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Summary

The common dolphinfish or mahi-mahi (Coryphaena hippurus) is a large pelagic
and highly migratory fish distributed in tropical and subtropical waters around the globe.
The Mediterranean Sea population supports traditional small-scale fisheries targeting
juvenile individuals, based on the use of fish aggregating devices (FADs), mainly in the
Balearic Islands, Sicily, Malta and Tunisia, thus being of high importance for local culture
and economy. However, in these areas the adults are only observed during the spawning
season, suggesting a reproductive migration.

The goal of this thesis is to revise and expand the knowledge on the Mediterranean
dolphinfish population, focusing on the effects of a warming Mediterranean. For over two
decades, several researchers have conducted invaluable biological and fishery studies on
this species in the area. This thesis aims to go one step further, first exploring the effects
of environmental drivers on biological and ecological traits, and then using this
knowledge to develop novel technologies and methodologies for the assessment of the
Mediterranean stock, which remains unassessed at this point.

Among the main results, it can be highlighted that the models incorporating temperature
have improved the reproductive traits and growth estimates. Specifically, studies
developed in this thesis show that the spawning peak occurs systematically before the
annual temperature peak in a wide latitudinal range of dolphinfish populations and that
the duration of the spawning is related to the mean annual temperature, allowing us to
predict the seasonal spawning patterns from temperature. In addition, a validated
temperature-dependent growth model based on juveniles targeted by the artisanal fishery
based on FADs has allowed to assess the length at catch of the recruits at the opening date
of the fishery under several climate change projections from the Intergovernmental Panel
on Climate Change (IPCC) and also under a marine heatwave. Results suggest that in
warmer scenarios there might be an increase in the mean size, as well shifts in length
distributions with a higher percentage of shorter individuals in long-term climatic
projections. These results could be applied both to short-term management actions
considering environmental conditions and to mid/long-term management, projecting
potential effects under future environmental conditions derived from sea warming.

With regards to the Mediterranean dolphinfish fisheries management, an automated
process based on artificial intelligence has been developed to obtain larger amounts of
high-resolution fish length data for the fish that are in boxes previously to be sold in the
auction. These data will serve to validate previous studies and as input for assessment
models opening research avenues that use length distribution as an input variable. A
multi-annual five-fleets generalized depletion model, adapted to the fishery dynamics of
the countries exploiting this fishery, has also been developed. This method has been
adopted by the General Fisheries Commission of the Mediterranean (GFCM) to assess
the Mediterranean dolphinfish stock, providing accurate reference points for the first time
for this stock. These results also suggest that the stock is not under risk of overfishing,



showing stability in recruitment and exploitation rates, although the precautionary
approach suggests not increasing the fishing effort until a quantitative evaluation of the
population is available.

Finally, we propose future lines of research, which should focus on mechanistic
approaches to understand the environmental relationship with biological and ecological
traits across all life stages. Improving the knowledge of environmental requirements for
early life stages is also crucial for understanding the sources of early mortality and better-
understanding recruitment dynamics, which is also essential to explain capture
fluctuations throughout the time series. Furthermore, research on movement ecology is
critical to unraveling migratory patterns that determine the dynamic of captures by
different countries, their behavior in relation to the FADs and the catch-effort
relationship.



Resum

La llampuga o mahi-mahi (Coryphaena hippurus) es una espécie considerada gran
pelagic i altament migratoria, distribuida en aigiies tropicals 1 subtropicals arreu del mon.
La poblacié del Mediterrani sustenta pesqueries tradicionals d’arts menors dirigides a
individus juvenils, basades en 1’s de dispositius concentradors de peixos (capcers),
principalment a les illes Balears, Sicilia, Malta 1 Tunisia. Aquestes pesqueries tenen una
gran rellevancia en la cultura i economia locals d’aquests paisos. No obstant, en aquestes
regions sols s’observen individus adults durant I’época de posta, el que suggereix una
migracio reproductiva.

El principal objectiu d’aquesta tesi és revisar i ampliar el coneixement de la poblacié de
llampuga del Mediterrani, amb especial émfasi en els efectes de I’escalfament global i
fenomens associats. En les darreres décades, s’han realitzat nombrosos estudis sobre la
biologia 1 pesqueries d’aquesta especie a la regid. Aquesta tesi pretén anar un pas enlla
explorant en primer lloc els efectes ambientals sobre alguns trets biologics 1 ecologics de
I’espécie 1 emprar aquest coneixement i generar millors eines per aconseguir una gestio
sostenible de I’estoc Mediterrani, que segueix fora una avaluaci6 formal a dia d’avui.

Entre els principals resultats, cal destacar que la incorporaci6 de la temperatura en els
models desenvolupats per aquesta especie ha millorat I’estima dels patrons reproductius
i de creixement. Concretament, els estudis desenvolupats en el marc d’aquesta tesi
mostren que el pic de posta ocorre sistematicament amb anterioritat al pic de anual de
temperatura en diferents poblacions de llampuga en un ampli rang de latituds i1 que la
duracio de la posta esta relacionada amb la temperatura mitjana anual, fet que permet
predir el patr6 estacional de posta a partir de la temperatura. A més, un model validat de
creixement depenent de temperatura basat en juvenils explotats per la pesqueria ha
permes avaluar les talles de captura de reclutes a la data d’inici de la pesqueria sota
diferents projeccions de canvi climatic segons el Panell Intergovernamental sobre el
Canvi Climatic (IPCC) i tamb¢ d’onades de calor marines. Els resultats suggereixen que
en escenaris d’escalfament hi haura un increment de la talla mitjana i una desviaci6 en la
distribuci6 de talles, amb uns percentatges més elevats d’individus de talles més petites
en projeccions climatiques a llarg termini. Aquests resultats son aplicables tant en accions
de gestio a curt termini, considerant la variabilitat ambiental, com per a una gestio a mig
1 llarg termini, al predir els potencials efectes sota condicions ambientals futures derivades
de ’augment de temperatura.

