 495-518 doi 

http://dx.doi.org/10.1016/j.dsr.2004.09.001 

http://dx.doi.org/10.1016/j.dsr.2004.09.001


 

 

200 
 

Macaulay GJ, Kloser RJ, Ryan TE (2012) In situ target strength estimates of visually 

verified orange roughy. ICES J Mar Sci 70: 215-222  

Maclennan DN, Fernandes PG, Dalen J (2002) A consistent approach to definitions and 

symbols in fisheries acoustics. ICES J Mar Sci 59: 365-369  

Macusi EDM, Abreo NAS, Babaran RP (2017) Local ecological knowledge (LEK) on fish 

behavior around anchored FADs: the case of tuna purse seine and ringnet fishers 

from Southern Philippines. Frontiers in Marine Science 4: 188  

Maguire J-J (2006) The state of world highly migratory, straddling and other high seas 

fishery resources and associated species. Food & Agriculture Org. 

Majkowski J (2007) Global fishery resources of tuna and tuna-like species. Food & 

Agriculture Org. 

Mallet D, Pelletier D (2014) Underwater video techniques for observing coastal marine 

biodiversity: a review of sixty years of publications (1952–2012). Fish Res 154: 

44-62  

Marsac F (2008) Outlook of ocean climate variability in the west tropical Indian Ocean, 

1997–2008. Working document for IOTC Indian Ocean Tuna Commission IOTC-

2008-WPTT-27  

Marsac F, Fonteneau A, Menard F (2000) Drifting FADs used in tuna fisheries: an 

ecological trap? Proceedings of the Conference on Pêche thonière et dispositifs 

de concentration de poissons, Martinique, 15-19 October, Edited by JY Le Gall, P 

Cayré and M Taquet, IFREMER, Actes de colloques no 28, pp 537-552 

Martínez-Minaya J, Cameletti M, Conesa D, Pennino MG (2018) Species distribution 

modeling: a statistical review with focus in spatio-temporal issues. Stochastic 

Environmental Research and Risk Assessment: 1-18  

Matsumoto T, Okamoto H, Toyonaga M (2006) Behavioral study of small bigeye, 

yellowfin and skipjack tunas associated with drifting FADs using ultrasonic coded 

transmitter in the central Pacific Ocean. second regular session of the scientific 



REFERENCES 

 

201 
 

committee, Western and Central Pacific Fisheries Commission Information Paper 

7  

Matsumoto T, Satoh K, Semba Y, Toyonaga M (2016) Comparison of the behavior of 

skipjack (Katsuwonus pelamis), yellowfin (Thunnus albacares) and bigeye (T. 

obesus) tuna associated with drifting FAD s in the equatorial central Pacific 

Ocean. Fisheries oceanography 25: 565-581  

Matsumoto T, Satoh K, Toyonaga M (2014) Behavior of skipjack tuna (Katsuwonus 

pelamis) associated with a drifting FAD monitored with ultrasonic transmitters 

in the equatorial central Pacific Ocean. Fish Res 157: 78-85 doi 

10.1016/j.fishres.2014.03.023 

Matsumoto WM, Skillman RA, Dizon AE (1984) Synopsis of biological data on skipjack 

tuna, Katsuwonus pelamis. NOAA Technical Report, National Marine Fishery 

Sciences 451: 1-92  

Maufroy A (2016) Drifting Fish Aggregating Devices of the Atlantic and Indian Oceans: 

modalities of use, fishing efficiency and potential management 

Maufroy A, Chassot E, Joo R, Kaplan DM (2015) Large-Scale Examination of Spatio-

Temporal Patterns of Drifting Fish Aggregating Devices (dFADs) from Tropical 

Tuna Fisheries of the Indian and Atlantic Oceans. PloS one 10: e0128023  

Maufroy A, Kaplan D, Chassot E, Goujon M (2017) Drifting fish aggregating devices 

(dFADs) beaching in the Atlantic Ocean: An estimate for the French purse seine 

fleet (2007-2015). Collect Vol Sci Pap ICCAT, 74(5): 2219-2229 (2018)   

Maufroy A, Kaplan DM, Bez N, De Molina AD, Murua H, Floch L, Chassot E, Poos HeJJ 

(2016) Massive increase in the use of drifting Fish Aggregating Devices (dFADs) 

by tropical tuna purse seine fisheries in the Atlantic and Indian oceans. ICES J Mar 

Sci 74: 215-225  



 

 

