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Summary

Top predators are key components of marine ecosystems. Despite their
important ecological and socioeconomic roles, their populations have
undergone substantial declines across their range. The cumulative impacts of
climate change and overfishing are the main threats to top predators,
particularly large pelagic species such as tunas, billfishes, and pelagic sharks,
which are both sensitive to environmental change and heavily exploited by
fisheries. Their broad-ranging movements, aggregated distributions, and
migratory habits further complicate effective conservation and management,
highlighting the urgent need to improve the understanding of these species,
especially for sharks and billfishes, whose ecology and population dynamics
remain less studied than those of tunas. In the concurrent context of global
change, this Ph.D. thesis investigates how trophic interactions of large pelagic
predatory fishes vary across time and space, their relationships to
environmental and anthropogenic impacts, and how these patterns can inform

ecosystem monitoring and management.

Chapter 1 combines diet analyses obtained through various techniques (i.e.,
stomach content and stable isotope analyses) to describe the swordfish
(Xiphias gladius) trophic ecology and evaluate its temporal changes in the
northwestern Mediterranean Sea. Swordfish exhibited a generalist and
opportunistic diet, primarily based on squid, fish, and gelatinous species. By
comparing the shifts in diet with the temporal trends in prey abundance, this
chapter unravels the potential role of swordfish as ecosystem sentinels for the

study area.

Chapter 2 uses stable isotopes to study the trophic ecology of swordfish on a
larger spatial scale covering the western Mediterranean Sea and the adjacent
Atlantic Ocean waters. It explores the relationships between dietary estimates
and biological, environmental, and anthropogenic drivers using a statistical
framework. This framework is then used to develop spatial predictions of
present prey consumption and, as a prospective exercise, to project changes in

prey consumption under different future climate change scenarios. Overall, the
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swordfish diet varied in response to sea surface temperature, mixed layer depth,
chlorophyll a concentration, and fishing pressure, showing different dietary
changes under contrasting future global change scenarios. This chapter
presents useful results to assess the diet of this predator and highlights how
incorporating trophic interactions into projections can improve our

understanding of future distributions.

Chapter 3 aims to unravel the complex ecological relationships between large
pelagic predatory fish, including swordfish, blue shark (Prionace glauca), and
shortfin mako shark (/surus oxyrinchus), their prey, and the environment. It
combines spatial distribution data with isotopic niche metrics and diet
reconstructions to describe intra- and interspecific competition between these
three sympatric predators. Then the role of competitor abundance, pelagic
productivity, and fishing pressure in shaping competition metrics within and
between species is investigated. The results of this chapter support the
hypothesis that niche partitioning is reduced under a high resource availability
scenario, and suggest that pelagic productivity and competitor abundance
shape trophic niche partitioning among large pelagic predators, with high

trophic overlap increasing the potential for shared impacts of prey declines.

Overall, this Ph.D. thesis advances our understanding of the trophic ecology of
large pelagic predators, highlighting their ecological flexibility, responses to
environmental variability, and potential as ecosystem indicators. This thesis
emphasizes the value of interdisciplinary approaches that combine
environmental and spatial analyses with methods for reconstructing diet and
trophic niches within statistical models capable of identifying the drivers of diet
and predicting patterns across space and time. Finally, these findings
underscore the importance of integrating trophic ecology into conservation
planning to anticipate and manage species’ dietary responses to changing
environmental conditions and human pressures, ensuring that predator

energetic needs are met.

Keywords: large pelagic fish, top predators, swordfish, blue shark, mako shark,
stable isotopes, diet, competition, fisheries, climate change
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Resumen

Los depredadores superiores son componentes clave de los ecosistemas
marinos. Sin embargo, sus poblaciones han sufrido reducciones sustanciales,
afectando su importante funcién ecoldgica y socioecondmica. Los impactos
acumulados del cambio climatico y la sobrepesca constituyen las principales
amenazas para los grandes depredadores pelagicos como los atunes, los peces
espaday los tiburones, que son especialmente sensibles al cambio ambiental
y estan altamente explotados por la pesca. Sus habitos migratorios y
distribuciones agregadas dificultan la conservacion y la gestion eficaces,
resaltando la urgente necesidad de mejorar la comprensién de estas especies,
especialmente de los tiburones y los peces espada, cuya ecologia y dindmica
poblacional siguen siendo menos estudiadas que las de los atunes. En el
contexto actual de cambio global, esta tesis investiga como varian las
interacciones troficas de los grandes peces depredadores pelagicos a lo largo
del tiempo y el espacio, su relacion con los impactos ambientales y
antropogénicos, y como estos patrones pueden orientar el seguimiento y la

gestion de los ecosistemas.

El capitulo 1 combina el andlisis de contenido estomacal con el analisis de
isdtopos estables para describir la ecologia trofica del pez espada (Xiphias
gladius)y evaluar sus cambios temporales en el Mediterraneo noroccidental. El
pez espada mostré una dieta generalista y oportunista, basada en calamares,
pecesy organismos gelatinosos. Comparando cambios en la dietay tendencias
temporales en la abundancia de presas, este capitulo destaca el potencial del

pez espada como centinela del ecosistema.

El capitulo 2 utiliza is6topos estables para estudiar la dieta del pez espada a una
escala espacial mayor, abarcando el Mediterraneo occidental y las aguas
atlanticas adyacentes. Explora las relaciones entre la dieta y los factores
biolégicos, ambientales y antropogénicos. Utilizando un marco estadistico,
desarrolla predicciones espaciales del consumo actual de presas y, como
ejercicio prospectivo, proyecta cambios en su consumo bajo diferentes

escenarios futuros de cambio climatico. La dieta del pez espada varié en
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respuesta a la temperatura superficial, la profundidad de la capa de mezcla, la
concentraciéon de clorofila y la presion pesquera, mostrando diferentes
alteraciones en escenarios futuros. Este capitulo presenta resultados Utiles
para evaluar la dieta de este depredador y destaca cémo incorporar
interacciones troficas en las proyecciones puede mejorar nuestra comprension

de las distribuciones futuras.

El capitulo 3 estudia las relaciones entre tres grandes depredadores pelagicos
[pez espada, tintorera (Prionace glauca) y marrajo dientuso (/surus oxyrinchus)],
sus presas y el ambiente. Combinando datos de distribucién espacial con
métricas de nicho isotdpico y reconstrucciones de dieta, describe la
competencia intraespecifica e interespecifica entre los tres depredadores y
evalla los efectos de la abundancia de competidores, la productividad pelagica
y la presion pesquera. Los resultados respaldan la hipétesis de que la particion
de nichos se reduce en escenarios de alta disponibilidad de recursos y sugieren
que la productividad pelagicay la abundancia de competidores son claves en la

segregacion de nichos tréficos entre grandes depredadores pelagicos.

Esta tesis doctoral profundiza en la comprension de la ecologia tréfica de los
grandes depredadores pelagicos, destacando su flexibilidad ecoldgica, sus
respuestas a la variabilidad ambiental y su potencial como indicadores
ecosistémicos. Esta tesis destaca el valor de los enfoques interdisciplinares al
combinar andlisis ambientales y espaciales con métodos para reconstruir la
dietay los nichos tréficos dentro de modelos estadisticos capaces de identificar
qué factores influyen en la dietay de predecir patrones en el espacioy el tiempo.
Finalmente, estos hallazgos subrayan la importancia de integrar la ecologia
trofica en la planificacion de la conservacién para anticipar y gestionar la
redistribucién de especies bajo el cambio global, asegurando satisfacer las

necesidades energéticas de los depredadores.

Palabras clave: grandes peces peldgicos, depredadores apicales, pez espada,
tintorera, marrajo dientuso, isétopos estables, dieta, competencia, pesquerias,
cambio climéatico
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Resum

Els depredadors superiors sén components clau dels ecosistemes marins.
Tanmateix, les seves poblacions han patit descensos substancials, afectant la
seva important funcié ecologica i socioeconomica. Els impactes acumulats del
canvi climatic i la sobrepesca constitueixen les principals amenaces per als
grans depredadors pelagics com les tonyines, els peixos espasa i els taurons,
que son especialment sensibles al canvi ambiental i estan altament explotats
per la pesca. Els seus habits migratoris i distribucions agregades dificulten la
conservacioila gestié eficaces, posanten relleu la necessitat urgent de millorar
la comprensid d'aquestes espéecies, especialment dels taurons i els peixos
espasa, l'ecologia i la dinamica poblacional dels quals continuen sent menys
estudiades que les de les tonyines. En el context actual de canvi global, aquesta
tesi investiga com varien les interaccions trofiques dels grans peixos
depredadors pelagics al llarg del temps i l'espai, la seva relacié amb els
impactes ambientals i antropogenics, i com aquests patrons poden orientar el

monitoratge i la gesti6 dels ecosistemes.

El capitol 1 combina U’analisi de contingut estomacal amb U’analisi d'isotops
estables per descriure U'ecologia trofica del peix espasa (Xiphias gladius) i
avaluar-ne els canvis temporals a la Mediterrania nord-occidental. El peix
espasa va mostrar una dieta generalista i oportunista, basada en calamars,
peixos i organismes gelatinosos. Comparant els canvis en la dieta amb les
tendéncies temporals en l'abundancia de preses, aquest capitol destaca el

paper potencial del peix espasa com a sentinella de l'ecosistema.

El capitol 2 utilitza isOtops estables per estudiar la dieta del peix espasa a una
escala espacial més gran, abastant la Mediterrania occidental i les aiglies
atlantiques adjacents. Explora les relacions entre la dieta i els factors biologics,
ambientals i antropogenics. Mitjangant un marc estadistic, desenvolupa
prediccions espacials del consum de preses i, com a exercici prospectiu,
projecta canvis en el seu consum sota diferents escenaris futurs de canvi
climatic. La dieta del peix espasa va variar en resposta a la temperatura

superficial del mar, la profunditat de la capa de mescla, la concentracié de
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clorofil-la i la pressié pesquera, mostrant diferents alteracions en escenaris
futurs. Aquest capitol presenta resultats Utils per avaluar la dieta d’aquest
depredador i destaca com la incorporacié d’interaccions trofiqgues en les

projeccions pot millorar la nostra comprensié de les distribucions futures.

El capitol 3 estudia les relacions entre tres grans depredadors pelagics [peix
espasa, tintorera (Prionace glauca) i solraig (Isurus oxyrinchus)], les seves
preses i el medi ambient. Combinant dades de distribucié espacial amb
metriques de ninxolisotopic i reconstruccions de dieta, descriu la competencia
intraespecificaiinterespecifica entre els tres depredadors simpatrics i avalua el
paper de l'abundancia de competidors, la productivitat pelagica i la pressié
pesquera. Els resultats donen suport a la hipotesi que la particié de ninxols es
redueix en un escenari d'alta disponibilitat de recursos, i suggereixen que la
productivitat pelagica i 'abundancia de competidors sén clau en la particié de

ninxols trofics entre grans depredadors pelagics.

Aguesta tesi doctoral aprofundeix en la comprensié de l'ecologia trofica dels
grans depredadors pelagics, destacant-ne la flexibilitat ecologica, les respostes
a lavariabilitat ambientali el potencial com a indicadors ecosistemics. Aquesta
tesi destaca el valor dels enfocaments interdisciplinaris en combinar analisis
ambientals i espacials amb métodes per reconstruir la dieta i els ninxols trofics
dins de models estadistics capacos d’identificar els factors que influeixen en la
dieta i de predir patrons en Uespai i el temps. Finalment, aquests resultats
subratllen la importancia d'integrar l'ecologia trofica a la planificacié de la
conservacio per anticipar i gestionar la redistribucid d'espécies sota el canvi
global, assegurant que se satisfacin les necessitats energetiques dels

depredadors.

Paraules clau: grans peixos pelagics, depredadors apicals, peix espasa,
tintorera, solraig, isdtops estables, dieta, competéncia, pesqueries, canvi
climatic
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General introduction

Top predators are ecologically, economically, and culturally important
ecosystem components of the Ocean. As upper trophic level consumers, many
of them regulate food webs through direct predation and trophic cascades,
influence prey diversity by limiting competitively dominant species, and provide
carrion subsidies that sustain scavenger communities (Baum & Worm, 2009;
Ferretti et al.,, 2010). Beyond their top-down control, marine top predators
contribute to multiple ecosystem functions, including nutrient and carbon
cycling, habitat modification, and even climate regulation (e.g., increasing net
primary production by predating on herbivore populations; redistributing
nutrients across ecosystems and enhancing productivity and carbon

sequestration) (Estes et al., 2016; Sergio et al., 2008).