Quant a la gesti6 de les pesqueries de llampuga a la Mediterrania, s’ha desenvolupat un
procés automatitzat basat en intel-ligéncia artificial per a obtenir dades massives en alta
resolucid de talles individuals dels peixos disposts en les caixes préviament a la seva venta
a la llotja. Aquestes dades serviran per a validar estudis previs, aixi com per alimentar
models d’avaluacidé pesquera, obrint aixi noves oportunitats en investigacions que
requereixen distribucions de talles com a variable clau. També s’ha desenvolupat un
model de depleci6 generalitzat, multi-anual 1 multi-flota, adaptat a les dinamiques de les



pesqueries dels diferents paisos que exploten aquesta espécie. Aquest metode s’ha adoptat
per la Comissié General de Pesca del Mediterrani (CGPM), permetent avaluar I’estoc de
llampuga al Mediterrani, obtenint els primers punts de referéncia d’explotacidé per a
aquest estoc. Aquests resultats suggereixen que no existeix risc de sobrepesca a 1’estoc,
mostrant una estabilitat tant en les taxes d’explotacié com de reclutament, encara que amb
I’enfocament precautori seria recomanable no incrementar 1’esfor¢ pesquer fins a disposar
d’una avaluaci6 quantitativa de la poblacio.

Finalment, es proposen futures linies d’investigacié, que s’haurien de centrar en
aproximacions mecanicistes per comprendre les relacions ambientals amb els trets
biologics 1 ecologics de I’espécie en tots els seus estadis vitals. Incrementar el
coneixement dels requeriments ambientals per als primers estadis de desenvolupament
tamb¢ resulta crucial per comprendre la mortalitat en les primeres etapes de vida, aixi
com la dinamica de reclutament, essencial per poder explicar fluctuacions en les captures
al llarg de les series temporals. A més, investigar sobre I’ecologia del moviment resulta
clau per revelar els patrons migratoris, aportar informacié per entendre millor les
variacions de captures dels diferents paisos i les relacions entre captura i esforg, aixi com
el comportament de 1’espécie envers als capcers.



Resumen

La lampuga, dorado, o mahi-mahi (Coryphaena hippurus) es una especie
considerada gran peldgico y altamente migratoria, distribuida en aguas tropicales y
subtropicales alrededor del mundo. La poblacion del Mediterraneo sustenta pesquerias
tradicionales de artes menores dirigidas a individuos juveniles, basadas en el uso de
dispositivos de concentracion de peces (DCPs), principalmente en las islas Baleares,
Sicilia, Malta y Tunez. Estas pesquerias tienen una gran importancia en la cultura y
economia local de estos paises. Sin embargo, en estas regiones solo se observan
individuos adultos durante la época de puesta, lo que sugiere una migracion reproductiva.

El principal objetivo de esta tesis es revisar y ampliar el conocimiento de la poblacion de
lampuga del Mediterraneo, con especial énfasis en los posibles efectos del calentamiento
de los océanos. En las ultimas dos décadas se han realizado numerosos estudios sobre la
biologia y pesquerias de esta especie en la region. Esta tesis pretende ir un paso mas alla,
explorando en primer lugar los efectos ambientales sobre los rasgos biologicos y
ecologicos de la especie y generar nuevas herramientas tUtiles para la gestion del stock
Mediterraneo, que sigue sin evaluacion formal a dia de hoy.

Entre los principales resultados, la incorporacion de la temperatura en los modelos
desarrollados para esta especie ha mejorado la estima de los patrones reproductivos y de
crecimiento. Concretamente, los estudios desarrollados en el marco de esta tesis muestran
que el pico de puesta ocurre sistematicamente con anterioridad al pico anual de
temperatura en distintas poblaciones de lampuga en un amplio rango de latitudes y que la
duracion de la puesta esta relacionada con la temperatura media anual, lo que permite
predecir el patron estacional de puesta a partir de la temperatura. Ademas, un modelo
validado de crecimiento dependiente de temperatura basado en juveniles explotados por
la pesqueria ha permitido evaluar las tallas de captura de reclutas en la fecha de apertura
de la pesqueria bajo distintas proyecciones de cambio climatico segun el Panel
Intergubernamental sobre el Cambio Climatico (IPCC) y también en olas de calor
marinas. Los resultados sugieren que en escenarios de calentamiento podria haber un
incremento de la talla media y una desviacion en la distribucion de tallas, con un
porcentaje mas elevado de individuos de tallas mas pequenas en proyecciones climaticas
a largo plazo. Estos resultados son aplicables tanto en acciones de gestion a corto plazo,
considerando la variabilidad ambiental, como para una gestion a medio y largo plazo, al
predecir los potenciales efectos bajo condiciones ambientales futuras derivadas del
cambio climatico.

En cuanto a la gestion de las pesquerias del Mediterraneo, se ha desarrollado un proceso
automatizado basado en inteligencia artificial para obtener datos masivos en alta
resolucion de tallas individuales de los peces dispuestos en las cajas previamente a su
venta en lonja. Estos datos serviran para validar estudios previos, asi como para alimentar
modelos de evaluaciéon pesquera, abriendo asi nuevas oportunidades en las
investigaciones que requieren distribuciones de tallas como variable esencial. También



se ha desarrollado un modelo de depleciéon generalizado multianual y multi-flota,
adaptado a las dindmicas de las pesquerias de los distintos paises que explotan esta
especie. Este método se ha adoptado por la Comisién General de Pesca del Mediterraneo
(CGPM) permitiendo evaluar el stock de lampuga del Mediterraneo, obteniendo los
primeros puntos de referencia precisos para este stock. Estos resultados también sugieren
que no existe riesgo de sobrepesca en el stock, mostrando una estabilidad tanto en las
tasas de explotacion como de reclutamiento, aunque aplicando el enforque precautorio no
seria recomendable incrementar el esfuerzo pesquero hasta disponer de una evaluacion
cuantitativa de la poblacion.

Finalmente, se proponen futuras lineas de investigacion, que deberian enfocarse en
aproximaciones mecanicistas para entender las relaciones ambientales con los rasgos
bioldgicos y ecoldgicos de la especie en todos sus estadios vitales. Incrementar el
conocimiento de los requisitos ambientales para los estadios tempranos de vida también
resulta crucial para comprender la mortalidad en estas primeras etapas de vida, asi como
la dindmica de reclutamiento, lo que es esencial para explicar fluctuaciones en las
capturas a lo largo de las series temporales. Ademas, investigar en la ecologia del
movimiento es clave para revelar los patrones migratorios, dar posibles explicaciones a
los patrones en las capturas de los distintos paises, y las relaciones entre captura y
esfuerzo, asi como el comportamiento de la especie en relacion con los DCPs.