202 
 

Maunder M, Sibert J, Fonteneau A, Hampton J, Kleiber P, Harley S (2006) Interpreting 

catch per unit effort data to assess the status of individual stocks and 

communities. ICES J Mar Sci 63: 1373-1385 doi 10.1016/j.icesjms.2006.05.008 

Maunder MN, Punt AE (2004) Standardizing catch and effort data: a review of recent 

approaches. Fish Res 70: 141-159  

Maxwell SM, Hazen EL, Lewison RL, Dunn DC, Bailey H, Bograd SJ, Briscoe DK, Fossette 

S, Hobday AJ, Bennett M (2015) Dynamic ocean management: Defining and 

conceptualizing real-time management of the ocean. Marine Policy 58: 42-50  

Ménard F, Stéquert B, Rubin A, Herrera M, Marchal É (2000) Food consumption of tuna 

in the Equatorial Atlantic ocean: FAD-associated versus unassociated schools. 

Aquat Living Resour 13: 233-240  

Mendelssohn R (2016) Xtractomatic: Accessing Environmental Data from ERD's ERDDAP 

server. R package version 3.1.1. https://CRANR-

projectorg/package=xtractomatic   

Mitsunaga Y, Endo C, Anraku K, Selorio Jr CM, Babaran RP (2012) Association of early 

juvenile yellowfin tuna Thunnus albacares with a network of payaos in the 

Philippines. Fish Sci 78: 15-22  

Miyake MP, Guillotreau P, Sun C, Ishimura G (2010) Recent developments in the tuna 

industry: stocks, fisheries, management, processing, trade and markets. FAO 

Fisheries and Aquaculture Technical Paper   

Moreno G, Boyra G, Rico I, Sancristobal I, Filmater J, Forget F, Murua J, Goñi N, Murua 

H, Ruiz J (2015) Towards acoustic discrimination of tuna species at FADs. IATTC 

SAC-07-INF-C  

Moreno G, Boyra G, Sancristobal I, Itano D, Restrepo V (in press) Towards acoustic 

discrimination of tropical tuna associated with Fish Aggregating Devices. PloS 

one   



REFERENCES 

 

203 
 

Moreno G, Dagorn L, Capello M, Lopez J, Filmalter J, Forget F, Sancristobal I, Holland K 

(2016a) Fish aggregating devices (FADs) as scientific platforms. Fish Res 178: 122-

129 doi 10.1016/j.fishres.2015.09.021 

Moreno G, Dagorn L, Sancho G, Itano D (2007a) Fish behaviour from fishers´ knowledge: 

the case study of tropical tuna around drifting fish aggregating devices (DFADs). 

Can J Fish Aquat Sci 64: 1517-1528 doi 10.1139/F07-113 

Moreno G, Jauharee R, Muir J, Schaeffer K, Adam S, Holland K, Dagorn L, Restrepo V 

(2017) FAD structure evolution: from biodegradeable FADs to biodegradeable 

FADs Joint t-RFMO FAD Working Group meeting 

Moreno G, Josse E, Brehmer P, Nøttestad L (2007b) Echotrace classification and spatial 

distribution of pelagic fish aggregations around drifting fish aggregating devices 

(DFAD). Aquat Living Resour 20: 343-356 doi 10.1051/alr:2008015 

Moreno G, Murua J, Restrepo V (2016b) The use of echo-sounder buoys in purse seine 

fleets fishing with DFADs in the eastern Pacific Ocean. IATTC, SAC-07 INF- C (c)   

Moreno G, Murua J, Restrepo V (2018) The use of non-entangling FADs to reduce ghost 

fishing. FADMO-IWG3-IP-11   

Moreno G, Restrepo V, Dagorn L, Hall M, Murua J, Sancristobal I, Grande M, Le Couls S, 

Santiago J (2016c) Workshop on the Use of Biodegradable Fish Aggregating 

Devices (FADs). International Seafood Sustainability Foundation Technical 

Report 2016-18A  

Muñoz F, Pennino MG, Conesa D, López-Quílez A, Bellido JM (2013) Estimation and 

prediction of the spatial occurrence of fish species using Bayesian latent 

Gaussian models. Stochastic Environmental Research and Risk Assessment 27: 

1171-1180  

Murua H, Rodriguez-Marin E, Neilson JD, Farley JH, Juan-Jordá MJ (2017) Fast versus 

slow growing tuna species: age, growth, and implications for population 

dynamics and fisheries management. Rev Fish Biol Fish 27: 733-773  



 

 