These species play a key role in sustaining marine ecosystem structure and
function; however, their capacity to do so is increasingly constrained by severe
population declines driven by overexploitation, habitat degradation, and
climate-driven changes in ocean conditions. From the historical exploitation of
whales and seals to the industrial-scale fishing of tuna, billfish, and sharks, top
predators have long constituted valuable resources for human populations
(Hobday et al., 2015). Because of their strong links to socioecological systems,
population declines of these predators have major socioeconomic
consequences, triggering the disruption of ecosystem services that underpin
food security through fisheries (Hammerschlag et al., 2019). In fact, fishing
represents the most extensive and direct way humans utilize top predators,

particularly targeting the large predatory fishes that inhabit the pelagic realm.

The pelagic realm as a case study

The pelagic system, which is defined as the column of water between the

ocean’s surface and the seafloor, is a vast, large-scale, continuous habitat that
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presents unique challenges and opportunities to both marine organisms and
scientists. The pelagic ocean represents Earth’s largest biosphere, occupying
more than 90% by volume of the available living space on the planet (Haddock &
Choy, 2024). Yet, it has been historically understudied, and at least 80% remains
underexplored (Webb et al., 2010).

The lack of structural features/barriers, particularly in the vertical dimension,
makes this complex environment difficult to delimit and different layers are
defined according to biophysical characteristics, primarily depth and
penetration of sunlight (Sutton, 2013). As we descend from the ocean surface,
strong environmental gradients are found, including increasing pressure,
decreasing temperature, and rapidly diminishing light (Figure 1). Temperature
drops steeply below sunlit waters, and half of the light is lost near the surface,
with 99% gone by between 100 and 200 m depth, depending on the amount of
dissolved biological and inorganic material. At this point, light levels during
daytime are not enough to support primary production, setting the lower
boundary of the euphotic zone, also known as the epipelagic layer. The pelagic
system is essential for global primary production, and photosynthesis in this
layer accounts for c. 50% of the global carbon fixation (Field et al., 1998),
supporting most of the oceanic zooplankton production and biomass (Sutton,
2013). Below this boundary, where light levels are enough for organisms to
differentiate diel cycles but lower than what is required for photosynthesis,
begins one of the largest, least understood habitats on earth: the mesopelagic
layer (Martin et al., 2020; St. John et al., 2016). This layer, also known as the
twilight zone, is connected to epipelagic processes such as upper thermal
mixing and still comprises broad environmental ranges of temperature, light,
and oxygen (I. S. Iglesias et al., 2023; Sutton, 2013). Oxygen levels decline with
depth, and when respiration exceeds oxygen supply, an oxygen minimum zone
(OMZ) is formed. Beneath this hypoxic zone, oxygen levels rise again due to the

influx of oxygen-rich deep waters from polar regions. The lower limit of the OMZ
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and the base of the permanent thermocline usually define the upper limit of the
bathypelagic layer, going below 1000 m depth to 100 m from the seafloor. This
biome is characterized by the absence of measurable light and its high stability

regarding temperature and salinity (Sutton, 2013).

However, the exact boundaries between zones are highly dynamic across
space and time and are modified by macro- and mesoscale dynamics, including
boundary currents, eddies, regional upwelling systems and fronts that result in
changes in the physical and chemical properties (Braun et al., 2022). The open
ocean pelagic community is therefore dynamic and heterogeneous in space and
time: pelagic organisms shift their range throughout the year and can migrate
across these boundaries, which are likely human constructs (Haddock & Choy,

2024).

Up to 226 highly mobile fish species, including teleost and elasmobranchs, were
identified in the pelagic ocean (Maguire et al., 2006). However, the average
concentration of biota in the ocean is generally low, and pelagic ecosystems
overall have low prey abundance, presenting a critical problem for ocean
predators (Benoit-Bird, 2024). Instead, the pelagic systemis filled with hot spots
of activity that result in patchily distributed, high-density aggregations of prey
that are key to the survival of pelagic consumers. One of the best examples are
the complex, dense aggregations often formed by organisms that inhabit the
mesopelagic depths —such as myctophid fishes, squids, crustaceans, and
jellyfish—characterized by their strong acoustic backscatter, referred to as
deep scattering layers (DSLs) (Braun et al., 2022). Part of these organisms
ascendto and disperse at the epipelagic layer at night, performing whatis known
as the largest vertical migration on Earth: the diel vertical migration (Brierley,
2014), and provide a significant amount of the diet intake of commercially

important pelagic fishes (Willis et al., 2025).
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This highly dynamic and heterogeneous nature, together with its remoteness
and vast scale, makes pelagic food webs challenging to model in space and
time and to assess the impacts of human-induced stressors (Ortufio Crespo &
Dunn, 2017). Therefore, compared to coastal and demersal ecosystems, there
is much less knowledge of pelagic organisms and food webs (Coll et al., 2024).
Our limited knowledge of the pelagic realm entails an increasing global
concern/hot topic, as it may be especially vulnerable to global threats like
climate change, deoxygenation, acidification, human activities such as
overfishing, and other threats with unknown potential for feedback to the
climate system (Haddock & Choy, 2024; Koslow et al., 2018; Ortufio Crespo &
Dunn, 2017).

THE PELAGIC REALM

“daytime light levels are sufficient to support pri

Mesopelagic layer
100 - 200 to 1,000 m Twilight zone
light levels are lower than what is required for photosynthesis
(below 1% surface light level)

Bathypelagic layer
from 1,000 m

Aphotic zone
absence of diel variation in sunlight

Figure 1. Vertical divisions of the pelagic realm adapted from Martin et al. (2020).
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Large pelagic predatory fishes

Several pelagic fishes are among the largest megafaunal predators in the open
ocean. Those large pelagic predatory fishes include tunas, billfishes, and
pelagic sharks, which are characterized by their highly migratory behavior, their
wide-range distribution, and their high exploitation by fisheries. As top
predators, they play a crucial role in maintaining the balance and health of
ecosystems (Ferretti et al.,, 2010; Giménez et al.,, 2022). Changes in their
abundance or distribution can have widespread consequences along food webs
(Fernandez-Corredor et al., 2024), potentially impacting their prey, coexisting
predators, and competitors (Baum & Worm, 2009; Dunne, 2009). Their migratory

nature and use of large-scale ocean features make

large pelagic highly migratory species particularly
sensitive to environmental change (Crear et al., 2023).
They exhibit clear responses to environmental
variability and reflect anthropogenic impacts and

pressures on the ecosystem, all in a timely and

Ecosystem sentinel species:
“conspicuous, easily
accessible, and observable
species” that respond to
fluctuations within the
ecosystem and can serve as
indicators of potential shifts in
ecosystem function that might
otherwise go unnoticed (Hazen

measurable way (Hazen et al.,, 2019), which are key etal., 2019).

characteristics of a sentinel species.

Therefore, large pelagic fishes offer an exciting lens through which we can
interpret life in the open ocean and its responses to multiple drivers of global
change (Willis, 2025). These wide-ranging species have been used as ocean
observer platforms to collect oceanographic data in under-sampled regions
(Pagniello et al., 2024; Wiernicki et al., 2025). Due to their regular diving
behavior, large pelagic fishes have also been proposed as reliable samplers of
the midwater communities they feed on (Duffy et al., 2017; Olson et al., 2014;
Willis, 2025), which are globally understudied and where periodic sampling is

not common (Martin et al., 2020; St. John et al., 2016).
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Although marine ecological extinctions are rare, overexploitation has led to
historical declines in large pelagic predators' abundance and biomass (Dulvy et
al., 2021; Juan-Jorda et al., 2022), and many tuna, billfish, and oceanic shark
species are included in the IUCN Red List as species of conservation concern.
The wide-ranging and migratory nature of these species, together with their
spatially aggregated distributions, complicates both their conservation and
management, particularly in the high seas where governance is limited
(Letessier et al., 2017). This highlights the urgent need to improve our ecological
understanding, especially for sharks and billfishes, whose current status

remains less documented than that of tunas.

The low encounter rates, together with the high economic costs of offshore
exploration, hinder access to living specimens, restricting the in-situ research
(Benoit-Bird, 2024). However, open ocean fisheries are highly monitored and
information available is usually more detailed for top predators, although they
have lower diversity than other taxonomic groups (Coll et al.,, 2010), thus
providing a good opportunity to measure progress toward global biodiversity and

sustainability targets (Juan-Jorda et al., 2022).

Cumulative impacts: climate change and fisheries

Human-induced alterations are having a greater impact on species and
ecosystems compared to natural variability (Keck et al., 2025). Anthropogenic
threats are diverse and usually overlap, resulting in cumulative impacts that
have altered the dynamics of marine ecosystems globally (Halpern et al.,
2015; IPCC-ARG6, 2023). These threats come from multiple factors, rather than
one individual stressor, with climate change and overfishing accounting for

most cumulative impacts (Figure 2) (Halpern et al., 2025).
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CUMMULATIVE IMPACTS

e.g. surface warming and shoaling hypoxia lead to increased vulnerability to fisheries

TIME —>

Figure 2 Schematic diagram of the compound effects of expanding oxygen minimum
zones (OMZs) at depth and increasing sea surface temperatures (SST), which act
together to further reduce vertically available pelagic predators and prey habitat
volumes, concentrating their biomass and reducing refuge and escape from fishing
pressures. Adapted from Waller et al. (2024).

Whether natural or human-induced, marine pelagic ecosystems are sensitive to
climatic change, particularly through the influence of temperature on
atmospheric circulation, ocean currents, and wind patterns. These alterations
on water column mixing also influence pH, salinity, oxygen, and nutrient
concentration, leading to changes in primary productivity, acidification, mixed
layer depth (MLD), and deoxygenation of the waters (Beaugrand & Kirby, 2018),
which translate into constraints in marine species distributions, consequently
affecting their feeding habits (Kuhnert et al., 2012). Together with increasing sea
surface temperature (SST), the shoaling of the MLD and the expanding oxygen
minimum zones are one of the major climate change effects on pelagic
predators, restricting the depth distribution of pelagic species into a narrower

surface layer and compressing their foraging habitat (Figure 2) (Tickler et al.,
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2023; Young et al., 2015). Altogether, climate change can alter the local
ecological conditions of pelagic habitats and disrupt the distribution and
abundance of marine species, leading to changes in community composition
and ecosystem functioning known as regime shifts (Bindoff et al., 2019;
Breitburg et al., 2018; Pecl et al., 2017). In pelagic systems, regime shifts are
usually triggered by large-scale climatological processes and are more likely to
occur in systems with reduced biodiversity or trophic levels and less resilience,

mainly due to overfishing (Ortufio Crespo & Dunn, 2017).

In the open ocean, fisheries significantly improved with the technological
advancements following the Industrial Revolution, which allowed an expansion
in fishing capacity and spatial extent (Swartz et al., 2010). Those improvements
allowed pelagic fleets to travel further and target highly mobile species, with
medium and large pelagic fish species representing 80% of the catch, mainly
coming from purse seiners and longliners (Ortufio Crespo & Dunn, 2017).
However, alterations in oceanographic conditions and their effect on primary
production and distribution of marine species also have consequences for
fisheries, which are increasingly threatened by climate change, pollution,
biodiversity loss, and unsustainable fishing practices (IPCC, 2022; Sharma et

al., 2025).

The cumulative impacts of overfishing, bycatch, mismanagement, and illegal,
unreported and unregulated (IUU) fishing are the main drivers of long-term
diversity loss in open ocean predators (Pacoureau et al., 2021; Worm et al.,
2005), and have consequences that go beyond the direct impact at the species
level. These changes disrupt top-down control mechanisms, where predators
regulate prey populations across multiple trophic levels (Baum & Worm, 2009).
This phenomenon is known as "Fishing Down the Food Web", where the trophic
level of catches declines due to the depletion of long-lived, slow-growing, and
high-trophic-level species, reducing biodiversity and resilience in ocean
systems (Pauly et al., 1998). On the other hand, the removal of prey species from
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the system can transform the availability of food resources and can significantly

alter competition between and within predators (Arlinghaus et al., 2021).

Altogether, unsustainable fisheries can lead to profound alterations in pelagic
ecosystem integrity and the ecosystem services they provide, which can have
consequences for food security (Sharma et al., 2025). Since open ocean species
are highly migratory, pelagic fisheries often span multiple national jurisdictions,
requiring international agreements for governance and management (Ortufo

Crespo & Dunn, 2017).