SECTION 1

General Introduction




1. Who? Llampuga, common dolphinfish or mahi-
mahi (Coryphaena hippurus)

The common dolphinfish (Coryphaena hippurus, L. 1758), also known as mahi-mahi
or llampuga, lampuga and lampuki in the Mediterranean regions, is a large pelagic species
widely distributed in tropical and temperate regions around the world. It comprises highly
migratory regional populations which are usually targeted by artisanal professional and
sport fisheries, providing significant landings and economic benefits to coastal
communities. Given that Chapter 1 of this thesis offers a comprehensive review of the
current knowledge on dolphinfish biological traits and the Mediterranean fisheries, this
general introduction focuses on the characteristics that make this species an appropriate
case study to address the effects of climate change on fisheries. Specifically, the following
paragraphs aim to provide the background for understanding the relevance of further
research on the environmental effects on this species in the Mediterranean, and to develop
new tools for its management.

Dolphinfish primarily inhabit the epipelagic marine ecosystem, which is the upper section
of the water column, and hence the more sensitive to temperature variations due to direct
solar radiation. The epipelagic habitat is strongly influenced by the atmospheric dynamics
and the rotation of the earth, resulting in strong variability due to several processes and
structures, such as ocean currents, upwelling, mesoscale gyres or thermoclines (Bigg and
Bigg, 2003). Dolphinfish is a thermophilic species with a distribution range defined by
the 16°C isotherm (Palko et al., 1982), and is able to follow isotherms that drive regional
migrations (Massuti and Morales-Nin, 1995; Merten et al., 2016, 2014a, 2014b). Its
migration behavior is directed toward reaching appropriate spawning habitats and
adequate foraging grounds, which are usually characterized by different environmental
requirements (Putman, 2018). This species, which occupies a high trophic level has a
short lifespan, with a maximum of four years reported (Beardsley, 1967), but an average
of fewer than two years (Oxenford, 1999). Its high metabolic rate is supported by an
omnivorous diet and voracious behavior, resulting in one of the fastest recorded growth
rates for teleost fishes (Oxenford, 1999; Palko et al., 1982). Some of these traits suggest
that the population dynamics of this species should be strongly linked to the interannual
variability in the environmental conditions, in a similar way as small pelagic fish such as
anchovies and sardines.

Given the information mentioned above, and the growing awareness of the impacts of
warming seas on fish and fisheries (Free et al., 2019), it is timely and appropriate to
analyze the potential effects of changes in sea surface on key characteristics of
dolphinfish. While there have been documented cases of changes in the distribution and
range extensions of dolphinfish attributable to environmental conditions in distant areas
(Norton, 1999; Salvadeo et al., 2020), many questions remain unanswered regarding the
environmental effects on the ecology and fisheries of this species, as will be further
discussed.



2. Where? The Mediterranean dolphinfish
population

The Mediterranean Sea is a semi-enclosed basin adjacent to the Atlantic Ocean,
connected with it through the Strait of Gibraltar at its west end, and linked to the Red Sea
through the Suez Canal at its southeast, and the Black Sea at its northeast end. Owing to
its oceanographic and climatic properties, the Mediterranean Sea has been considered a
miniature ocean, and is recognized as a biodiversity hotspot, harboring one of Earth's
highest levels of biodiversity (Bethoux et al., 1999; Coll et al., 2010). In addition, the
Mediterranean Sea has also been designated as a climate change hotspot (Giorgi, 2006),
being more sensitive than open oceans to the impacts of climate change, as those produced
by variations in temperature and salinity, among others (Adloff et al., 2015; Bethoux and
Gentili, 1999; Durrieu de Madron et al., 2011; Nykjaer, 2009; Schroeder et al., 2016;
Shaltout and Omstedt, 2014; Vargas-Yanez et al., 2008), as well as to extreme events
(Darmaraki et al., 2019). These environmental changes have significant effects on the
Mediterranean’s marine biota, including mass mortality events with notable ecosystem
consequences, temperature-mediated diseases, shifts in species distribution, changes in
trophic interactions or regimes, and the invasion and expansion of alien species (Cerrano
etal., 2000; Coll et al., 2010; Coma et al., 2009; Edelist et al., 2013; Garrabou et al., 2009,
2001; Lazzari et al., 2014; Lejeusne et al., 2010; Marba and Duarte, 2010; Massuti et al.,
2010; Moullec et al., 2019; Raitsos et al., 2010; Sabatés et al., 2006; Vezzulli et al., 2010).

Dolphinfish have been exploited as a fishing resource by Mediterranean coastal
communities since ancient times. Currently, the four countries actively involved in this
fishery are Spain (only the Balearic Islands archipelago), Italy (mainly in Sicily), Malta
and Tunisia. This fishery is one of the most important in the aforementioned countries,
representing one of the most landed species in terms of the weight of catches and
economic incomes generated (Battaglia et al., 2010; Morales-Nin et al., 2010; Palmer et
al., 2017; Quetglas et al., 2016). Dolphinfish is highly valued by these coastal societies,
being promoted gastronomically as a seasonal fresh fish product, and targeted both by
recreational and professional fishers (Font and Lloret, 2014; Morales-Nin et al., 2005;
Venturini et al., 2017).



3.Why? The challenges in the warming
Mediterranean

This section aims to briefly summarize the current knowledge regarding the
Mediterranean dolphinfish population, highlighting the knowledge gaps that will guide
the research objectives of this thesis.

The General Fisheries Commission for the Mediterranean (GFCM), a Regional Fisheries
Management Organization (RFMO) under the Food and Agriculture Organization (FAO)
of the United Nations, has been promoting research on this fishing resource since the
early 1990s. Chapter 1 of this thesis will exhaustively describe the current biological
knowledge of the Mediterranean dolphinfish, which is derived from these projects and is
schematized in Fig. 1. This research includes several studies on age, growth and
reproduction, from which several biological parameters and processes were calculated,
including growth rates, length-weight relationships, gonadosomatic indices and
fecundity, among others. These results have also been documented in two doctoral theses
conducted in Tunisia and the Balearic Islands (Besbes Benseddik, 2017; Massuti, 1997).
However, the environmental drivers of these biological processes and the potential effects
of environmental changes on them have not yet been studied.