204 
 

Murua J, Itano D, Hall M, Dagorn L, Moreno G, Restrepo V (2016) Advances in the use of 

entanglement- reducing Drifting Fish Aggregating Devices (DFADs) in tuna purse 

seine fleets. ISSF Technical Report 2016-08 International Seafood Sustainability 

Foundation, Washington, DC, USA   

Murua J, Moreno G, Itano D, Hall M, Dagorn L, Restrepo V (2019) ISSF Skippers’ 

Workshops Round 8. ISSF Technical Report 2019-01International Seafood 

Sustainability Foundation, Washington, DC, USA   

Neitzel SM, van Zwieten PA, Hendriksen A, Duggan D, Bush SR (2017) Returning 

information back to fishers: Graphical and numerical literacy of small-scale 

Indonesian tuna fishers. Fish Res 196: 96-105  

Norse EA, Crowder LB, Gjerde K, Hyrenbach D, Roberts C, Safina C, Soulé ME (2005) 

Place-based ecosystem management in the open ocean. Marine conservation 

biology: The science of maintaining the sea’s biodiversity: 302-327  

O'Driscoll RL, De Joux P, Nelson R, Macaulay GJ, Dunford AJ, Marriott PM, Stewart C, 

Miller BS (2012) Species identification in seamount fish aggregations using 

moored underwater video. ICES J Mar Sci 69: 648-659  

Ohta I, Kakuma S (2005) Periodic behavior and residence time of yellowfin and bigeye 

tuna associated with fish aggregating devices around Okinawa Islands, as 

identified with automated listening stations. Mar Biol 146: 581-594  

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’hara R, Simpson GL, Solymos 

P, Stevens MHH, Wagner H (2013) Package ‘vegan’. Community ecology package, 

version 2  

Olson R, Young J, Ménard F, Potier M, Allain V, Goñi N, Logan J, Galván-Magaña F (2016) 

Bioenergetics, trophic ecology, and niche separation of tunas Advances in marine 

biology. Elsevier, pp 199-344 



REFERENCES 

205 

Olson RJ, Boggs CH (1986) Apex predation by yellowfin tuna (Thunnus albacares): 

independent estimates from gastric evacuation and stomach contents, 

bioenergetics, and cesium concentrations. Can J Fish Aquat Sci 43: 1760-1775  

Orue B, Lopez J, Moreno G, Santiago J, Soto M, Murua H (2019) Aggregation process of 

drifting fish aggregating devices (DFADs) in the Western Indian Ocean: Who 

arrives first, tuna or non-tuna species? PloS one 14: e0210435 doi 

10.1371/journal.pone.0210435 

Pallarés P, Petit C (1998) Túnidos tropicales: nueva estrategia de muestreo y tratamiento 

de datos para estimar la composición específica de las capturas y sus 

distribuciones de tallas. ICCAT, Colección de Documentos Científicos 48: 230-246 

Paradinas I (2017) Species distribution modelling in fisheries science 

Paradinas I, Conesa D, Pennino MG, Muñoz F, Fernández AM, López-Quílez A, Bellido JM 

(2015) Bayesian spatio-temporal approach to identifying fish nurseries by 

validating persistence areas. Marine Ecology Progress Series 528: 245–255  

Parin NV, Fedoryako BI (1999) Pelagic fish communities around floating objects in the 

open ocean. Fishing for Tunas associated with floating Objects, International 

workshop Inter-American Tropical Tuna Commission: 447-458  

Parrish JK, Viscido SV, Grunbaum D (2002) Self-organized fish schools: an examination 

of emergent properties. The biological bulletin 202: 296-305 

Pauly D, Christensen V, Guénette S, Pitcher TJ (2002) Towards sustainability in world 

fisheries. Nature 418: 689 

Pauly D, Watson R, Alder J (2005) Global trends in world fisheries: impacts on marine 

ecosystems and food security. Philosophical Transactions of the Royal Society B: 

Biological Sciences 360: 5-12  

Pearson RG, Thuiller W, Araújo MB, Martinez‐Meyer E, Brotons L, McClean C, Miles L, 

Segurado P, Dawson TP, Lees DC (2006) Model‐based uncertainty in species 

range prediction. Journal of Biogeography 33: 1704-1711  



 

 

206 
 

Pennino MG, Conesa D, López-Quílez A, Munoz F, Fernández A, Bellido JM (2016) 