To establish governance frameworks beyond the national jurisdictions, regional
fisheries management organizations (RFMOs) were created through the
mandate of the United Nations Fish Stocks Agreement (1995) and have the
responsibility to adopt legally binding conservation and management measures,
with five of them focused on highly-migratory species, mainly tuna and tuna-
like species (TTLS; including billfishes, swordfish, bonitos, mackerels and
tunas) (Ortufio Crespo et al., 2018). Although TTLS total catches constitute less
than 5 percent of the total fish catches globally, they account for nearly 20
percent of the total world landed value (Maguire et al., 2006). Their high market
value leads to high levels of exploitation by purse seiners and longliners; and
TTLS are among the most closely monitored fishing targets (Nobrega et al.,
2025). These species are increasingly sustainably managed to ensure maximum
yield (Juan-Jorda et al., 2022; Sharma et al., 2025). However, most fleets are
multispecific, allowing parallel exploitation of species that would not be
profitable to target due to their low biomass (Branch et al., 2013). In particular,
the multispecific nature of pelagic longline fleets, which are among the most
widespread fisheries in the open ocean (Kroodsma et al., 2018), results in the
capture of non-targeted species as bycatch, as well as of undesirable sizes or
age classes of targeted species that are discarded (Fernandez-Carvalho et al.,
2015). Longline discards and bycatch are associated with high mortality rates
and have been responsible for the collapse of several populations (O. Anderson
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et al., 2011; Pacoureau et al., 2021). This is the case of many large pelagic
predators including oceanic sharks, whose populations have a high spatial
overlap with longlines (Queiroz et al., 2019) and remain largely unregulated with
poor monitoring and data reporting (Queiroz et al., 2016; Sharma et al., 2025)
while their extinction risk continues to increase (Juan-Jorda et al., 2022;

Pacoureau et al., 2021).

Compared to the terrestrial ones, pelagic food webs are challenging to study due
to their large spatial scales and the strong influence of physical factors. A good
way to better describe pelagic food webs is to focus on the diets of their
dominant predators (i.e., tunas, billfish, and sharks) (Haddock & Choy, 2024),
which provides an opportunity to quantitatively monitor marine ecosystems
by characterizing the diversity, distribution, and availability of prey species
(Duffy et al., 2017; Hazen et al., 2019; Nicol et al., 2013). Understanding how
climate change and fisheries shape the trophic ecology of key marine species is
not only complex but foundational for evaluating their cumulative impact on the
ecosystem's structure and functioning (Dambacher et al., 2010; Halpern et al.,
2015). Rather than considering climate and fishing individually, this thesis
applies integrative approaches that account for the interplay between these two
major stressors to address the challenges that global change may pose to
marine ecosystems, and to large pelagic fishes in particular (Coll et al., 2019;

Gissi etal., 2021; Perry et al., 2010; Ramirez et al., 2022).
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Objectives

The main objective of this thesis is to provide new insights into the trophic
ecology of large pelagic predatory fish and to unravel the biological,
environmental, and anthropogenic drivers that shape their trophic dynamics. To
achieve the overall objective, the thesis pursues the following specific

objectives:

- Chapter 1: to compare diet inferences performed with different
techniques and evaluate the potential role of a large pelagic predator
as an ecosystem sentinel in our study area.

- Chapter 2: to investigate the potential influence of environmental and
human drivers on trophic ecology, identify spatial patterns, and apply
a statistical framework for exploring and predicting the diet
composition of a large pelagic predator both in time and space.

- Chapter 3: to identify the drivers of competition and unravel the
complex relationships between large pelagic predatory fish, their prey,

and the environment.
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Methodological overview

This thesis addresses several aspects of the trophic ecology of three large
pelagic predatory fishes: the swordfish (Box 1), the blue shark (Box 2), and the
shortfin mako shark (Box 3), in the western Mediterranean Sea and the adjacent
Atlantic waters (Figure 3). This section provides a detailed description of the
studied species and the study area. Together with the sampling process, it
presents an overview of the methodologies used both to describe trophic
ecology and its relationships with the selected environmental, biological and
anthropogenic drivers, leaving the specific details to be addressed individually

in each chapter.

Study area

The study area of this thesis extends along the western Mediterranean Sea and
the northeastern Atlantic Ocean, from the Gulf of Cadiz to the Canary Islands
(Figure 3). The northeastern Atlantic and the Mediterranean Sea are important
fishing grounds for pelagic longline fleets, with the Spanish fleet leading the total
catches across these regions (Nobrega et al., 2025). The study area covers two
of the main fishing hotspots: off the Spanish coast and around the Baleares
archipelago in the Mediterranean; and the Madeira and Canarias Archipelagos
in the Western African shelf. Several Biologically Significant Marine Areas
(EBSAs) are recognized within this area: the North-western Mediterranean
Pelagic Ecosystems, the Gulf of Cadiz, the West Iberian Canyons and Banks, and

the Oceanic Islands and Seamounts of the Canary Region (CBD, 2025).

Both Mediterranean and Atlantic basins exhibit distinct physical and
oceanographic properties (Longhurst, 1998) and different fisheries
characteristics. These highly dynamic areas are undergoing continuous change,
thus offering the opportunity to study the temporal (Chapter 1) and spatial

variability of diet (Chapters 2 and 3) and competition (Chapter 3) of large pelagic
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predators and to evaluate the environmental and human drivers underlying that

variability.

Box 1. The swordfish

Class Teleostei Order Carangiformes Family Xiphiidae
Xiphias gladius (Linnaeus, 1758)
Biology

* Long-lived and fast-growing: max. lengths over 3 m and weights over 500 kg.

* Highmetabolicrates and partial endothermy around their brain and eyes, enabling them to
maintainwarmer body temperaturesin cold, deep waters.

* Asynchronous oocyte development. Multiple spawning inwarm tropical and sub-tropical waters.

* Reproductive migration from the Atlantic to the Mediterranean Sea.

* One of the fastestpredators inthe ocean, reaching high speeds up to 80 km/h.

* Opportunistic predators, high use of the sub-thermocline through the day.

IUCN Red List Status

Global
Last assessed: 2021

Mediterranean
Last assessed: 2007
[needs updating)

Distribution

. Wigilgndsistributed in tropical, subtropical, and temperate waters of all oceans between 45° N
an "

* Generally moves towards the equator by winter and returns to the temperate foraging grounds in
spring and summer.

* Populationstructure:
- ThreedifferentAtlantic populations (South, North and Mediterranean).
- Each population has delineated reproduction areas, although information on stock mixing
and boundaries is incomplete forthe Mediterranean population.
Fisheries and Management
* Main fishing gears: pelagic longlines. Harpoon and gillnet fisheries operate in some regions. Also
takenas bycatchin tuna fisheries.
* Llistedunder Annex lll of the Barcelona Convention.
* Management bodiesare RFMOs, with ICCAT responsible for Atlantic and Mediterranean stocks:
* NorthAtlantic Stock:
- Last assessment(2022) points to a stock status of notoverfished, with no overfishing.
- Management measuresincludetotalallowable catches (TACs) and minimum size limits.
* Mediterranean Stock:

- Over the last 50 Kears, stock biomass showed declining trends. The last assessment
(2020) indicates that the stock is most likely overfished and current fishing mortality is
just below unsustainable levels (no overfishing).

- Manaﬁement measures include TACs, driftnet ban, three-month fishery closure, gear
specifications, minimum size regulations, list of authorized vessels, fishing capacity
restrictions, and domestic observersonboard on longlines.

ICCAT (2025), NOAA (2025}, Madigan etal. (2021)
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Box 2. The blue shark

Class Elasmobranchii Order Carcharhiniformes Family Carcharhinidae
Prionace glauca (Linnaeus, 1758)
Biology

* Large pelagic shark reaching max. lengths over4 m and weights up to 200 kg.
* Ectothermicwithalarge thermaltolerance.

* Placental viviparous. One of the most productive shark species with an average litter size of
35.

* Reproduction and breeding are mainly seasonaland occur in late spring or summer.

* Opportunistic predator, feeds mainly on relatively small prey, although its diet can include
small sharks, marine mammals and sea birds.

IUCN Red List Status
:ﬁ Global

Last assessed: 2018

:g Mediterranean
SN Last assessed: 2016

¥
< ENDANGERED”

< mn:;?:usn’
Distribution

* Oceanic and epipelagic, mostabundant in offshore waters.

* One of the widest distributed sharks. Found in tropical, subtropical and temperate waters
worldwide between 629N and 54°5.

* Highly migratory, exhibits large-scale movements influenced by reproduction and prey
distribution

* Population structure:

- Genetic studies suggest a single, highly connected global Po&:ulation with regional
substructure, managed as separate stocks (Atlantic, Pacific, Indian).

- Mediterranean blue sharks may function as a metapopulation relying upon local

demographic processes and connectivity dynamics due to the limited genetic exchange
with the Atlantic population.

Fisheries and Management

* Most commonly caught pelagic shark: high distributional overlapwithimportant fisheries.
* Mostly caught as target species or bycatchinthe pelagiclonglinefisheries.
* Amongstthe most abundant shark speciesininternationaltrade forthe meatandfins.

* Listed under Appendix Il of the Convention on Migratory Species and Annex Il of the
BarcelonaConvention.

* Listed under Appendix Il of CITES, international trade requires an export permit and Non-
Detriment Findings.

* Management bodies are RFMOs, with ICCAT responsible for Atlantic and Mediterranean
stocks:

* North Atlantic Stock:

- Last assessment (2023) points to a stock status of not overfished, with no
overfishing (probability of being overfished is 50%).

- Management measures include total allowable catches (TACs) and mandatory
retention of all parts of the shark onboard.

* Mediterranean Stock:
- Managementmeasuresinclude a ‘zero-quota’ for this stock.
- Stock status isnotassessed due to currentdata limitations.

Domingo etal. (2022a), ICCAT (2025), Pacoureauetal. (2021)
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Box 3. The shortfin mako shark
Class Elasmobranchii  Order Lamniformes Family Lamnidae

Isurus oxyrinchus (Rafinesque, 1810)

Biology
* Slow growth and max. lengths up to 4 m and weights up to 500 kg.

* Endothermic, maintains higher temperatures than that of the surrounding waters in
musculature, brain, eyes and viscera.

Aplacental viviparous, Producing around 12 pups per litter, and up to 30. Embryos exhibit
oophagy (feeding on unfertilized eggs).

* Mating occurs from summertofall.

* Opportunistic and generalist predator. Prey include pelagic fishes, squid, and occasionally
smallsharks and marine mammals

IUCN Red List Status
:g Global
Last assessed: 2018

€ ENDANGERED }

:g Mediterranean
o Last assessed: 2016
o

" ENDARGERE

Distribution

* Highly migratory oceanic and epipelagic species.

+ Distributed in the upper zones throughout all oceans in tropical, subtropical and
temperate waters between 60°N and 50°5

* Tends to segregate temporally and spatially by size and/or sex, during feeding, mating-
reproduction, gestation and birth processes.

* Population structure: little to no differentiation across large spatial scales, supporting
widespread geneflowand genetic homogeneity.

Fisheries and Management

* Highfishing pressure across its broad geographic range.
* Targetedand caught as bycatchinpelagic longline fisheries for tuna and swordfish.
* Second most by-caughtshark speciesin global pelagic longline fisheries.

* Listed under Appendix Il of the Convention on Migratory Species and Annex Il of the
Barcelona Convention.

* Listed under Appendix Il of CITES, international trade requires an export permit and Non-
Detriment Findings.

*+ Management bodies are RFMOs, with ICCAT responsible for the Atlantic stocks:
* NorthAtlantic Stock (including the Mediterranean}:

- Last assessment (2019) points to an overfished state, currently experencing
overfishing

- Management measures include prohibition on retaining on board,
transshipping and landing, whole or in part, gear restrictions, observer
programs, and improvementsin catchdata collection.

Domingo etal. (2022b), ICCAT (2025}, NOAA (2022}
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Figure 3 Study area including the western Mediterranean Sea and the northeastern
Atlantic Ocean. Black dots represent sampling locations.