Main
knowledge

gaps Migratory patterns

Seasonality and and their
\/ distribution’? environmental
drivers

Basic biological Environmental
parameters fgg? as drivers determining
age, growth®>* key biological
and reproductive parameters

bio|ogy1,5,6,7,8,9

Formal stock
assessment for the
Mediterranean
fisheries

Fisheries dynamics
and
trendsl,10,11,12,13

Figure 1. Scheme of the current knowledge and identified gaps of knowledge of the
Mediterranean dolphinfish population. The references used in this figure are 'Massuti and
Morales-Nin (1995), 2Massuti et al. (1999) *Morales-Nin et al. (1999) “Benseddik et al.
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(2011) °Gatt et al. (2015) “Massuti and Morales-Nin (1997) "Potoschi et al. (1999b)
8Besbes Benseddik et al. (2015) *Besbes Benseddik et al. (2019) 1°Potoschi et al. (1999a)
Vella (1999) '2Zaouali and Missaoui (1999) *Morales-Nin et al. (2000)

The need for studies on the effects of the environment on the ecology and fisheries of this
species is particularly relevant in the face of climate change. One of the major effects of
climate change is ocean warming, as oceans absorb most of the energy increase (Cheng
etal., 2022; Levitus et al., 2005). This warming has multiple impacts on marine systems,
ranging from the species to the ecosystem level (Doney et al., 2012; Hoegh-Guldberg and
Bruno, 2010; Poloczanska et al., 2013). As a response to the effects of warming, species
are forced to move to their climate niche through changes in three different aspects: space
(distribution), physiology and phenology (Bellard et al., 2012).

In the context of fisheries science, phenologies and key physiological processes such as
reproduction (spawning), recruitment, growth, and mortality, strongly determine
population dynamics and, as a result, the yield of the fishery. Traditionally, only the
intrinsic biological characteristics of a specific species (such as age, growth/length,
length-weight relationships, etc.) and the fishery dynamics (catch and effort) have been
considered in management. However, studies that incorporate the effects of the
environment on these processes have increased significantly since the 2000s (Beaugrand
and Kirby, 2018; Morrongiello et al., 2012; Walther et al., 2002). It is essential to
understand how exploited species respond to environmental changes, and even more so
to incorporate future climate projections as they become available, to anticipate the
potential impacts of climate change on fisheries and design adaptive management
measures.

In addition, to fully comprehend the population dynamics of the Mediterranean
dolphinfish, it is necessary to understand not only the relative influence of the
environmental factors on basic biological and ecological traits but also on the exploitation
dynamics and on the interaction between exploitation and biological factors. This requires
obtaining and integrating large amounts of data from different sources. Unfortunately, the
speed of this integration is often suboptimal for less economically important fisheries.
The Mediterranean dolphinfish fishery is an example of these data-limited fisheries,
where the stock is currently unassessed due to a lack of sufficient data, or processing
available data, to conduct a formal assessment and determine biological reference points
(Fujita, 2021; Newman et al., 2015). Addressing this issue requires gathering basic
biological data whose lack impedes the development of stock assessment methods, which
can be achieved through the application of new technologies based on automatic
processes. Advances in computer power, digitalization and the development of multiple
sensors now enable the integration of data at unprecedented levels.

The Mediterranean dolphinfish fishery has received attention from the International
Commission for the Conservation of the Atlantic Tunas (ICCAT) and the GFCM in recent
years due to the absence of a formal stock assessment. In 2019, the GFCM declared the
species a priority and initiated a research program to develop a management plan by 2023
(Recommendation GFCM/43/2019/1). To achieve this goal, it is crucial to improve basic
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aspects of the fishery, such as data collection, better definition of effort, and gaining
knowledge on the stock structure and movement patterns of the species in the fishing
region.

In spite of this progress, gaining a deeper understanding of the ecological traits and their
relationship with environmental variability, including climate change, remains a
challenge for scientists studying the Mediterranean dolphinfish population. Therefore, the
application of new advances in the field of fisheries science is necessary to better manage
this resource.
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4. Structure of this Thesis

This doctoral thesis is structured into five sections. The first section serves as a
general introduction, that provides the context and presents the main objectives, which
form the second section. The third section is composed of a series of five chapters that
develop the different objectives, each one relatively independent of the others, consisting
of research articles published or submitted to indexed journals. As a result, this thesis
does not have a common methodology section. Each chapter has its own discussion, but
the fourth section provides a general discussion of the results obtained throughout the
different chapters. Finally, the fifth section includes the conclusions derived from this
thesis.

The third section, which divided into five chapters contains the bulk of the research, as
mentioned above, organized into three different research lines. The first one matches with
the first chapter, corresponding to an extensive review regarding the state of the art of the
common dolphinfish biology, with special attention to the Mediterranean population and
fisheries. The two following chapters constitute the second section, aiming to reveal the
relationship between environmental factors, including climate change, and the ecology of
this species. Finally, the third section include two chapters comprising studies focused on
fisheries management aspects of this species. This structure is schematized in Fig. 2, and
the different chapters are listed below:

Section 3.1: State of the art of the dolphinfish biology and Mediterranean fisheries.

Chapter 1: A global review on the biology of the dolphinfish (Coryphaena
hippurus) and its fishery in the Mediterranean Sea: Advances in the last two
decades. Published in Reviews in Fisheries Science and Aquaculture.

Section 3.2: Environmental variability and ecological traits.

Chapter 2: Improving the inference of spawning phenology from sea surface
temperature for a wide-spread large pelagic fish. Submitted to Ecological
Modelling.

Chapter 3: Projected effects of ocean warming on an iconic pelagic fish and its
fishery. Published in Scientific reports.

Section 3.2: Models and tools for fisheries management

Chapter 4: Automatic, operational, high-resolution monitoring of fish length and
catch numbers from landings using deep learning. Published in Fisheries
Research.

Chapter 5: A multiannual five-fleet generalized depletion model for the stock
assessment of the Mediterranean dolphinfish (Coryphaena hippurus) fishery.
Published in ICES Journal of Marine Science.
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Section II: Objectives and
Hypotheses

Section I11: Original Research

Section 1V: General Discussion

Section V: Conclusions
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Figure 2: Scheme of the thesis structure with particular detail of the research section.
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SECTION 2

Objectives and Hypotheses
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The previous section has identified knowledge gaps regarding the Mediterranean
dolphinfish population, which will be addressed in this doctoral thesis. The general
objectives of this thesis are twofold: first, to advance in our understanding of how
environmental drivers, particularly temperature and future thermal scenarios derived from
climate change, affect and may affect key biological traits of the Mediterranean
dolphinfish population at the physiological level (e.g., growth) and phenology (e.g.,
spawning). Second, to advance in the development of models and tools to assist in the
management of the fisheries in this region. To this end, the specific objectives of this
thesis, and the specific research hypothesis raised in each one of them, are as follows:

1) To examine the relationship between environmental structure and variability with
respect to spawning phenology.