Fishery-dependent and-independent data lead to consistent estimations of 

essential habitats. ICES J Mar Sci 73: 2302-2310  

Pennino MG, Mérigot B, Fonseca VP, Monni V, Rotta A (2017) Habitat modeling for 

cetacean management: Spatial distribution in the southern Pelagos Sanctuary 

(Mediterranean Sea). Deep Sea Res Part 2 Top Stud Oceanogr 141: 203-211  

Pennino MG, Muñoz F, Conesa D, López-Quílez A, Bellido JM (2014) Bayesian spatio-

temporal discard model in a demersal trawl fishery. Journal of sea research 90: 

44-53  

Pennino MG, Rufener M-C, Thomé-Souza MJ, Carvalho AR, Lopes PF, Sumaila UR (2018) 

Searching for a compromise between biological and economic demands to 

protect vulnerable habitats. Scientific reports 8: 7791  

Petit C, Pallarés P, Pianet R (2000) New sampling and data processing strategy for 

estimating the composition of catches by species and sizes in the European purse 

seine tropical tuna fisheries. IOTC-WPDCS/2000/10   

Phillips SJ, Anderson RP, Schapire RE (2006) Maximum entropy modeling of species 

geographic distributions. Ecological modelling 190: 231-259  

Pianet R, de Molina AD, Dewals P, Lucas V, Floch L, Chassot E, Ariz J (2011) Statistics of 

the main purse seine fleets fishing in the Indian Ocean (1981-2010). IOTC-2011-

WPTT13-24   

Pitcher T, Magurran A, Winfield I (1982) Fish in larger shoals find food faster. Behavioral 

Ecology and Sociobiology 10: 149-151  

Pitcher T, Parrish J (1993) Functions of shoaling behaviour in teleosts. Pages 363–439in 

TJ Pitcher, ed. Behaviour of teleost fishes. Chapman and Hall, London 

Pons M, Branch TA, Melnychuk MC, Jensen OP, Brodziak J, Fromentin JM, Harley SJ, 

Haynie AC, Kell LT, Maunder MN (2017) Effects of biological, economic and 

management factors on tuna and billfish stock status. Fish and fisheries 18: 1-21  



REFERENCES 

 

207 
 

R Development Core Team (2017) R: A language and environment for statistical 

computing. R.Foundation for Statistical Computing, Vienna, Austria. URL 

https://www.R-project.org/.  

Rajapaksha JK, Samarakoon L, Gunathilaka AAJK (2013) Environmental Preferences of 

Yellowfin Tuna in the North East Indian Ocean: An Application of Satellite Data 

to Longline Catches. International Journal of Fisheries and Aquatic Sciences 2(4): 

72-80  

Ravier C, Fromentin J-M (2001) Long-term fluctuations in the eastern Atlantic and 

Mediterranean bluefin tuna population. ICES J Mar Sci 58: 1299-1317  

Reubens JT, Vandendriessche S, Zenner AN, Degraer S, Vincx M (2013) Offshore wind 

farms as productive sites or ecological traps for gadoid fishes?–Impact on 

growth, condition index and diet composition. Mar Environ Res 90: 66-74  

Ries L, Fagan WF (2003) Habitat edges as a potential ecological trap for an insect 

predator. Ecological entomology 28: 567-572  

Rieucau G, Fernö A, Ioannou CC, Handegard NO (2015) Towards of a firmer explanation 

of large shoal formation, maintenance and collective reactions in marine fish. 

Reviews in Fish Biology and Fisheries 25: 21-37  

Robert M, Dagorn L, Lopez J, Moreno G, Deneubourg J-L (2013) Does social behavior 

influence the dynamics of aggregations formed by tropical tunas around floating 

objects? An experimental approach. J Exp Mar Biol 440: 238-243 doi 

10.1016/j.jembe.2013.01.005 

Robertson BA, Hutto RL (2006) A framework for understanding ecological traps and an 

evaluation of existing evidence. Ecology 87: 1075-1085  

Robertson BA, Rehage JS, Sih A (2013) Ecological novelty and the emergence of 

evolutionary traps. Trends in ecology & evolution 28: 552-560  

http://www.r-project.org/


 

 

208 
 

Robinson NM, Nelson WA, Costello MJ, Sutherland JE, Lundquist CJ (2017) A Systematic 

Review of Marine-Based Species Distribution Models (SDMs) with 

Recommendations for Best Practice. Frontiers in Marine Science 4: 421  

Rodriguez-Tress P, Capello M, Forget F, Soria M, Beeharry S, Dussooa N, Dagorn L (2017) 