The northeastern Atlantic Ocean

The northeastern Atlantic holds a high biological diversity and is a vital nursery
and migration zone for large pelagic fishes (Abascal et al., 2015; Nébrega et al.,
2023; Sharma et al., 2025). It includes one of the most productive ecosystems:
the Canary Current upwelling system (Kampf & Chapman, 2016). The intense
upwelling generated by this current brings nutrient-rich waters to the surface,
increasing primary production and marine life (P. Chang et al., 2023; Sambe et
al., 2016). As a consequence, the high abundances of small pelagic fish that
concentrate in this area attract both large predators and fisheries (Grecian et al.,
2016), the northeastern Atlantic being the FAO Major Fishing Area with the
highest average annual reported shark and rays landings between 1950 and
2021 (Sharma et al., 2025). Very diverse but poorly monitored fleets operate in
the eastern central Atlantic, showing an increasing trend in landings, with half of
the stocks unsustainably exploited (Sharma et al., 2025). However, this dynamic
system is projected to experience changes in its intensity, timing, and spatial

distribution, influencing nutrient cycling, species distributions, and the
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productivity of the dependent fisheries (P. Chang et al., 2023; Ouled-Cheikh,
2025).

The Atlantic Ocean is connected to the Mediterranean by the Gulf of Cadiz and
the Strait of Gibraltar, which acts as a key biological migration corridor. The Gulf
of Cadiz is characterized by its wide continental shelf and warm waters in the
summer (Prieto et al., 2009). Although highly oligotrophic in the middle zone, the
area remains an important fishing ground, and longliners represent a small part
of the fishing activity, mainly targeting swordfish and pelagic sharks (Torres Leal,
2013). In this transition area, Atlantic waters flow through the upper layer into
the Mediterranean, while highly saline and dense Mediterranean water
penetrates the Gulf of Cadiz through the inferior layer (Baringer & Price, 1997).
This exchange of water constitutes the main source of water renewal for the
Mediterranean Sea. The colder waters from the Atlantic create a quasi-
permanent anticyclonic gyre that generates an oceanographic break 350 km to
the east of the Strait of Gibraltar, known as the Almeria-Oran jet (Millot, 1999).
This feature limits the eastern border of the Alboran Sea and acts as the main

oceanographic barrier between the Atlantic Ocean and the Mediterranean Sea.
The western Mediterranean Sea

The Mediterranean Sea is a semi-enclosed basin that presents strong
environmental gradients: the higher evaporation in the east and the Atlantic
influence in the west create a pronounced northwest-southeast gradient in
salinity, temperature, and productivity. It is characterized by its narrow
continental shelves and large areas of open ocean. Although it is generally
considered oligotrophic, it presents enriched coastal areas due to changing
wind conditions, temporal thermoclines, currents and river discharges (Estrada,
1996). This wide range of oceanographic conditions allows the co-occurrence of

temperate and subtropical species, together with a high percentage of endemic
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species, making the Mediterranean Sea a biodiversity hotspot (Coll et al.,

2010).

However, intense and diversified human activities have historically driven
biodiversity changes in the Mediterranean, mainly through overexploitation and
habitat loss. Most fish stocks are exploited at unsustainable levels, and
declining trends in landings have followed the historical peaks (Sharma et al.,
2025). Besides, this area is seriously impacted by the effects of other climate
and human-driven changes, such as global warming, coastal degradation, and
pollution (Navarro et al., 2015; Salat et al., 2019), which are occurring at a faster
rate than the global average (Coll et al., 2012; Salat et al., 2019; Tuel & Eltahir,
2020). These combined pressures have made the Mediterranean one of the most
impacted seas globally (G.-U. Kim et al., 2019), which has been characterized as

a sea ‘under siege’ (Coll et al., 2012; Micheli et al., 2013).

In particular, the western Mediterranean is considered the most diversified
sub-basin (Coll et al., 2012) and stands out as a major megafauna hotspot, yet
it is also the most anthropized, leading to a high co-occurrence of megafauna
and fisheries (Lambert et al.,, 2025). In the northwestern subregion, the
freshwater inputs from the Rhone and Ebro rivers, in combination with strong
winds, make a relatively productive area due to upwelling (Bosc et al., 2004;
Estrada, 1996). As a consequence, the northwestern is one of the most exploited
fishing grounds of the Mediterranean Sea (Coll et al., 2012; Colloca et al., 2017;
Fernandes et al., 2017), and an important area for pelagic fisheries that target
small, medium, and large pelagic fishes (Nobrega et al., 2025; Palomera et al.,
2007; Pennino et al., 2020). Several commercial and non-commercial species,
including pelagic (e.g., European sardine, Sardina pilchardus) and demersal
ones (e.g., European hake, Merluccius merluccius), have declined in both
abundance and biomass (FAO, 2022; Piroddi et al., 2017). This area is also
essential for the conservation of marine predators (Coll et al., 2015), and was
selected as a case study in Chapter 1.
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Sampling

Swordfish (n = 353), blue shark (n = 187), and shortfin mako shark (n = 31)
individuals were sampled between 2012 and 2020 on longline fishing vessels
operating along the western Mediterranean Sea and the northeastern Atlantic
Ocean, from the Gulf of Cadiz to the Canary Islands (Figure 3). The samples were
collected by the Spanish Oceanographic Institute (IEO, CSIC) onboard observer
program monitoring the Spanish surface longline fleet under the
SGBTM/BDM/AUTSPP/76 permit, with no ethics approval required and planned
according to ICCAT recommendations. This fleet primarily targets swordfish and
albacore (Thunnus alalunga), operating at different times of the day and

including drifting and stationary gear (Garcia-Barcelona et al., 2010).

All individuals were measured on board from the tip of the lower jaw to the
posterior margin of the middle caudal rays (lower jaw fork length, LJFL) for
swordfish and from the tip of the snout to the fork of the tail (fork length, FL) for
sharks. White muscle and stomach samples were collected on board and frozen

at-20°C.

How to study the trophic ecology of pelagic predators

Direct observations of predation events are the most accurate and oldest
approach to describe trophic interactions between predators and their prey
(Majdi et al., 2018). However, predator-prey encounters are difficult to observe
inthe open ocean, requiring the use of different approaches to characterize prey
consumption for marine predators (Schoombie et al.,, 2024). A diversity of
methods is used to investigate the trophic ecology of free-ranging species,
including visual observations like stomach content analysis (SCA), which
provides short-term dietary snapshots of the ingested diet, and the analysis of
biochemical tracers such as stable isotopes (SIA), which offer a time-integrated

perspective on assimilated diet (Nielsen et al., 2018).
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Stomach content analysis

Stomach content analysis, which involves the examination and identification of
undigested or partially digested prey items found in the stomachs of consumers,
has been a fundamental tool in trophic ecology, particularly in the marine
ecosystem, where predation events are difficult to observe (Majdi et al., 2018).
This method provides highly resolved, species-level dietary information and
allows for the estimation of different metrics such as prey frequency in number
(%N; percentage of individuals of prey i versus the overall number of prey), prey
frequency of occurrence (%F; percentage of stomachs containing prey i), prey
percentage of reconstructed weight (%W; percentage of the weight of prey i
versus the overall weight of prey), or the Index of Relative Importance (IRl = (%N
+ %W) * %F; Hart et al., 2002). These metrics are used in Chapter 1 to describe

the diet of juvenile swordfish.

Although SCA provides a high-resolution taxonomic description of diet
composition, itis a snapshot view in time, providing information about recently
ingested prey. Besides, it can be biased due to differential digestion rates (Baker
et al., 2014), particularly in species that retain hard structures such as

cephalopod beaks or fish otoliths, as in the case of large pelagic predatory fish.
Stable isotopes analysis

Based on the premise that “you are what you eat (plus a few permil)”’ (DeNiro &

Epstein, 1978), the isotopic composition of a

consumer reflects the composition of its diet
(Phillips, 2012). Carbon (3™C) and nitrogen
(3'°N) are the traditional and most commonly
used isotopes for studying trophic ecology
2018).

(Nielsen et al., On the one hand,

measuring 8'°C allows for differentiation

between coastal and pelagic foraging: inshore

39

Stable isotopes: Specific forms of
elements that have the same number
of protons but different numbers of
neutrons, giving them a different
atomic mass (Fry, 2006). The isotopic
compositions are reported in the
conventional & notation, expressing
the ratio of the heavy to the light
isotope, reported as the per mil (%o)
deviation from an international
standard.



Methodological overview

sources tend to be 513C-enriched compared to offshore ones. On the other
hand, differences in 8'°N can indicate feeding at different trophic levels and/or
feeding in areas with different isotopic baselines (Cherel & Hobson, 2007;

Newsome et al., 2007).

By analysing stable isotopes in tissue samples from a consumer and its prey, we
can use mathematical mixing models to convert isotopic data into estimates of
diet composition (Fry, 2006). This is particularly useful when quantifying the
consumption of organisms, such as gelatinous species (e.g., salps, jellyfish),
which are not typically detected in stomach contents analysis due to rapid

degradation (Cardona et al., 2012).

These models require information on isotopic signatures from consumer and
potential prey, as well as diet-to-tissue discrimination factors (DTDF), which
are the difference between isotopic ratios of an animal and its diet. Due to a lack
of experimental studies for our studied species, DTDFs in this thesis were
calculated following the regression equations presented in Caut et al. (2009).
Potential prey were included in the models according to stomach content
analysis (i.e., prey species with >10%W) in Chapter 1, and according to

literature in Chapter 2 and Chapter 3.

Over the years, several tools have been used to develop mixing models,
producing robust estimates on complex dietary systems (Parnell et al.,2010). In
this thesis (Chapters 1, 2 and 3), we applied Bayesian isotopic mixing models
(BSIMM) using the MixSIAR R package (Stock et al., 2018), which incorporates
uncertainty in consumers, sources and diet-to-tissue discrimination factors,
integrating multiple sources of error (i.e., process and residual error). In this
thesis, the appropriate parameterization of the BSIMM was validated through
the simulation of mixing polygons, where all consumer data corrected for DTDFs
should fall within the bounds of the mixing space (Phillips et al., 2014; Smith et

al., 2013). In addition, Bayesian mixing models allow for the incorporation of
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supplementary information based on previous dietary knowledge (e.g., SCA),

providing more realistic dietary estimates (e.g., Chiaradia et al., 2014; Giménez,

Marcgalo, et al., 2017). In Chapter 1, we used diet proportions estimated from

the stomach contents to construct informative prior distributions, which

allowed us to incorporate both sources of data into a single framework.

Stable isotope ratios are also used to provide both
quantitative and qualitative insights into the ecological niche,
visualized within a multivariate space with different isotope
ratios as dimensions: the isotopic niche (Newsome et al.,
2007). SIA is a pivotal tool for quantitatively studying niche
dynamics and resource partitioning among sympatric
species (e.g., Galindo et al., 2021; B. Iglesias et al., 2024; R.

K. Logan, Vaudo, et al., 2023b; Marsaly et al., 2023) and has

Ecological niche: A
species’ ecological niche is
divided into the biotic and
abiotic factors that
ability to

persist in a given locality,

influence its

and the impact of species
on those factors (Chase,
2011).

been extensively used for addressing complex ecological questions related to

intra- and interspecific interactions. For example, the isotopic niche width can

be used as a proxy for diet diversity, which likely shapes intraspecific

competition; while the isotopic niche overlap between coexisting species can

estimate the similarity of exploited resources,

potentially

reflecting

interspecific competition when shared resources are limited (Pelage et al.,

2022; Teichert et al., 2024). This approach is used to study competition between

and within the three studied species in Chapter 3.

Modeling the relationships with drivers

Beyond dietary assessment, the approaches used in this thesis enable

evaluation of the environmental and anthropogenic drivers that shape

predators’ diets. Trophic relationships are shaped by a combination of intrinsic

(species-specific) and extrinsic (environmental) factors (Walters et al., 2025).

Internal factors include biological traits such as body size, age, dispersal

capacity, and reproductive state, all of which influence what organisms can
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capture and consume and how prey and predators interact. External factors
involve prey availability, ecosystem productivity, oceanographic conditions, and
fishing pressure, which can alter both the abundance of resources and the

interactions among predators.

Statistical models are widely employed in ecology to explore the complex
relationships between a response variable and the factors that drive its
variation. One of the most frequently used and flexible frameworks applied to
many problems in statistical ecology is Generalized Additive Models (GAMs)
(Hastie & Tibshirani, 1986), which are generalized linear models with a linear
predictorinvolving a sum of smooth functions of covariates (Wood, 2017). GAMs
can flexibly model nonlinear relationships, providing a semi-parametric
approach to uncover these patterns without assuming a strict linear form. GAMs
support various types of response variables (e.g., proportions, individuals),
making them suitable for testing a wide range of ecological questions. Smooth
functions, commonly implemented using splines, can be specified as either
parametric or non-parametric, allowing GAMs to flexibly capture a wide range of
relationships. The use of penalized smooth functions helps prevent overfitting
while still allowing for flexible modeling of complex relationships. Parameter
estimation in GAMs is typically carried out using penalized maximum likelihood
estimation methods (Wood, 2017). Once the model is fitted, GAMs can be used
to draw inferences or make predictions about the response variable based on

the values of the predictors.