Specifically, the research hypothesis raised for this objective is:

Ho: There will be no significant shift in the spawning phenology of the dolphinfish
population as sea temperatures increase.

Hi: Changes in the annual thermal cycle may affect the spawning phenology of this
species.

2) To determine the relationship between environmental variability and the growth
patterns of dolphinfish that are targeted by Mediterranean fisheries.

With the following underlying hypothesis:

Ho: Changes in environmental variability, mainly in sea surface temperature, will not
significantly affect the growth patterns of the dolphinfish targeted by Mediterranean
fisheries.

Hi: Changes in environmental variability, mainly in sea surface temperature, can
improve the estimates of dolphinfish growth targeted by Mediterranean fisheries.

3) To develop new models and tools that can improve the management of this
species in the Mediterranean.

These hypotheses will be tested through the building and application of statistical
approaches of varying complexity to newly generated and existing datasets, the
application of new technologies and the development of an extended assessment model
for the Mediterranean dolphinfish fishery.

16



SECTION 3

Original Research
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Chapter 1: A global review on the biology of the
dolphinfish (Coryphaena hippurus) and its fishery in
the Mediterranean Sea: advances in the last two
decades.

Molto, Viceng; Hernandez, Pilar; Sinopoli, Mauro; Besbes-Benseddik, Amina;
Besbes, Raouf; Mariani, Adriano; Gambin, Miriam; Alemany, Francisco;
Morales-Nin, Beatriz; Grau, Antoni Maria; Camifias, Juan Antonio; Baez, José
Carlos; Vasconcellos, Marcelo; Ceriola, Luca; Catalan, Ignacio A.. (2020). A
global review on the biology of the dolphinfish (Coryphaena hippurus) and its
fishery in the Mediterranean Sea: advances in the last two decades. Reviews in
Fisheries Science & Aquaculture, 28(3), 376-420. DOI:
https://doi.org/10.1080/23308249.2020.1757618

Web link: https://www.tandfonline.com/doi/abs/10.1080/23308249.2020.1757618
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Chapter 2: Improving the inference of spawning
phenology from sea surface temperature for a wide-
spread large pelagic fish.

Molté, Viceng; Palmer, Miquel; Polin, Marco; Ospina-Alvarez, Andrés; Catalan,
Ignacio A. Improving the inference of spawning phenology from sea surface
temperature for a wide-spread large pelagic fish. Submitted to ICES Journal of
Marine Science
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Chapter 3: Projected effects of ocean warming on an
iconic pelagic fish and its fishery.

Molté, Viceng; Palmer, Miquel; Ospina—Alvarez, Andrés; Pérez-Mayol, Silvia;
Besbes-Benseddik, Amina; Gatt, Mark; Morales-Nin, Beatriz; Alemany,
Francisco; Catalan, Ignacio A. (2021). Projected effects of ocean warming on an
iconic pelagic fish and its fishery. Scientific reports, 11(1), 1-11. DOI:
https://doi.org/10.1038/s41598-021-88171-1

Web link: https://www.nature.com/articles/s41598-021-88171-1
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Chapter 4: Automatic, operational, high-resolution
monitoring of fish length and catch numbers from
landings using deep learning.

Palmer, Miquel; Alvarez-Ellacuria, Amaya; Molté, Vicenc; Catalan, Ignacio A.
(2022). Automatic, operational, high-resolution monitoring of fish length and
catch numbers from landings using deep learning. Fisheries Research, 246,
106166. DOI: https://doi.org/10.1016/].fishres.2021.106166

Web link:
https://www.sciencedirect.com/science/article/pii/S0165783621002940
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Chapter 5: A multiannual five-fleet generalized
depletion model for the stock assessment of the
Mediterranean dolphinfish (Coryphaena hippurus)
fishery.

Molté, Vicenc; Catalan, Ignacio A.; Ospina-Alvarez, Andrés; Hernandez, Pilar;
Roa-Ureta, Rubén H. (2022). A multiannual five-fleet generalized depletion
model for the stock assessment of the Mediterranean dolphinfish (Coryphaena
hippurus) fishery. ICES Journal of Marine Science. 79(5), 1481-1496. DOI:
https://doi.org/10.1093/icesjms/fsac072

Web link:
https://academic.oup.com/icesjms/article/79/5/1481/6581598?login=false
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General Discussion
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This general discussion summarizes results and concepts stemming from the
different chapters and draws a general picture of what has been learned throughout the
thesis, as well as what remains to be known with respect to the ecology and fisheries of
dolphinfish in the Mediterranean.

Chapter 1 provides an exhaustive revision of the biological traits of dolphinfish
worldwide, with special attention to the Mediterranean population. This review identified
a series of knowledge gaps to be addressed, which have been grouped into two sections:
1) the lack of knowledge about the relationships between environmental variables and
biological traits for the Mediterranean dolphinfish population, as well as on the effects of
environmental variability on the population dynamics, and ii) the lack of a formal stock
assessment to support management measures for the Mediterranean dolphinfish stock.
The new contributions presented in this thesis fill in some of these knowledge gaps,
generating new knowledge regarding the ecology of the species in the region and
developing useful methodologies for a better management of the stock. Both issues were
addressed keeping in mind the potential effects of the rapid warming of the
Mediterranean. Therefore, much of the work developed herein tried to unveil the potential
effect of temperature on key life history traits.

Chapters 2 and 3 contribute to answering the latter point, analyzing the effects of the sea
surface temperature (SST) on reproductive phenology and growth, respectively. These
are key biological parameters determining population dynamics, and SST is one of the
main environmental drivers. In Chapter 2, we generated a model to predict the fish
spawning phenology from temperature. In this model, we related the annual thermal
profile with the spawning phenology, which was inferred from two independent sources
of data, the gonadosomatic index (GSIs) obtained from different populations in a wide
latitudinal range and the hatch-date distribution inferred from otolith readings of different
inter-annual cohorts. Our results suggest that the spawning peak occurs consistently
before the temperature peak, despite the latitudinal differences, and that the spawning
spread (i.e., spawning period) depends on the mean annual temperature. The empirical
method developed in this chapter provides a tool to assess the effect of temperature
variability on the spawning phenology either in the short term, by considering the inter-
annual variations in spawning phenology according to the different annual temperature
patterns or marine heat waves, and assessing future changes according to the future
climate projections of ocean warming.