Associative behavior of yellowfin Thunnus albacares, skipjack Katsuwonus 

pelamis, and bigeye tuna T. obesus at anchored fish aggregating devices (FADs) 

off the coast of Mauritius. Marine Ecology Progress Series 570: 213-222  

Romagny B, Menard F, Dewals P, Gaertner D, N'Goran N (2000) Le faux-poisson 

d'Abidjan et la peche sous DCP derivants dans l'Atlantique tropical Est: circuit de 

commercialisation et role socio-economique Pêche thonière et dispositifs de 

concentration de poissons, Caribbean-Martinique, 15-19 Oct 1999 

Romanov EV (2002) Bycatch in the tuna purse-seine fisheries of the western Indian 

Ocean. Fish Bull 100: 90-105  

Romanov EV (2008) Bycatch and discards in the Soviet purse seine tuna fisheries on FAD-

associated schools in the north equatorial area of the Western Indian Ocean. 

Western Indian Ocean J Mar Sci 7: 163-174  

Roos M, Held L (2011) Sensitivity analysis in Bayesian generalized linear mixed models 

for binary data. Bayesian Analysis 6: 259-278  

Roos NC, Carvalho AR, Lopes PF, Pennino MG (2015) Modeling sensitive parrotfish 

(Labridae: Scarini) habitats along the Brazilian coast. Mar Environ Res 110: 92-

100  

Rotem G, Ziv Y, Giladi I, Bouskila A (2013) Wheat fields as an ecological trap for reptiles 

in a semiarid agroecosystem. Biological Conservation 167: 349-353  

Rountree RA (1989) Association of fishes with fish aggregation devices: effects of 

structure size on fish abundance. Bull Mar Sci 44: 960-972  



REFERENCES 

 

209 
 

Rue H, Martino S, Chopin N (2009) Approximate Bayesian inference for latent Gaussian 

models by using integrated nested Laplace approximations. Journal of the royal 

statistical society: Series b (statistical methodology) 71: 319-392  

Ruiz J, Abascal FJ, Bach P, Baez JC, Cauquil P, Grande M, Krug I, Lucas J, Murua H, Alonso 

MLR (2018) Bycatch of the European, and associated flag, purse-seine tuna 

fishery in the Indian Ocean for the period 2008-2017. IOTC-2018-WPEB14-15   

Sainani K (2010) The importance of accounting for correlated observations. PM&R 2: 

858-861  

Santangeli A, Lehikoinen A, Bock A, Peltonen-Sainio P, Jauhiainen L, Girardello M, 

Valkama J (2018) Stronger response of farmland birds than farmers to climate 

change leads to the emergence of an ecological trap. Biological Conservation 

217: 166-172  

Santiago J, Lopez J, Moreno G, Murua H, Quincoces I, Soto M (2015) Towards a Tropical 

Tuna Buoy-derived Abundance Index (TT-BAI). WCPFC-SC12-2016/ SA-IP-14   

Santiago J, Murua H, López J, Quincoces I (2017) Buoy derived abundance indices of 

tropical tunas in the Indian Ocean. IOTC-2017-WGFAD01-13   

Santiago J, Uranga J, Quincoces I, Orue B, Grande M, Murua H, Merino G, Boyra G (2019) 

A novel index of abundance of juvenile yellowfin tuna in the Atlantic Ocean 

derived from echosounder buoys. SCRS/2019/075   

Sasikumar G, Mohamed KS, Mini KG, Sajikumar KK (2018) Effect of tropical monsoon on 

fishery abundance of Indian squid (Uroteuthis (Photololigo) duvaucelii). Journal 

of natural history 52: 751-766  

Satoh K, Okamoto H, Takeuchi Y, Shono H, Matsumoto T, Watanabe K, Miyabe N, Honda 

H (2008) Effects of depth of underwater structures of FADs on catch of bigeye 

tuna (Thunnus obesus) in the tropical waters of the western Pacific Ocean. 