In this thesis, this methodology was applied in Chapter 2 to describe the
relationship between the selected biological (predator length), environmental
(temperature, dissolved oxygen, mixed layer depth, chlorophyll-a
concentration), and anthropogenic (fishing pressure) drivers with prey
consumption. The best-fitted models were then used to predict the spatial
patterns of prey consumption and to project prey consumption under two
different climate change scenarios.
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GAMs were used in Chapter 3 to standardize fisheries catch data (i.e., number
of individuals per thousand hooks) and account for overdispersion (Hoyle et al.,
2024). The best-fitted models were used to estimate the relative abundance of
swordfish, blue shark, and shortfin mako in our study area. GAMs were also
applied to evaluate the influence of biological (predator abundance),
environmental (mixed layer depth, chlorophyll-a concentration, Ocean
Productivity available to Fish), and anthropogenic (fishing pressure) drivers in
the potential competition of the three large pelagic predators targeted in this

thesis.
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Chapter 1.
Assessing juvenile swordfish (Xiphias gladius) diet
as an indicator for marine ecosystem changes in

the Northwestern Mediterranean Sea
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Chapter 1

Abstract

To preserve marine biodiversity, we need reliable early warning indicators that
inform changes in marine ecosystems. As reliable samplers of mid-trophic level
communities, studying the trophodynamics of large pelagic fish can contribute
to monitoring these changes. Here, we combined stomach content and stable
isotope analyses to reconstruct the diet of juvenile swordfish (Xiphias gladius) in
the north-western Mediterranean Sea, in a time-lapse of almost a decade (2012
and 2020). Overall, our study showed that swordfish fed on a wide range of fish
and cephalopod species from both pelagic and demersal habitats. A dietary
shift towards increasing consumption of cephalopods and decreasing
consumption of Gadiformes had been observed between 2012 and 2020. Stable
isotope approaches revealed that gelatinous organisms were also important
prey, particularly for smaller-sized swordfish. We underline the importance of
combining multiple and complementary approaches to better reconstruct the
diet of generalist species. Our findings highlight the generalist and opportunistic
diet of Mediterranean swordfish, which makes them good candidates for

monitoring changes in the ecosystem.
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INTRODUCTION

Within the current context of global environmental change, there is an
urgent need for developing reliable, early warning indicators informing on
changes in the structure and functioning of marine ecosystems (Pecl et al.,
2017). In this context, the use of species as ‘sentinels’ of different processes in
the marine environments they inhabit has gained interest in marine ecosystem
monitoring and management (Siddig et al., 2016). Ecosystem sentinel species
are defined as “conspicuous, easily accessible, and observable species” that
respond to fluctuations within the ecosystem and can serve as indicators of
potential shifts in ecosystem function that might otherwise go unnoticed (Hazen
et al., 2019). Marine top predators integrate trophic processes and interactions
along food webs and can be reliable sentinel species informing on ecosystem
changes and cause-effect relationships in a realistic way (Moore et al., 2014).
They play animportantrole in shaping marine food webs, exhibit clear responses
to environmental variability, and reflect anthropogenic impacts and pressures
on the ecosystem, allin a timely and measurable way (Hazen et al., 2019), which

are key characteristics of a good sentinel species.

The diet of these marine sentinels provides an opportunity to quantitatively
monitor marine ecosystems by characterizing the diversity, distribution, and
availability of prey species (Duffy et al., 2017; Hazen et al., 2019; Nicol et al.,
2013). Large pelagic fish such as tunas or seabirds such as penguins have been
proposed as reliable samplers of the mid-trophic level communities (Carpenter-
Kling et al., 2019; Olson et al., 2014), as they can collect data on offshore prey,
which are usually scarce (Duffy et al., 2017). This is particularly relevant given
that human and climate stressors are causing significant shifts in the
composition of marine communities, and species with short life cycles and

adaptability to temporal and spatial changes, such as cephalopods and
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gelatinous organisms, may thrive in this changing environment (Doubleday &

Connell, 2018; Hoving et al., 2013).

The swordfish (Xiphias gladius) is a paradigmatic example of an efficient
sampler of pelagic and mesopelagic species (Bello, 1991; Markaida & Hochberg,
2005; Romeo et al., 2011). This widespread species performs vertical migrations
(Canese et al., 2008), and contributes to the demersal-pelagic coupling of
marine ecosystems (Navarro et al., 2017, 2020). It feeds on a wide range of prey
from epipelagic and mesopelagic to benthopelagic and demersal species,
showing high trophic plasticity (Abid et al., 2018; Carmona-Antofianzas et al.,
2016; Preti et al., 2023; Rosas-Luis et al., 2017). Despite being currently listed as
“Near Threatened” in the Mediterranean Sea by the International Union for the
Conservation of Nature (IUCN;(Collette et al., 2022), swordfish remain highly
overfished (ICCAT, 2020) due to their high commercial interest (Damalas &

Megalofonou, 2014; Palko et al., 1981), which also facilitates sample collection.

In the Mediterranean Sea, previous studies have reported information on
the diet of swordfish (e.g., Biton-Porsmoguer et al., 2022; Navarro et al., 2017;
Romeo et al., 2009). However, differences in the methodology across studies
have resulted in contrasting conclusions regarding the relative importance of
different prey in its diet; thus, hampering the proper evaluation of swordfish
trophodynamics in response to varying environmental conditions. While studies
based on stomach content analysis have identified fish and cephalopods as the
main prey consumed (Biton-Porsmoguer et al., 2022; Carmona-Antofianzas et
al., 2016), the use of stable isotopes has highlighted the significance of
gelatinous organisms as an important part of the assimilated diet of swordfish
(Cardona et al., 2012). Both techniques have their own biases (Boecklen et al.,
2011; Hyslop, 1980; Young et al., 2015). Stomach content analysis can provide
a high-resolution taxonomic description of diet composition, yet it can be biased
due to differential digestion rates (Hyslop, 1980). While biochemical tracers
such as stable isotopes provide integrated information on the assimilated
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fraction of the diet, they can be based on untested or unrealistic assumptions
such as some parameter selection related to the paucity of experimental studies
(Young et al., 2015). The combined use of both approaches has been proposed
as a suitable means for providing more realistic dietary estimates (Chiaradia et
al., 2016; Giménez, Margalo, et al., 2017; Navarro et al., 2014); particularly when
it comes to quantifying the consumption of organisms, such as gelatinous
species, that are not usually detected in stomach contents analysis due to fast
degradation (Cardona et al., 2012; Chiaradia et al., 2016). Moreover, few studies
on swordfish have previously evaluated dietary changes across periods (e.g.,
Preti et al., 2023); thus, precluding inferences on food web dynamics and

changes in the structure and functioning of marine ecosystems.

Here, we provide a diet reconstruction of swordfish inhabiting the highly
impacted north-western Mediterranean Sea, based on the combination of
stomach content analyses and stable isotope approaches. Specifically, we
aimed to describe the trophodynamics of juvenile swordfish and to compare diet
inferences performed with different techniques. We evaluate dietary shifts
between two years separated by almost a decade and hypothesize likely
responses to changes in the community. This is particularly important in our
study area, where climate and human-driven changes (e.g., warming water
temperatures) are occurring at a fast rate (Coll et al., 2012; Salat et al., 2019;
Tuel & Eltahir, 2020) and several commercial and non-commercial species,
including swordfish prey (e.g., European hake, Merluccius merluccius), have
declined in both abundance and biomass (FAO, 2022; Piroddi et al., 2017). As a
reliable sentinel species and a mesopelagic sampler, we expect that the
swordfish diet would closely track the reported changes in prey availability and,

hence, the structure and functioning of the marine community.
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MATERIALS AND METHODS

Study area and sampling procedures

A total of 100 juvenile swordfish were caught by drifting longline fishing vessels
operating in Tarragona (north-western Mediterranean Sea, Figure 1) between
summer and autumn of two years separated by almost a decade (2012 and
2020). No anomalous environmental conditions for sea water potential
temperature (°C) and net primary productivity (mg-m-3-day-1) that could
potentially impact individuals’ diet or foraging behaviour were observed within
our study area for the sampling years (see Supplementary Methods in Appendix
A). Once on board, the lower jaw fork length (LJFL) was measured, then white

muscle samples and the whole stomach were collected and frozen at -20 °C

until further analyses were conducted.

0
I 42°N
Sampling points
® 2012
® 2020

Depth (m)
0

- 40°N

Tarragona
L)

Figure 1. Sampling area in the north-western Mediterranean Sea. The geographic position
of the studied area in the Mediterranean Basin is also indicated in the bottom right corner.

Swordfish illustration by Alex Mascarell.

50




Chapter 1

Lab analyses

The stomach contents were carefully separated by filtering using two
different sieves (1 mm and 500 pym). Prey items retained in the sieves were
identified to the lowest possible taxonomic level. Prey otoliths were stored dry
and measured using stereomicroscopes and identified using the AFORO
database (http://aforo.cmima.csic.es, Lombarte et al., 2006). The otolith length
(OL) was used to infer individual length and weight using otolith length—fish
length and fish length—fish weight published regressions (see Table A.1 from the
Appendix). Round sardinella (Sardinella aurita) individuals with low digestion
signs were excluded from the analysis as this species was used as bait by the
longliners. Cephalopod beaks were preserved in 70% ethanol and identified
using an in-house beak collection (AFOC, ICM-CSIC; Sanchez-Marquez et al.,
2023). Lower Rostral Length (LRL) and Crest Length (CL) were measured to
estimate the length and weight using published regressions (Table A.1; Clarke,
1986).

Muscle samples were dried at 60 °C and ground to a fine powder. Before
analysis, lipids were extracted with a chloroform/methanol (2:1) solution to
correct for the effect of high lipid ratio in the tissue on carbon (5'°C) levels (Bodin
et al., 2009). Analyses of 8'°C and nitrogen (3'°N) stable isotope ratios were
carried out at the Laboratory of Stable Isotopes of the Estacion Bioldgica de
Dofiana - CSIC (Sevilla, Spain). Samples were combusted at 1020 °C using a
continuous flow isotope-ratio mass spectrometry system (Thermo Electron)
using a Flash HT Plus elemental analyser interfaced with a Delta V Advantage
mass spectrometer. Based on laboratory standards, the measurement error
was *0.1 and = 0.2 for 8'3C and &"N, respectively. The standards used were
EBD-23 (cow horn, internal standard), LIE-BB (whale baleen, internal standard),

and LIE-PA (razorbill feathers, internal standard). These laboratory standards
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were previously calibrated with international standards provided by the

International Atomic Energy Agency (IAEA, Vienna).
Statistical analyses

Ontogenetic shifts in the diet of the swordfish have been previously
reported (e.g., Romeo et al., 2009; Salman, 2004). Since 2012 individuals were
larger than 75 cm, individuals from 2020 were split into two groups: small 2020
individuals (LJFL <75 cm) and large 2020 individuals (LJFL > 75 cm), to compare

only similar body sizes between 2012 and 2020.

We calculated five trophic metrics to characterize the diet of swordfish: i)
the frequency in number (%N; percentage of individuals of prey i versus the
overall number of prey), ii) the frequency of occurrence (%F; percentage of
stomachs containing prey i), iii) the percentage of reconstructed weight (%W;
percentage of the weight of prey i versus the overall weight of prey), iv) the Index
of Relative Importance (IRl = (%N + %W) * %F; Hart et al., 2002), and v) the
Vacuity Index (%V; percentage of empty stomachs). We used a Costello diagram
(Costello, 1990) modified by Amundsen et al. (1996) to evaluate the feeding
behaviour of swordfish. The frequency of occurrence (%F) was plotted against
the prey-specificimportance of each prey taxon (%P;), where the contribution by
weight of prey i to the stomach content (W,) was divided by the total stomach
content weight (Wy) in those individuals that had consumed prey i. Overall, the
distribution of prey types in the Amundsen diagram provides insights into the
feeding strategy and niche width of the predator population. We assessed prey
diversity in the diet composition with the Shannon diversity index (H') calculated

from prey abundance composition within the stomachs.

Differences in diet composition between the stomach contents of the three
groups (2012, and large and small 2020 individuals) were tested using
permutational multivariate analysis of variance (PERMANOVA) based on the

Bray-Curtis distance matrix. PERMANOVA tests use an observed value of a
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statistical test (pseudo-F ratio) compared to a recalculated statistic test
generated from a random reordering (Permutation) of the data to obtain the p-
values (M. J. Anderson, 2001). Data was square-rooted to reduce the impact of
outliers prior to statistical testing. When the evidence of differences was strong
(i.e., p value < 0.05), pairwise tests were performed. We used the R package

vegan v2.6-2 to perform PERMANOVA tests (Oksanen et al., 2022).