In Chapter 3, we developed an individual-based model to relate the growth of this species
to the SST experienced and photoperiod at birth. Our model captured well the juvenile
dolphinfish growth temperature dependences and allowed us to predict the length at catch
distribution of the dolphinfish population at the start of the fishery, which is especially
important in a fishery regulated through an established opening of the fishing season. In
addition, this model allowed us to project the growth and the length at catch distributions
under changing thermal conditions, such as marine heat waves (MHW) and future
temperature projections for the end of the current century according to the IPCC scenarios
RCP4.5 and 8.5. To account for potential changes in spawning phenology under future
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thermal conditions, which could also result in potential changes in length-at-catch
distribution, the hatch-date distribution of the dolphinfish population was established
according to the model developed in Chapter 2. Our results suggest an increase of 5.1%
and 12.8% in fork length according to the RCP4.5 and 8.5, respectively and of 13.2%
under the conditions of the 2003 MHW. Similarly, to the previous chapter, this
methodology would also allow us a short-term (annual) assessment of any annual cohort
growth and length at catch distribution given the annual thermal profile, and to project
future growth and length at catch, under modeled future thermal conditions.

Among the limitations of our approaches (Chapters 2 and 3) to relate environmental
conditions with biological parameters is that we used phenomenological models to
determine the dependencies of these parameters with the spawning phenology and
growth, providing only correlational effects within the ranges considered in our studies.
Phenomenological models have resulted in useful procedures for capturing and
reproducing the environmental effects on the biological traits within certain ranges, such
as temperatures experienced within physiologically tolerable ranges and individuals
below 65 cm fork length (mostly sexually immature and therefore avoiding energy
investment for reproduction). However, both chapters discuss the importance of using a
combination of mechanistic models and experiments to better infer causal effects. One
example of such models are bioenergetic approaches, such as Dynamic Energy Budgets
models (DEBs; Kooijman, 2010; Nisbet et al., 2012). These models are based on energy
balances (the main biological processes result from energy flows directed to maintenance,
growth and reproduction), providing integrated effects on physiological traits regardless
of the life stage. These models require good information on environmental drivers (e.g.,
food availability) together with metabolic information about the species. At the beginning
of the Ph.D., only partial information was available (Kraul, 1989), but as more
information becomes available, this avenue is expected to be explored further (Perrichon
et al., 2019; Stieglitz et al., 2017).

In addition, both chapters consider fixed juvenile mortality rates within the modeling
processes, as no information on variable mortality rates as a function of length is
available. Mortality processes strongly affect population dynamics; therefore, variable
mortalities can lead to potential biases in our results, especially when conducting
projections under future environmental conditions. Variable mortalities can be coupled in
our modeling approaches just as this information becomes available, but for now, it is
uncertain. Early mortality may be dependent on the larval habitat quality, which for most
large pelagic species, including dolphinfish, is determined by relatively small and
mesoscale hydrographic structures, such as retention structures, including salinity fronts
and eddies (Alemany et al., 2010; Bakun, 2006; Diaz-Barroso et al., 2022; Kitchens and
Rooker, 2014; Reglero et al., 2019; Rooker et al., 2012). It is also uncertain how climate
change will affect circulation, which is crucial for dispersal and connectivity in early life
stages, and therefore can exert strong effects on mortality (Lett et al., 2010; van Gennip
et al., 2017; Wilson et al., 2016). As for future projections, considering these effects is
nowadays a serious challenge (Hewitt et al., 2020; Richards et al., 2021). Another key
component for modeling early life mortality is a correct understanding of predator-prey
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relationships (Bailey and Houde, 1989; Hunter, 1981). These relationships are not only
spatially unknown for this species, but they can be altered by short and long-term
environmental conditions, which in turn influence the spawning phenology, leading to
changes in ichthyoplankton assemblages (Asch, 2015; Auth et al., 2018; Genner et al.,
2010; Thaxton et al., 2020; Weigel et al., 2021) and also in the way that species interact
with their preys (Asch et al., 2019; Durant et al., 2007). Therefore, a better knowledge of
larval and early juvenile dynamics is necessary if the population dynamics of this species
are to be better understood.

Chapters 4 and 5 make significant contributions to the provision of information and tools
for better management of Mediterranean dolphinfish fisheries. In Chapter 4, we
developed a model based on artificial intelligence (deep learning) together with a
statistical framework to accurately estimate the number of fish and their furcal length
before being sold in the centralized auction of Mallorca. Manual sampling is cost-
intensive in terms of time and personnel, and can only be conducted occasionally for less
economically important fisheries. Automated sampling strategies based on artificial
intelligence offer the potential for continuous and more efficient monitoring programs.
These solutions also allow richer data collection by sampling most of the landed
individuals. This leads to more information-rich data sets, which can be stratified at
different levels (e.g., boat-level and geographic-level), providing more detailed
information regarding fisheries dynamics. For this particular species, for example, this
technique could allow us to study the effect of temperature on the average length at the
opening of the fishery or the effect of punctual extreme events on growth, validating the
results obtained from Chapter 3.

In Chapter 5 we adapted a generalized depletion model to assess the Mediterranean
dolphinfish fishery. These models present the advantage of having low data requirements,
and therefore are suitable for data-limited fisheries. However, they highlight the need for
tools such as the ones developed in Chapter 4 to obtain basic data from automated
sampling, which can provide high-resolution data sets required for feeding the models.
Generalized depletion models are suitable for short-lived species, as they can adjust well
to the dynamics of high biomass inputs followed by fast depletion rates, which fits the
dynamics of the dolphinfish fisheries. In the Mediterranean, there are four FAD fisheries
targeting dolphinfish, one for each country fishing area, and dolphinfish also constitute a
by-catch from the long-lines fisheries operating in the same open water regions, which
we considered as a fifth fishery. These fisheries also have different catch-effort dynamics,
which lead to the development of the five-fleet generalized depletion model. Our model
allowed us to obtain reference points for the first time for the Mediterranean dolphinfish
fisheries. The model estimated a 0.25 month™' natural mortality rate. The instantaneous
exploitation rate is over 40% only in a few instances during the peak of catches within
the fishing season, which suggests that this stock is not overexploited. Despite the
depletion of the sum of annual catches from all FAD fisheries in 2012 (see fisheries
dynamics from Chapter 1), regular recruitment rates is fluctuating around 10 million
individuals (Chapter 5), suggesting that the stock is not undergoing overfishing. Apart
from the generalized drop in catches in 2012, we identified and discussed correlated
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fluctuations in catches for the countries placed in the central Mediterranean region
identified in Chapter 1, which represents the majority of catches. These fluctuations
suggest dynamics of the stock related to environmental factors, such as movements of the
stock affecting the captures (Lehodey et al., 2006), or affecting the recruitment pulses
(Myers, 1998). A further research line to improve the stock assessment is to incorporate
this behavior in the stock assessment methodologies, by integrating environmental
variables and or movement information within the analytical processes of the assessment
models to better capture abundances and recruitment magnitudes (Chrysafi and
Kuparinen, 2015).