WCPFC Scientific Committee, fourth regular session WCPFC-SC4-2008/FT-WP-1: 

20  



 

 

210 
 

Scott G, Lopez J (2014a) The use of  FADs  in tuna  fisheries. IP/B/PECH/IC/2013-

123Available at: http://wwweuroparleuropaeu/studies   

Scott GP, Lopez J (2014b) The use of FADs in tuna fisheries. European Parliament Policy 

Department B: Structural and Cohesion Policies: Fisheries IP/B/PECH/IC/2013-

123: 70p  

Scott MD, Chivers SJ, Olson RJ, Fiedler PC, Holland K (2012) Pelagic predator 

associations: tuna and dolphins in the eastern tropical Pacific Ocean. Marine 

Ecology Progress Series 458: 283-302  

Schaefer K, Fuller D (2005) Behavior of bigeye (Thunnus obesus) and skipjack 

(Katsuwonus pelamis) tunas within aggregations associated with floating objects 

in the equatorial eastern Pacific. Mar Biol 146: 781-792  

Schaefer KM (2001) Reproductive biology of tunas. Fish physiology 19: 225-270  

Schaefer KM, Fuller DW (2002) Movements, behavior, and habitat selection of bigeye 

tuna (Thunnus obesus) in the eastern equatorial Pacific, ascertained through 

archival tags. Fish Bull 100: 765-788  

Schaefer KM, Fuller DW (2013) Simultaneous behavior of skipjack (Katsuwonus pelamis), 

bigeye (Thunnus obsesus), and yellowfin (T. albacares) tunas, within large multi-

species aggregations associated with drifting fish aggregating devices (FADs) in 

the equatorial eastern Pacific Ocean. Mar Biol 160: 3005-3014  

Schaefer KM, Fuller DW (2019) Spatiotemporal variability in the reproductive dynamics 

of Skipjack Tuna (Katsuwonus pelamis) in the eastern Pacific Ocean. Fish Res 209: 

1-13  

Schaefer KM, Fuller DW, Block BA (2009) Vertical movements and habitat utilization of 

skipjack (Katsuwonus pelamis), yellowfin (Thunnus albacares), and bigeye 

(Thunnus obesus) tunas in the equatorial eastern Pacific Ocean, ascertained 

through archival tag data Tagging and Tracking of Marine Animals with Electronic 

Devices. Springer, pp 121-144 

http://wwweuroparleuropaeu/studies


REFERENCES 

 

211 
 

Schlaepfer MA, Runge MC, Sherman PW (2002) Ecological and evolutionary traps. 

Trends in ecology & evolution 17: 474-480  

Schoener TW (1968) The Anolis lizards of Bimini: resource partitioning in a complex 

fauna. Ecology 49: 704-726  

Schott FA, McCreary JP (2001) The monsoon circulation of the Indian Ocean. Prog 

Oceanogr 51: 1-123  

Schott FA, Xie SP, McCreary JP (2009) Indian Ocean circulation and climate variability. 

Reviews of Geophysics 47  

Sempo G, Dagorn L, Robert M, Deneubourg J-L, Blanchard J (2013) Impact of increasing 

deployment of artificial floating objects on the spatial distribution of social fish 

species. Journal of Applied Ecology 50: 1081-1092 doi 10.1111/1365-2664.12140 

Sequeira A, Mellin C, Rowat D, Meekan MG, Bradshaw CJ (2012) Ocean‐scale prediction 

of whale shark distribution. Diversity and Distributions 18: 504-518  

Sequeira AM, Mellin C, Delean S, Meekan MG, Bradshaw CJ (2013) Spatial and temporal 

predictions of inter-decadal trends in Indian Ocean whale sharks. Marine Ecology 

Progress Series 478: 185-195  

Shochat E, Patten MA, Morris DW, Reinking DL, Wolfe DH, Sherrod SK (2005) Ecological 

traps in isodars: effects of tallgrass prairie management on bird nest success. 

Oikos 111: 159-169  

Sikhakolli R, Sharma R, Basu S, Gohil B, Sarkar A, Prasad K (2013) Evaluation of OSCAR 

ocean surface current product in the tropical Indian Ocean using in situ data. J 

Earth Syst Sci 122: 187-199  

Simmonds J, MacLennan D (2005) Fishery acoustic theory and practice. Blackwell 

Scientific Publications, Oxford, UK 



 

 

212 
 

Song L, Zhou J, Zhou Y, Nishida T, Jiang W, Wang J (2009) Environmental preferences of 

bigeye tuna, Thunnus obesus, in the Indian Ocean: an application to a longline 

fishery. Environmental Biology of Fishes 85: 153-171  

Song LM, Zhang Y, Xu LX, Jiang WX, Wang JQ (2008) Environmental preferences of 

longlining for yellowfin tuna (Thunnus albacares) in the tropical high seas of the 

Indian Ocean. Fisheries Oceanography 17: 239-253  

Soria M, Dagorn L, Potin G, Fréon P (2009) First field-based experiment supporting the 

meeting point hypothesis for schooling in pelagic fish. Animal Behaviour 78: 