Differences in 8'°N and &'°C values between the three groups were tested
using 2-way PERMANOVA tests on the Euclidian distance matrix. To compare
the degree of isotopic niche width and overlap between the three groups,
corrected standard ellipses area (SEA., area containing 40% of the data) and
Bayesian standard ellipses area (SEA,) were calculated using the SIBER R

package v2.1.6 (Jackson et al., 2011).

To estimate the proportional prey contribution to swordfish diet based on
stable isotope values (i.e., 8'°N and 3'*C), Bayesian Stable Isotope Mixing
Models (BSIMM) were computed using the MixSIAR R package v3.1.12 (Stock et
al., 2018). The models were run with 3 Markov chain Monte Carlo (MCMC)
analyses of 300,000 draws, and a burn-in of 200,000 draws. The convergence of
the models was checked using both Gelman-Rubin and Geweke diagnhostics
(Stock et al., 2018; Stock & Semmens, 2016). BSIMM input data included &'*C
and 5N values of individual swordfish and potential prey species. Prey groups
were selected according to stomach content analysis (i.e., prey species with
>10%W) and previous studies in the western Mediterranean, including
gelatinous species asimportant prey for swordfish (Cardonaetal., 2012). Stable
isotopic prey values were obtained from the literature (see Table A.2 from the
Appendix) and grouped using a meta-analysis approach (metafor R package

v3.4-0; Viechtbauer, 2010).

The diet-tissue discrimination factors (DTDF; 3.08 = 0.29 %o for 8'°N and 1

+ 0.14%o for 5'3C) were estimated following Caut et al. (2009).The appropriate
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parameterization of the BSIMM was validated through the simulation of mixing
polygons, where all consumer data corrected for TDFs should fall within the
bounds of the mixing space (Phillips et al., 2014; Smith et al., 2013). In addition,
we used diet proportions estimated from the stomach contents from this study
to construct informative prior distributions, which allowed us to incorporate
both sources of data into a single framework. Models for each group (2012, large
2020, and small 2020) were run twice, first with uninformative Dirichlet priors
(predator consumes all n prey in equal proportions, 1/n, a = 1,1,1,1,1), and
second with informative priors, where the prey sources’ relevance in the model
was scaled by their weight in the stomach samples, which relates to its
importance as an energy source (%W for each prey group scaled so that Za =5,

the number of sources).

RESULTS

Stomach content analysis

Atotalof 1,442 individual prey, belonging to 64 species, 39 families, and 17
orders were identified in swordfish’s stomachs (Table 1), with all stomachs
containing at least one prey (0%V). Overall, teleosts were the most frequent
(94%F) and diverse group of prey, with 45 species from the epipelagic (e.g.,
European anchovy, Engraulis encrasicolus), mesopelagic [e.g., elongate
lanternfish (Notoscopelus elongatus)], bathypelagic [e.g., silvery lightfish
(Maurolicus muelleri)], and demersal (e.g., European hake) habitats. Swordfish
also fed frequently on cephalopods (80%F) from 16 different species, including
mainly squid from the family Ommastrephidae [e.g., European flying squid
(Todarodes sagittatus)], but also octopuses and bobtails [e.g., greater argonaut
(Argonauta argo), and odd bobtail (Heteroteuthis dispar)]. Crustaceans were
less frequent in swordfish’s stomach contents (24%F). Only five shrimp species

were found. Gelatinous organisms were the less frequent group, represented by
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cnidarians from the order Siphonophorae (6%F), which were only found in

swordfish from 2012.

Table 1. Importance of prey species identified in the stomach contents of juvenile
swordfish (Xiphias gladius) captured in 2012 and 2020 in the north-western
Mediterranean Sea. Prey importance is given as: %N (percentage of individual prey
species identified), %F (percentage of stomachs with each prey category), %W
(percentage of reconstructed prey weight), %IRI (Index of Relative Importance).
Individuals from 2020 were split into two groups: small 2020 individuals (LJFL < 75 cm)
and large 2020 individuals (LJFL > 75 cm) in order to compare only similar body sizes
between 2012 and 2020. LJFL: Lower Jaw Fork Length.

2012 2020

LJFL >75cm (X =90 cm),

n=41(%=92cm) LJFL<75cm (X =66

n=16 cm),n=42
N% F% W% IRI% N% F% W% IRI% N% F% W% IRI%
ACTINOPTERYGII 9447 100 8286 9583 7814 8750 5391 7915 4158 8571 4901 3804
Anguilliformes
Congridae
Ariosoma balearicum 040 625 - - 014 238 - -
Conger conger 003 238 027 001
Gnathophis mystax 040 625 039 0M 027 476 010 004
Atheriniformes
Atherinidae
Atherina sp. 014 238 002 001
Aulopiformes
Aulopidae
Aulopus filamentosus 014 238 106 007
Paralepididae
Arctozenus rissoi 553 5000 1248 16.89 972 3750 366 1099 340 1667 375 289
Lestidiops jayakari 732 6667 1878 3264 4575 3750 2768 60.38 1590 4048 11.37 2677
Paralepis speciosa o4 714 - -
Paralepidae unid. 040 625 - -
Evermannellidae
Evermannella balbo 003 238 008 <001 040 625 031 010
Carangiformes
Carangidae
Trachurus
mediterraneus 014 238 090 006
Carangidae unid. 041 476 - -
Clupeiformes
Clupeidae
Alosa fallax 014 238 188 0.12
Sardina pilchardus 010 714 059 009 081 625 208 040
Sardinella aurita 054 2143 969 411 162 1250 845 276 068 714 940 175
Engraulidae
Engraulis encrasicolus 047 2619 148 0% 283 1250 29 159 082 476 146 026
Clupeiformes unid. 024 1667 046 022
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Gadiformes
Lotidae
Molva sp.

Gadidae
Micromesistius
poutassou

Trisopterus capelanus

Gadiculus argenteus
Merlucciidae

Merluccius merluccius

Macrouridae
Coelorinchus
caelorinchus

Gadiforme unid.
Mugiliformes
Mugilidae
Mugil cephalus
Myctophiformes
Myctophidae

Benthosema glaciale
Ceratoscopelus
maderiensis

Diaphus holti
Electrona risso
Hygophum benoitii
Lampanyctus pusillus
Lobianchia sp.

Myctophum punctatum
Notoscopelus
elongatus

Symbolophorus veranyi
Myctophidae unid.
Notacanthiformes

Notacanthidae
Notacanthus
bonaparte

Ophiidiforme
Ophidiidae
Ophidion barbatum
Ophidiformes unid.
Gobiiformes
Gobidae
Lesueurigobius sp.
Gobidae unid.
Eupercaria incertae sedis
Sparidae
Boops boops
Pagellus bogaraveo

Sparus aurata

007 238 <001 <001
1563 4762 2661 37.72
007 476 006 001
024 952 309 059
010 476 007 002
058 476 - -
007 476 004 001
088 3333 061 093
003 238 <001 <001
003 238 <0.01 <001
017 1190 014 007
159 2857 081 129
007 476 015 002
007 476 - -
003 238 001 <001

003 238 002 <001

003 238 365 016

040 625 050

040

243

0.40
040

1.62

040
121

040

6.25

6.25

6.25
6.25

1250

6.25
1250

6.25

0.25

045

0.13
0.02
0.16
049

0.19
0.79

0.12

0.09

0.39

0.07
0.06
013
0.58

0.08
0.55

014 238 165 0.10
027 476 040 008
027 238 017 003

014 238 - -

054 714 007 O0mM

543 1905 073 28
0.27
0.14
0.14
068

054

476
238
238
714
238

003
<0.01

0.03
0.01

0.18
0.30

0.15
0.05

041
0.14
041

476 026 008
238 <001 001
476 - -

014 238 18 012
014 238 - -

027 476 191
014 238 031

0.25
0.03
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Spicara sp. 041 476 390 050
Sparidae unid. 121 625 - - o4 714 - -
Scombriformes
Centrolophidae unid. 007 476 - - 040 625 - -
Triuchiuridae
Lepidopus caudatus 003 238 042 002 027 238 020 003
Scombridae
Scomber colias 040 625 465 069 041 714 681 125

Perciformes

Triglidae unid. 003 238 - - 014 238 - -
Stomiiformes

Gonostomidae

Gonostoma sp. 003 238 007 <001 04 714 017 010
Phosichtyidae

Vinciguerria sp. 010 238 003 <001

Sternoptychidae

Maurolicus muelleri 003 238 <001 <001 095 119 010 0.30
Stomidae

Chauliodus sloani 007 476 003 001

Stomias boa 003 238 068 003 040 625 074 016

Stomidae unid. 040 625 - -
Unidentified fish 60.09 6429 - - 445 25.00 - - 584 4762 - -

CEPHALOPODA 434 7619 1673 406 1984 6250 46.09 20.85 5720 8571 5099 6196
Myopsida

Loliginidae unid. 014 238 - -
Octopoda

Argonautidae

Argonauta argo 020 952 017 007 408 3B71 270 587
Tremoctopodidae

Tremoctopus sp. 014 238 034 003
Oegopsida

Ancistrocheiridae
Ancistrocheirus

lesueurii 283 625 212 068 788 2619 152 597
Cranchiidae

Galiteuthis armata 121 625 409 073

Taonius pavo 040 625 012 007 014 238 016 002

Teuthowenia megalops 014 238 008 001

Cranchia scabra 149 476 231 04
Enoploteuthidae

Abralia veranyi 421 714 524 164

Enoploteuthidae unid. 217 476 - -
Histioteuthidae

Histioteuthis reversa 040 625 049 012 190 1905 161 164

Ommastrephidae
Illex coindetii 017 714 302 043 121 1250 273 1.08 082 1190 954 299
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Todarodes sagittatus 051 1667 899 297 769 1875 3478 17.14 1780 4524 2126 4286
Todaropsis eblanae 014 476 328 030 014 238 522 031
Ommastrephidae unid. 040 625 - -

Onychoteuthidae
Ancistroteuthis

lichtensteinii 003 238 033 002 162 625 074 032 082 238 052 008
Pyroteuthidae

Pyroteuthis

margaritifera 081 625 020 0.14
Sepiolida

Sepiolidae

Heteroteuthis dispar 031 1190 094 028 121 625 082 028 054 476 048 0.12

Rondeletiola minor 003 238 - -

Sepiolidae unid. 014 714 - - 040 625 - - 068 714 - -
Unidentified cephalopod 281 4286 - - 162 1250 - - 1413 4048 - -
CRUSTACEA 119 38.10 - - 202 1250 - - 122 1429 - -

Euphausiacea

Euphausiidae
Meganyctiphanes
norvegica 014 238 - -

Decapoda
Pandalidae
Plesionika sp. 003 238 - -
Pasiphaeidae

Pasiphaea sivado 003 238 - - 040 625 - - 095 952 - -
Pasiphaea
multidentata 014 238 - -

Penaeidae
Parapenaeus
longirostris 040 625 - -

Sergestidae
Robustrosergia robusta 121 625 - -
Sergestidae unid. 014 238 - -
Unidentified crustacea 098 3095 - -

CNIDARIA
Siphonophorae 041 1429 <001 OM

For 2012 individuals, the most important prey in %N, %W, and %IRI were
the fish of the order Gadiformes, with blue whiting (Micromesistius poutassou)
representing 26.6% of the total prey weight (Table 1). In contrast, the diet of large
2020 individuals mainly included cephalopods (T. sagittatus, 34.8%W) and
mesopelagic fish of the family Paralepididae, with barracudina (Lestidiops

jayakari) and spotted barracudina (Arctozenus risso) representing together the
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31% of the total prey weight (Table 1). Remains of Gadiformes consumption
were only found in one stomach (M. merluccius, 0.5%W). For small 2020
swordfish, the most important prey in %N, %F, %W, and %IRI were the
cephalopods from the family Ommastrephidae, with the European flying squid
(21%W) as the main prey species (Table 1), followed by mesopelagic
(barracudina and spotted barracudina, 15%) and pelagic fish (round sardinella,

9.4%).

The most frequent prey had low prey-specific abundance (e.g., barracudina
and European flying squid), while some less frequent species, such as the
Mediterranean horse mackerel (Trachurus mediterraneus) or the lesser flying
squid (Todaropsis eblanae), had high prey-specific abundances (Figure 2).