Related with the latter point, and connected to previous paragraphs, a major knowledge
gap identified in the introduction section was related to the environmental drivers of
migration of this species in the Mediterranean. This species is highly mobile and migrates
to areas located around the western and central Mediterranean islands in spring to spawn.
Juveniles, a few months old, leave these regions after the FADs fishing season, when they
reach a certain length. The migratory pathways of adults determine where dolphinfish
spawn. Recruitment fluctuations (also reflected in catch trends) are not solely dependent
on stock size, but largely on environmental suitability for offspring survival and the
movement behavior of juveniles and adults. Therefore, characterizing the environmental
factors determining that determine moving behavior is essential to understand stock
dynamics, which is particularly relevant in the central Mediterranean (Chapter 1).

In this sense, some movement assumptions had to be made in Chapters 2 and 3. However,
we did make an effort to address this gap of knowledge and clarify these issues further.
For instance, we attempted to tag adult fish using pop-up archival and remote transmitting
tags in late spring, both before and during the spawning season. Unfortunately, these
attempts were unsuccessful due to the fact that adults tend to dwell far from the coast and
are present in exceptionally low densities, making them difficult to access in our region.
Additionally, the size of these tags makes them unsuitable for juveniles. Acoustic
telemetry offers the potential for revealing the movement patterns of this species,
including migratory pathways and related environmental parameters (Abecasis et al.,
2018; Alos et al., 2022; Matley et al., 2022). Additionally, acoustic telemetry could
provide useful information for management strategies, such as the environmental
requirements of juveniles during the fishing season or the interactions with the FADs,
determining catch-effort relationships (Crossin et al., 2017). Accordingly, we have lately
started an acoustic tagging program inserted in the European and Balearic Tracking
networks (https://trackingfish.com/), which hopefully will help in clarifying the
movement patterns of this species at several scales.

In summary, this thesis has expanded the knowledge regarding the Mediterranean
dolphinfish ecology, especially in the face of changing climate in a warming region,
relating environmental parameters with key ecological traits, such as growth and
reproduction. Concerning the management of the Mediterranean stock, this thesis has
contributed with new methodologies for basic fisheries data collection based on new
technologies, and novel stock assessment methods adapted to the particularities of short-
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life species with high abundance fluctuations, which have allowed to provide the first
reference points for the Mediterranean dolphinfish stock. Although significant progress
has been made, there are still several key issues that need to be addressed. For example,
a more comprehensive approach is needed to identify the causal mechanisms involved, to
fully understand environmental variability effects on physiology and biological traits. We
also need to better understand the sources of early mortality determining recruitment and
year-class strength. Additionally, the movement ecology of the Mediterranean population
remains an area that requires further study. To tackle these challenges, it will be necessary
to invest effort and resources in coupling theoretical, experimental and field studies, such
as those conducted within bioenergetic model frameworks. Studies on ichthyoplankton
ecology will also be essential to determine the environmental requirements for the
survival of early life stages, and implementing technologies such as acoustic telemetry
will improve our understanding of movement behavior. Concerning the management
measures, mechanisms to explicitly implement environmental factors and movement
components to stock assessment models should also be explored for a better assessment
of the Mediterranean stock.
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SECTION 5

Conclusions
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English

e The review of available literature on common dolphinfish biology and ecology
and its Mediterranean fisheries shows that, in spite of major advances over the
two last decades, major knowledge gaps related to the environment and biological
traits relationships remain, as well as highlight the need for a formal stock
assessment.

e Sea surface temperature is a crucial environmental driver that influences the
spawning phenology of the common dolphinfish across a wide range of latitudes.
By using annual surface temperature profiles, it is possible to predict the seasonal
spawning pattern of the species in many regions of the world with reasonable
accuracy.

e The observed hatch-date frequency distribution inferred from fishery samplings
might be biased due to variability in mortality processes and temporal distribution
of samplings. Including both natural and fishing mortality rates, fishery
constraints such as closures or vulnerable size threshold to the fishery, together
with the temperature-dependent growth of the species, allow correcting biases in
hatch-distribution estimates.

e The reproductive period of the common dolphinfish consistently occurs between
51 and 63 days before the annual temperature peak, which may be an adaptive
strategy to improve offspring survival in their habitat envelope. This finding has
significant implications for the understanding of the species’ life history and
ecology.

e [t was possible to predict juvenile length at catch by developing a growth model
that incorporated sea surface temperature and photoperiod at birth. This model
can be used to inform management strategies for dolphinfish fisheries.

e The temperature-dependent models developed within this thesis allow us to
project the effects of thermal scenarios resulting from climate change on
dolphinfish ecological processes, such as growth and spawning phenology. This
information is crucial to understand long-term population dynamics and fishery
management plans.

e The development of automated data collection methodologies, such as the fish
size sampling strategy based on artificial intelligence developed in this thesis,
enable the collection of rich datasets at a low cost, which represents a significant
advance in the compilation of the basic biological data requested in fisheries
science, and hence has significant implications for the study of fisheries dynamics.

e The multiannual five fleets generalized depletion model developed in this thesis
allows for the integration of different catch-effort dynamics of every fleet
targeting dolphinfish in the Mediterranean, providing for the first-time reference
points to assess the stock status.

e The Mediterranean dolphinfish stock shows stability in catch trends and annual
recruitment patterns; instantaneous catch rates are moderate, only slightly over
40% during the month of peak captures. This suggests that the stock is not
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overfished, but with the precautionary approach that fishing effort should not be
increased.
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Catala

La revisio bibliografica sobre la biologia i ecologia de la llampuga i les seves
pesqueries en el Mediterrani mostren que, tot i els avancgos durant les dues darreres
decades, existeixen incerteses quant a les relacions entre I’ambient 1 els trets
biologics de I’espécie, aixi com la necessitat d’una avaluacio d’estoc formal.