1441-1446  

Soto M, Fernández F (2016) Statistics of the purse seine Spanish fleet in the Indian Ocean 

(1990-2015). IOTC-2016-WPDCS12-INF04 

Spiegelhalter DJ, Best NG, Carlin BP, Van Der Linde A (2002) Bayesian measures of model 

complexity and fit. Journal of the royal statistical society: Series b (statistical 

methodology) 64: 583-639  

Stephenson RL, Paul S, Pastoors MA, Kraan M, Holm P, Wiber M, Mackinson S, Dankel 

DJ, Brooks K, Benson A (2016) Integrating fishers’ knowledge research in science 

and management. ICES J Mar Sci 73: 1459-1465  

Stéquert B, Rodriguez JN, Cuisset B, Le Menn F (2001) Gonadosomatic index and 

seasonal variations of plasma sex steroids in skipjack tuna (Katsuwonus pelamis) 

and yellowfin tuna (Thunnus albacares) from the western Indian Ocean. Aquat 

Living Resour 14: 313-318  

Stobart B, Díaz D, Álvarez F, Alonso C, Mallol S, Goñi R (2015) Performance of baited 

underwater video: does it underestimate abundance at high population 

densities? PloS one 10: e0127559  

Sun C, Yeh S, Chang Y, Chang H, Chu S (2013) Reproductive biology of female bigeye tuna 

Thunnus obesus in the western Pacific Ocean. Journal of fish biology 83: 250-271  



REFERENCES 

 

213 
 

Sund PN, Blackburn M, Williams F (1981) Tunas and their environment in the Pacific 

Ocean: a review. Oceanogr Mar Biol Ann Rev 19: 443-512  

Suyehiro Y (1951) Text-book of ichthyology 

Taquet M, Dagorn L, Gaertner J-C, Girard C, Aumerruddy R, Sancho G, Itano D (2007a) 

Behavior of dolphinfish (Coryphaena hippurus) around drifting FADs as observed 

from automated acoustic receivers. Aquat Living Resour 20: 323-330  

Taquet M, Sancho G, Dagorn L, Gaertner J, Itano D, Aumeeruddy R, Wendling B, Peignon 

C (2007b) Characterizing fish communities associated with drifting fish 

aggregating devices (FADs) in the Western Indian Ocean using underwater visual 

surveys. Aquat Living Resour 20: 331-341  

Tille Y, Matei A (2016) sampling: Survey Sampling. R package version 2.8. https://CRANR-

projectorg/package=sampling   

Tomczak M, Godfrey JS (2013) Regional oceanography: an introduction. Elsevier 

Torres-Irineo E, Amande MJ, Gaertner D, de Molina AD, Murua H, Chavance P, Ariz J, 

Ruiz J, Lezama-Ochoa N (2014) Bycatch species composition over time by tuna 

purse-seine fishery in the eastern tropical Atlantic Ocean. Biodiversity and 

conservation 23: 1157-1173  

Valdés L (2017) Global ocean science report: the current status of ocean science around 

the world. UNESCO Publishing 

Varela S, Lobo JM, Hortal J (2011) Using species distribution models in 

paleobiogeography: a matter of data, predictors and concepts. 

Palaeogeography, Palaeoclimatology, Palaeoecology 310: 451-463  

Veldhuis MJ, Kraay GW, Van Bleijswijk JD, Baars MA (1997) Seasonal and spatial 

variability in phytoplankton biomass, productivity and growth in the 

northwestern Indian Ocean: the southwest and northeast monsoon, 1992–1993. 

Deep Sea Research Part I: Oceanographic Research Papers 44: 425-449  



 

 

214 
 

Venables WN, Dichmont CM (2004) GLMs, GAMs and GLMMs: an overview of theory for 

applications in fisheries research. Fish Res 70: 319-337  

Viñuales-Solé J (1996) Los Etruscos amantes de la vida de Italia. Vol. 1. Time Life Books 