Species with high frequency and high prey-specific abundance were not found.
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Figure 2. Prey-specific abundance plotted against the frequency of occurrence of prey
species for juvenile swordfish from the north-western Mediterranean Sea. The
explanatory axes used are those of Costello (1990) as modified from Amundsen et al.
(1996). The two diagonal axes indicate the importance of prey (dominantvs. rare) and the
contribution to the niche width (between-phenotype contribution (BPC) vs. within-
phenotype contribution (WPC)); the vertical axis is used to define the feeding strategy
(specialist vs. generalist).
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PERMANOVA tests revealed differences in stomach contents between the
three groups (p < 0.001, see Table A.3 from the Appendix). Pairwise analysis
showed strong evidence for diet composition differences among individuals
from 2012 and 2020 (p-value < 0.001), but not between small and large
individuals from 2020 (p-value = 0.09). Regarding the diversity of prey species,
small 2020 swordfish had the highest dietary diversity (Shannon-Index = 2.43).
Large 2020 and 2012 individuals had less diverse diets, with Shannon-Index

values of 1.83 and 1.34, respectively.
Stable isotopes analysis

Differences were found for 3N and 3'3C isotopes values between three
swordfish groups (pseudo-F =51.18, p <0.001; Table 2). Regarding the isotopic
niche, large 2020 individuals presented the smallest standard ellipses area
(mean SEA, = 0.69), followed by small 2020 individuals (mean SEA, = 0.83) and
individuals from 2012 (SEA, = 0.94) (Figure 3, see Table A.4 from the Appendix).
There was no overlap between the isotopic niche of small and large individuals
from 2020, and large individuals from 2020 only overlapped with individuals from

2012 by less than 10% (Figure 3, Table A.4).

Table 2. Mean values and standard deviation (SD) of 3'°*N and 3'3C isotopes for juvenile
swordfish from 2012 (large individuals) and 2020 (small and large individuals). LJFL: lower
jaw fork length (cm); n: number of samples.

3'5N (%0) 5"3C (%o)
Group LJFL range (cm) n mean SD mean SD
Large 2012 77 -104 25 10.14 0.78 -18.55 0.46
Large 2020 76.6-100 17 11.3 0.61 -18.1 0.34
Small 2020 52-74 141 9.23 0.57 -17.77 0.46
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Figure 3. (A) 813C and 315N values for juvenile swordfish by year and size with the
corrected Standard Ellipses Area (SEAc). (B) Bayesian standard ellipses area (SEAb) for
each group. Density plots represent the 95%, 75%, and 50% credibility intervals of SEAb.

All except one swordfish isotopic values were inside the 95% mixing region
delimited by the mixing polygon of the five prey groups’ isotopic values adjusted
to DTDFs, thus pointing to a suitable isotopic scenario for the MixSIAR models

fitted with those prey groups (Figure 4).

When comparing MixSIAR dietary reconstructions for large swordfish from
2012 and 2020, mesopelagic fish were found to be the most assimilated prey for
both groups (Figure 5, Table A.5). Cephalopods and pelagic fish assimilation
were found to be higher in 2020 than in 2012, using both informative and
uninformative priors, which was in accordance with the stomach content
results. When using uninformative priors, Gadiformes assimilation was higherin
2020 than in 2012, however, the inverse pattern was shown by the model with
informative priors and the stomach contents. Gelatinous organisms’
assimilation was also found to be higher in 2012 individuals using both

informative and uninformative priors, which was aligned with the findings of the

stomach contents.
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Figure 4. Mixing polygon including the juvenile swordfish isotopic values (black dots) and
the potential prey sources (mean * SD isotopic value: coloured dots and error bars). The
colour background displays the probability that a consumer’s isotopic signature is
explained by the proposed mixing model. The probability contour is coloured at a 95%
level.
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Figure 5. Relative proportions of prey groups in the diet of (a) 2012 juvenile swordfish, (b)
large 2020 juvenile swordfish (LJFL > 75 cm), and (c) small 2020 juvenile swordfish (LJFL
<75 cm). Diet proportions were estimated from the MixSIAR models with uninformative
(MixSIAR) and informative priors (MixSIAR inf. prior), and from stomach contents (%W;
percentage of reconstructed weight).
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Regarding the individuals from 2020 alone, both informed and uninformed
models’ results showed that large 2020 individuals had higher consumption of
mesopelagic fish and similar consumption of pelagic fish and cephalopods than
smallones (Figure 5, Table A.5), as seenin the stomach contents. The proportion
of Gadiformes in the uninformed models was higher in large individuals, but
higher for small individuals when informative priors were used. The assimilation
of gelatinous organisms appeared to be higher for small 2020 individuals,

representing nearly 50% of the diet.

DISCUSSION

Here, we combine two complementary sources of trophic information to
estimate the diet of swordfish in the north-western Mediterranean Sea. The
results indicate that swordfish predominantly feed on teleosts and
cephalopods, but point to gelatinous plankton as an overlooked prey,
particularly relevant in the diet of small-sized swordfish. Whether swordfish
diets rely on cephalopods or fish is commonly discussed in diet studies based
on stomach contents (e.g., Salman, 2004). However, prior research in the
western Mediterranean Sea based on stable isotopes has pointed to gelatinous
organisms as important swordfish prey (Cardona et al., 2012). Thus, the
difference in estimates previously obtained highlights biases when trying to
reconstruct the true diet consumed using only stomach contents, which is
biased towards species that have hard structures (e.g., otoliths from fish); or
BSIMM techniques, which examine assimilation and do not always reflect the
ingested diet proportions (e.g., Chiaradia et al., 2014). Indeed, the proportion of
cephalopods was higher in stomach contents than in the diet obtained through
stable isotopes for the three groups considered in the present study, supporting
that cephalopod beaks accumulate in the stomach and may be overrepresented
in stomach content studies (Amundsen & Sanchez-Hernandez, 2019). To

overcome those biases, both methods are combined here by using the prey
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proportions found in stomach contents to inform the mixing models, which is
particularly helpful when prey sources have similar isotopic values (A. I.
Guerrero & Rogers, 2020). This helped to distinguish between Gadiformes and
mesopelagic fish, obtaining more accurate diet estimates. These estimates
uncovered a dietary transition in swordfish from 2012 to 2020, which appears to
align with documented alterations in the marine ecosystem's structure and

subsequent variations in prey availability.
Feeding strategy

Our study provides insights into the feeding strategy and niche width of
swordfish in the north-western Mediterranean Sea, confirming that this large
pelagic fish fed on a wide range of prey. Overall, most prey had low prey-specific
abundance and moderate to low occurrence in the diet, which is consistent with
a generalist feeding strategy consuming a great variety of prey types. Yet, some
species had low frequency but high prey-specific abundance, which could
indicate specialized feeding strategies in the population targeting schools of
medium pelagic fish (e.g., Mediterranean horse mackerel), or that feeding in
coastal habitats is limited to some individuals [e.g., Gilthead seabream (Sparus
aurata)]. Furthermore, we found that the most frequent prey showed
intermediate prey-specific abundances, suggesting that juvenile swordfish have
a broad niche width and can exploit a range of prey species with varying levels of

abundance.

The diversity of prey consumed both in specific and habitat terms also
suggests that swordfish have a flexible foraging strategy. This wide range of prey
from different habitats, including demersal, epipelagic, mesopelagic, and
bathypelagic, evidences the swordfish’s vertical migratory behavior and
supports the benthopelagic coupling role of this species. Orders Gadiformes,
Aulopiformes, Clupeiformes, and Myctophiformes were the most frequent fish

prey for swordfish, while squids from the order Oegopsida, particularly from the
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family Ommastrephidae, were the most frequent cephalopod prey, which
agrees with previous studies on this species (Carmona-Antofianzas et al., 2016;
J. M. Logan et al., 2021; Young et al., 2010). Although low in %W, fish from the
family Myctophidae were consumed frequently in both years and size groups.
Together with the high consumption of mesopelagic cephalopods, this suggests
frequent foraging of swordfish in mesopelagic waters, supporting their potential
role as mesopelagic samplers. In fact, the swordfish is well-known as an
efficient ““cephalopod collector” (Romeo et al., 2011) due to the high diversity of
cephalopod prey found in their diet, including some species of difficult
collection due to oceanic lifestyles (e.g., Cranchia scabra, Taonius pavo;

Fernandez-Alvarez et al., 2022).

On the other hand, based on %N from the stomach contents, and therefore
omitting the gelatinous organisms’ consumption, differences in prey
composition between the small and large 2020 individuals were not clear, which
supports swordfish as good ecosystem sentinels since they are supposed to eat
what is abundant regarding their size. Yet, there was no overlap between the
isotopic niche of small and large 2020 individuals, suggesting that although prey

ingestion may be similar, assimilation may change with swordfish growth.

Fish and cephalopods dominated the stomach contents of small 2020
swordfish, but these had lower &"°N values when compared with other fish and
cephalopod consumers (Cardona et al., 2012), and gelatinous organisms
appeared to be a major prey source for them, representing nearly half of the
assimilated diet. Although they were only found in the stomachs of 2012
individuals, consumption of gelatinous organisms, primarily tunicates, has been
reported in other regions (Preti et al., 2023), and other large pelagic fish species
(Thiebot & Mclnnes, 2020). This high consumption may appear noteworthy, but
the abundance of gelatinous zooplankton in the Mediterranean could be enough
to provide sufficient sustenance for a large pelagic fish through casual
consumption (Cardona et al., 2012). Other possible explanations for this
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consumption include opportunism, practicing hunting techniques, aggregation
of prey, and potential acquisition of bio-active components that could have
benefits for homeostatic challenges (Thiebot and Mclnnes, 2020; and
references therein). Further research using other methods such as video
cameras or DNA metabarcoding techniques could provide insights into the
identification of these organisms that are known to degrade fast (Fernandez-
Alvarez et al., 2018), and is needed to fully understand the reasons for this

behavior.
Tracking changes in the marine community

The diet of generalist and opportunistic large predators, such as swordfish,
closely tracks prey availability in their immediate environment (Palko et al.,
1981). Therefore, the trophodynamics of swordfish can inform effectively on
temporal changesin prey abundances. However, most of the previous swordfish
diet studies were restricted temporally to a few years at most (e.g., Ceyhan and
Akyol, 2017). Here, temporal variation in the diet of swordfish was observed.
Gadiformes appeared as an important source of energy in 2012, while they seem
to be absent in the diet of 2020 individuals. This dietary shift seems to reflect
what is being observed in the community: over the last decade, highly fished
gadiform species, such as blue whiting and hake, have experienced declining
abundances and have remained at historically low levels in the most recent
years in the northwestern Mediterranean (GFCM, 2022a; Mir-Arguimbau et al.,
2022; Sion et al., 2019). Moreover, swordfish fed more on pelagic fish in 2020.
Small pelagic fish such as European sardine (Sardina pilchardus) and anchovy
are also suffering from high exploitation and their biomasses are showing
declines in the north-western Mediterranean (GFCM, 2022b; Pennino et al.,
2020). At the same time, the thermophilic round sardinella, which is the main
pelagic species found in the stomach contents, is expanding its range due to

ocean warming (Coll et al., 2019; Sabatés et al., 2006). This is aligned with the
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increasing water temperatures observed in our study area (see Figure A.2),
where its catch has increased in the last years (ICATMAR, 2023). On the other
hand, changes in mesopelagic fish ingestion and assimilation between years
were not observed. Despite that mesopelagic fish occupy a key position in the
marine food web, biomass data in the Mediterranean Sea are scarce and they
lack systematic monitoring campaigns (Clavel-Henry et al., 2020), therefore we
could not evaluate if the swordfish diet is reflecting the mesopelagic community

trends.

Our study area is one of the most exploited fishing grounds of the
Mediterranean Sea (Coll et al., 2012; Colloca et al., 2017; Fernandes et al.,
2017), and is seriously impacted by the effects of other climate and human-
driven changes, such as water warming, coastal degradation, and pollution
(Navarro et al.,, 2015; Salat et al.,, 2019). In this context of disturbance,
cephalopods and gelatinous organisms, such as jellyfish and salps, are
expected to benefit from the combination of changes in environmental
conditions and reduced predators and competitors due to overfishing
(Doubleday & Connell, 2018). Their rapid growth and strong life-history plasticity
allow them to quickly adapt to changing environmental conditions and may
trigger their success under the observed warming conditions (Brotz & Pauly,
2012; Hoving et al., 2013). Although jellyfish blooms have been recorded with
increasing frequency and magnitude in many coastal areas, including the
western Mediterranean Sea (Baez et al., 2022), gelatinous plankton densities
were found to present strong long-term stability in this area (Feuilloley et al.,
2022). Here, we found high proportions of gelatinous plankton in the diet of small
2020 individuals, suggesting their consumption may be related to swordfish
size. The abundance or availability of these organisms may have fluctuated over
time, but other factors such as changes in other prey availability may have

influenced their consumption. Further research is needed to investigate the
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long-term trends in the abundance and distribution of gelatinous plankton in the

study area and their potential impacts on ecosystem dynamics.