La temperatura superficial de la mar és un parametre ambiental clau que afecta la
fenologia de posta de la llampuga en un ampli rang latitudinal. A partir dels perfils
anuals de temperatura és possible predir el patro estacional de posta de 1’espécie
de forma raonable.

La distribucio de freqiiéncies de naixement observades, inferides a partir de
mostrejos de juvenils procedents de la pesqueria poden estar esbiaixats degut als
processos de mortalitat i la distribuci6 temporal dels mostrejos. Es poden corregir
els biaixos en I’estima de les distribucions de naixements incloent les taxes de
mortalitat, tant natural com per pesca, parametres derivats de la pesqueria com
vedats temporals o la talla de vulnerabilitat a la pesca, juntament amb el
creixement depenent de temperatura.

El periode reproductiu de la llampuga ocorre consistentment entre 51 1 63 dies
abans del pic anual de temperatura. Aquest fet pot ser uns estratégia adaptativa
per afavorir la supervivencia de la descendéncia en les seves condicions
ambientals. Aquesta observacid podria tenir implicacions significatives per a la
comprensio de I’adaptacié d’aquest espécie a diferents sistemes.

Es possible predir la talla de captura d’individus juvenils mitjancant el
desenvolupament d’un model de creixement incorporant la temperatura
superficial i el fotoperiode en el moment del naixement. Aquest model resulta util
per al disseny d’estratégies de gestid per a les pesqueries de llampuga.

Els models depenents de temperatura desenvolupats en aquesta tesi permeten
projectar els efectes d’escenaris térmics sobre els processos ecologics de la
llampuga, tals com el creixement o la fenologia de posta. Aquesta informacié ¢és
crucial per a comprendre la dinamica poblacionals a llarg termini, aixi com per al
disseny de plans de gestio per a la pesqueria.

El desenvolupament de metodologies de recopilacio de dades automatitzades, tal
com I’estrategia de mostreig de talles de peixos basada en intel-ligéncia artificial
desenvolupada en aquesta tesi, permet generar grans bases de dades a baix cost,
representant un avang significatiu en la recopilacio de dades biologiques basiques
requerides en ciéncia pesquera i, per tant, amb implicacions significatives per a
I’estudi de les dinamiques de les pesqueries.

El model de deplecié generalitzat multi-anual adaptat a cinc flotes desenvolupat
en aquesta tesi ha permes la integracid de diferents dinamiques de captura i esforg
de cada flota que explota la llampuga al Mediterrani, obtenint per primera vegada
punts de referéncia per a 1’avaluacio de I’estoc.

L’estoc de llampuga del Mediterrani mostra tendéncies de captures i reclutament
anual estables; les taxes de captura instantanies son moderades, sols superant el
40% durant el mes que dona lloc al pic de captures. Aquestes referéncies
suggereixen que 1’estoc no es troba en situaci6 de sobrepesca, encara que amb
I’enfocament precautori de no incrementar 1’esfor¢ pesquer.
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Castella

La revision bibliografica sobre la biologia y ecologia de la lampuga y sus
pesquerias en el Mediterraneo muestra que, a pesar de los avances durante las
ultimas dos décadas, existen incertidumbres en cuanto a las relaciones entre el
ambiente y los rasgos biologicos de la especie, asi como la necesidad de una
evaluacion formal del stock.

La temperatura superficial del mar es un parametro ambiental clave en la
influencia sobre la fenologia de puesta de la lampuga a lo largo de un amplio rango
latitudinal. A partir de perfiles anuales de temperatura es posible predecir
razonablemente el patron estacional de puesta de la especie.

La distribucion de frecuencias de nacimiento observadas, inferidas a partir de
muestreos procedentes de la pesqueria puede estar sesgada debido a los procesos
de mortalidad y la distribucion temporal de los muestreos. Al incluir las tasas de
mortalidad tanto natural como mortalidad por pesca, parametros derivados de la
pesqueria tales como vedas temporales o la talla de vulnerabilidad a la pesca, junto
con el crecimiento dependiente de temperatura de la especie, es posible corregir
los sesgos en la estima de la distribucién de nacimientos.

El periodo reproductivo de la lampuga se da consistentemente entre 51 y 63 dias
antes del pico de temperatura anual. Este hecho puede ser una estrategia adaptativa
para favorecer la supervivencia de la prole en sus condiciones ambientales. Este
resultado tiene implicaciones significativas para la comprension del desarrollo
ontogénico de la especie y su ecologia.

Es posible predecir la talla de captura de individuos juveniles mediante el
desarrollo de un modelo de crecimiento incorporando la temperatura superficial y
el fotoperiodo en el momento del nacimiento. Este modelo resulta util para el
disefio de estrategias de gestion para las pesquerias de lampuga.

Los modelos dependientes de temperatura desarrollados en esta tesis permiten
proyectar los efectos de futuros escenarios térmicos derivados del cambio
climatico sobre procesos ecologicos de la llampuga, tales como el crecimiento o
la fenologia de puesta. Esta informacion es crucial para comprender la dindmica
poblacional a largo plazo, asi como para el disefio de planes de gestion para la
pesqueria.

El desarrollo de metodologias de recopilacion de datos automatizados, como la
estrategia de muestreo de las tallas de peces basada en inteligencia artificial
desarrollada en esta tesis, permite generar grandes bases de datos a bajo coste,
representando un avance significativo en la recopilacion de datos biologicos
basicos requeridos en ciencias pesqueras y, por tanto, con implicaciones
importantes para el estudio de la dindmica de las pesquerias.

El modelo de deplecion generalizado multianual adaptado a cinco flotas
desarrollado en esta tesis ha permitido la integracion de diferentes dinamicas de
captura y esfuerzo de cada flota que explota la lampuga en el Mediterraneo,
obteniendo por primera vez puntos de referencia para evaluar el estado del stock.
El stock de lampuga del Mediterraneo muestra tendencias de capturas y
reclutamiento anual estables; las tasas de captura instantadnea son moderadas, solo
ligeramente superiores al 40% durante el mes en que ocurre el pico de capturas.
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Estas referencias sugieren que el stock no se encuentra en situacion de sobrepesca,
aunque se recomienda un enfoque precautorio de no incrementar el esfuerzo
pesquero.
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