Inc. Ediciones Folio, SA, Barcelona 

Warren DL, Glor RE, Turelli M (2008) Environmental niche equivalency versus 

conservatism: quantitative approaches to niche evolution. Evolution 62: 2868-

2883  

Watanabe S (2010) Asymptotic equivalence of Bayes cross validation and widely 

applicable information criterion in singular learning theory. Journal of Machine 

Learning Research 11: 3571-3594  

Weng JS, Hung MK, Lai CC, Wu LJ, Lee MA, Liu KM (2013) Fine-scale vertical and 

horizontal movements of juvenile yellowfin tuna (Thunnus albacares) associated 

with a subsurface fish aggregating device (FAD) off southwestern Taiwan. J Appl 

Ichthyol 29: 990-1000 doi 10.1111/jai.12265 

Wickham H (2016) ggplot2: elegant graphics for data analysis. Springer 

Wiebinga CJ, Veldhuis MJ, De Baar HJ (1997) Abundance and productivity of 

bacterioplankton in relation to seasonal upwelling in the northwest Indian 

Ocean. Deep Sea Research Part I: Oceanographic Research Papers 44: 451-476  

Wiggert J, Murtugudde R, Christian J (2006) Annual ecosystem variability in the tropical 

Indian Ocean: Results of a coupled bio-physical ocean general circulation model. 

Deep Sea Res Part 2 Top Stud Oceanogr 53: 644-676  

Wilson JR, Lomonico S, Bradley D, Sievanen L, Dempsey T, Bell M, McAfee S, Costello C, 

Szuwalski C, McGonigal H (2018) Adaptive comanagement to achieve climate‐

ready fisheries. Conservation Letters 11: e12452  

Wood JM (2007) Understanding and Computing Cohen’s Kappa: A Tutorial. 

WebPsychEmpiricist Web Journal Available from: 

http://wpeinfo/vault/wood07/Wood07pdf   

http://wpeinfo/vault/wood07/Wood07pdf


REFERENCES 

 

215 
 

Wood S (2006) Generalized additive models: an introduction with R. CRC press 

Wood S, Scheipl F (2013) gamm4: Generalized additive mixed models using mgcv and 

lme4. R package version 0.2-2, URL http://CRAN.R-project.org/package=gamm4 

Wyrtki K (1973) Physical oceanography of the Indian Ocean The biology of the Indian 

Ocean. Springer, pp 18-36 

Young M, Carr MH (2015) Application of species distribution models to explain and 

predict the distribution, abundance and assemblage structure of nearshore 

temperate reef fishes. Diversity and Distributions 21: 1428-1440  

Zagaglia CR, Lorenzzetti JA, Stech JL (2004) Remote sensing data and longline catches of 

yellowfin tuna (Thunnus albacares) in the equatorial Atlantic. Remote sensing of 

environment 93: 267-281  

Zeller D, Cashion T, Palomares M, Pauly D (2018) Global marine fisheries discards: A 

synthesis of reconstructed data. Fish and fisheries 19: 30-39  

Zhu G, Xu L, Zhou Y, Song L (2008) Reproductive biology of yellowfin tuna T. albacares in 

the west-central Indian Ocean. Journal of Ocean University of China 7: 327-332  

Zimmermann NE, Edwards TC, Graham CH, Pearman PB, Svenning JC (2010) New trends 

in species distribution modelling. Ecography 33: 985-989  

Zudaire I, Murua H, Grande M, Bodin N (2013) Reproductive potential of yellowfin tuna 

(Thunnus albacares) in the western Indian Ocean. Fish Bull 111: 252-264  

Zudaire I, Santiago J, Grande M, Murua H, Adam P-A, Collier PNT, Morgan M, Khan N, 

Baguette F, Moron J, Moniz I, Herrera M (2018) FAD Watch: a collaborative 

initiative to minimize the impact of FADs in coastal ecosystems. IOTC-2018-

WPEB14-12   

Zuur A, Ieno E, Walker N, Saveliev A, Smith G (2009) Mixed effects models and 

extensions in ecology with R. Gail M, Krickeberg K, Samet JM, Tsiatis A, Wong W, 

editors. New York, NY: Spring Science and Business Media   

http://cran.r-project.org/package=gamm4


216 


	6cf60b48cddd00504424a5d18d7cd02b8f423f46a0a6c53c678028091ef49f7e.pdf
	blank595x841
	a66266ff06807d35f19fb7b6a4a26b9bbb4da92e345a9e0ecdb111dbc0bf04c9.pdf
	71283c61ac86c656593fb3c0b4d76b05a464ffaf865987467a965094e5ab3e91.pdf
	blank595x842
	a66266ff06807d35f19fb7b6a4a26b9bbb4da92e345a9e0ecdb111dbc0bf04c9.pdf
	a66266ff06807d35f19fb7b6a4a26b9bbb4da92e345a9e0ecdb111dbc0bf04c9.pdf