Onthe other hand, Doubleday et al. (2016) suggest that the global depletion
of fish stocks, together with the potential release of cephalopods from predation
and competition pressure, could be driving the growth in cephalopod
populations. Specifically, the north-western is one of the Mediterranean areas
where the cephalopod community is best described, formed by a rather
homogeneous mix of different species (Quetglas et al., 2019). Here, we found a
small increase of cephalopods in large 2020 individuals, which seem to have
switched to a more teuthophagus diet with regard to those from 2012. This
increment may be tracking the putative increase in cephalopods’ abundance in
the ecosystem, even though the lack of long-term data on mesopelagic
cephalopods, the main cephalopods consumed by swordfish, makes it difficult
to test the hypothesis. Landings of commercial cephalopods in the study area
have fluctuated over the last decade (ICATMAR, 2023), nevertheless, additional
fishery-independent data, including non-commercial cephalopods, would be
necessary to draw conclusions at the community level, particularly for pelagic

species.
Further steps in ecosystem monitoring

Understanding the dietary preferences of swordfish is essential for
developing effective management strategies and conservation efforts for this
threatened species and the marine ecosystems they inhabit. We described the
diet of swordfish in the northwestern Mediterranean Sea by combining two
complementary sources of diet analysis, emphasizing the importance of
combining different methods to obtain more accurate diet estimates, while
partially addressing the limitations associated with each technique individually.
We were able to estimate the consumption of gelatinous organisms and assess

changes in the diet of these organisms as a plausible response to variations in
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prey abundance. These findings should be corroborated through studies
incorporating longer time series on diet and prey abundance. Overall, this is a
common challenge when analyzing the diet of predatory species in marine
ecosystems, where time series of diet information are mostly missing (e.g.,

Ouled-Cheikh et al., 2022).

In conclusion, our results highlight the role of swordfish as a good
candidate to be an ecosystem sentinel in our study area. The lack of data on
mesopelagic fish, mesopelagic cephalopods and gelatinous organisms
presents a significant challenge for effective ecosystem-based management
and conservation efforts, as these species play crucial roles in regulating
ecosystem processes. These non-commercial species are frequently
consumed by swordfish. Therefore, since swordfish are highly exploited all year
long in the northwestern Mediterranean, continuous monitoring could be
proposed, providing a long-term sampling of their prey, particularly relevant for
the overlooked mesopelagic community. This would allow us to strengthen our
understanding of how these organisms respond, in terms of their diet, to
changes in the structure and functioning of the ecosystem. Consequently, we
could establish the use of this species as valuable sentinels of the ecosystem in

which they inhabit.
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SUPPLEMENTARY MATERIALS

Supplementary Methods

Information on sea water potential temperature at the surface (SST, °C) and net
primary production (NPP, mg-m-3-day-1) was obtained for the study area (42°N
to 39°N, 0°30°’W to 3°30’E). This dataset was obtained from the Global Ocean
Physics and Biogeochemistry Reanalyses (EU Copernicus Monitoring

Environment Marine Service; https://marine.copernicus.eu/, accessed on

August 2023). SST was downloaded as yearly mean composites at 0.0417°
spatial resolution for the 1987-2021 time period
(MEDSEA_MULTIYEAR_PHY_006_004,

doi.org/10.25423/CMCC/MEDSEA_MULTIYEAR_PHY_006_004_E3R1). NPP was
downloaded as yearly mean composites at 0.0417° spatial resolution for the
1999-2021 time period (MEDSEA_MULTIYEAR_BGC_006_008,
doi.org/10.25423/cmcc/medsea_multiyear_bgc_006_008_medbfm3). Mean,
maximum, and minimum SST and NPP in the study area are shown in Figures A.1

and A.2.
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Supplementary Figures
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Figure A.1. Mean values of (a) sea water potential temperature (SST, from 1987 to 2020),

and (b) net primary production (NPP, from 1987 to 2020) for the northwestern
Mediterranean Sea.

(a) Temperature Trends (1987-2020) (b) Productivity Trends (1999-2021)
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Figure A.2. Mean values * standard deviation (in blue) and range (in red) values of (a) sea

water potential temperature (SST), and (b) net primary production (NPP) from 1987 to
2020 in the northwestern Mediterranean Sea.

Supplementary Tables
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Table A.1. Regression equations used to estimate fish and cephalopod weights: L, total length (mm); SL, standard length (mm); W, total
weight (g); OL, Otolith length (mm); OW, otolith width (mm); CL, crest length (mm); LHL, lower hood length (mm); LRL, lower rostral

length (mm).

Estimated weight

Species Estimated length (mm) Reference @ Reference

FISH

Alosa fallax L=44.24 x OL"*® AFORO W =0.0147 x L2826 Torres et al. (2012)
Arctozenus rissoi L=29.07 x OL"5® AFORO W = 1E-06 x 30621 Battaglia et al. (2015)

Atherina sp. (Atherina hepsetus)

Aulopus sp. (Aulopus filamentosus)

Benthosema glaciale

Boops boops
Ceratoscopelus maderiensis
Coelorinchus caelorinchus
Conger conger

Diaphus holti

Electrona risso

Engraulis encrasicolus
Evermannella balbo

Gadiculus argenteus

Gnathophis mystax

Gonostoma sp. (Gonostoma
denudatum)

Hygophum benoitii

L=42.64 x OL*"’
L=24.93 xOL"»
SL=38.211 x OL - 0.6887
L=20.5x0OL"*
SL=15.858 x OL + 12.417
L=4.41x0L""®

L=9.18x OL"**
SL=15.203 x OL - 0.522
SL=18.02 x OL%®

L =44.6 x OL*%

L=11.66 x OL2’

L=17.59 x OL*%
L=29.86 x OL""®

SL=28.65x OL+0.868

SL=29.128 x OL - 4.55

Giménez et al. (2016)
AFORO
Battaglia et al. (2015)
AFORO
Battaglia et al. (2010)
AFORO
AFORO
Battaglia et al. (2010)
AFORO
AFORO

AFORO

AFORO
AFORO

Battaglia et al. (2010)

Battaglia et al. (2010)

W =0.0055 x L3>

W =0.0065 x L0
W = 7E-06 x SL%2%°
W =0.0064 x L17%
W =7.4E-06 x SL®'4
W =0.1275 x L 302
W =0.00054 x 3225
W = 1.3E-05 x SL%102
W = 1.7E-05 x SL®1%¢
W =0.0036 x L3223

W =0.00417 x L3

W =0.0562 x L1066
W =0.0015 x L?9°

W =7.8E-5 x 2928

W = 5.8E-6 x SL33%

FishBase

Yapici et al. (2015)
Battaglia et al. (2015)
Falsone et al. (2022)
Battaglia et al. (2010)
Torres et al. (2012)

Moutopoulos and Stergiou (2002)

Battaglia et al. (2010)
Battaglia et al. (2010)
Falsone et al. (2022)

FishBase. Bayesian estimates for

subfamily
Morey et al. (2003)

Yapici et al. (2015)
Battaglia et al. (2010)

Battaglia et al. (2010)

72



Chapter 1

Lampanyctus pusillus

Lepidopus caudatus

Lestidiops jayakari

Lesueurigobius sp. (Lesueurigobius

friesii)

Lobianchia dofleini
Maurolicus muelleri
Merluccius merluccius
Micromesistius poutassou

Myctophum punctatum
Notoscopelus elongatus

Ophidion barbatum
Pagellus bogaraveo
Sardina pilchardus
Sardinella aurita
Scomber colias
Sparus aurata
Spicara sp.
Stomias boa

Symbolophorus veranyi

Trachurus mediterraneus

Trisopterus capelanus

L=41.61x0L""

L=91.91x0L"*®
L=52.09x0OL""®

L=22.86 x OL"

L=16.14x OL"®

SL=24.768 x OL - 2.493
L=18.46 x OL"’
L=16.69 x OL"*
SL=22.842x OL-2.739
L=16.828 x OL®7%¥"
L=19.62xOL™
L=21.82x0L"™
L=55.75 x OL**
L=44.76 x OL"™
L=37.23x0L"™
L=8.31x0L"
L=32.82x 0L
L=205.03 x OL""

L=17.12x0L""®

L=24.05xOL""®
L=12.38 xOL"?

AFORO

AFORO
AFORO

Giménez et al. (2016)

AFORO

Battaglia et al. (2010)
Giménez et al. (2016)
AFORO
Battaglia et al. (2010)
Battaglia et al. (2015)
Giménez et al. (2016)
AFORO
Giménez et al. (2016)
Giménez et al. (2016)
Giménez et al. (2016)
AFORO
Giménez et al. (2016)
AFORO

AFORO

AFORO
AFORO

W =0.004 x
SL3%%2)/1000

W =0.0003 x L3417
W =0.0006 x L343

W =0.0015 x 3847

W =0.005 x
SL®%)/1000

W = 1.6E-05 x SL?94
W =0.0051 x L3107
W =0.0038 x L*¢

W = 1.4E-05 x SL297!
W = (0.004 x
SL*248)/1000

W =0.0036 x L3

W =0.0103 x L3078
W =0.0032 x L%
W =0.0065 x L302"
W =0.006 x L3107
W =0.021 x L
W =0.0054 x L3268
W =7E-07 x L3172

W =(0.005
SL3'8")/1000

W =0.008 x L*%
W =0.009 x L%

Olivar et al. (2013)

Falsone et al. (2022)
Czudaj et al. (2022)

Morey et al. (2003)

Olivar et al. (2013)

Battaglia et al. (2010)
Falsone et al. (2022)
Mir-Arguimbau et al. (2020)
Battaglia et al. (2010)

Olivar et al. (2013)

Edelist (2014)

Falsone et al. (2022)
(2022)
(2022)
Falsone et al. (2022)
Crec'hriou et al. (2013)
Valle et al. (2003)

Falsone et al.

Falsone et al

Battaglia et al. (2015)
Olivar et al. (2013)

Crec'hriou et al. (2013)

Crec'hriou et al. (2013)
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Vinciguerria sp. (Vinciguerria
attenuata)

CEPHALOPODS

Abralia veranyi
Ancistrocheirus lesueurii
Ancistroteuthis lichtensteinii
Argonauta argo

Cranchia scabra

Galiteuthis armata
Heteroteuthis dispar
Histioteuthis reversa

Illex coindetii

Pyroteuthis margaritifera

Taonius pavo
Teuthowenia megalops

Todarodes sagittatus

Todaropsis eblanae
Tremoctopus sp. (Tremoctopus violaceus)

SL=32.21x0OL+0.91

AFORO W = 1.4E-06 x L3%%7

(nW=0.979 +2.304 In LRL
In W =-0.194 + 3.56 In LRL
log W =0.196 + 2.424 log LRL
log W =-0.1110 +0.1503 CL
(nW=1.623+1.70 In LRL
(nW=0.7+2.233 In LRL
(nW=1.033 +2.527 In LRL
W =2.827 LRL3%2
(nW=0.897 +2.64 In LRL
(NW=0.41+2,78 In LHL
(nW=0.786 +2.19 In LRL

InW=0.9797 + 1.2345 In LHL

InW=0.783+2.83(nLRL

InW=0.59+3.17 In LRL
logW=0.5318+0.1951 CL

Battaglia et al. (2010)

Romeo et al. (2012)
Clarke (1986)
Sifner et al. (2018)
Smale et al. (1993)
Clarke (1986)
Romeo et al. (2012)
Romeo et al. (2012)
Wirtz et al. (1992)
Peda et al. (2022)
Lu and Ickeringill (2002)
Clarke (1986)

A. Sadnchez-Marquez
(unpublished data)

Clarke (1986)

Clarke (1986)
Smale et al. (1993)
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Table A.2. Isotopic values from prey obtained through the meta-analysis.

Chapter 1

6130 615N
Prey Species References
Mean SD Mean SD

Gadiformes Micromesistius poutassou -18.30 0.95 9.64 0.62 Barria et al. (2015), Gédmez-Campos et al. (2011),
Lloret-Lloret et al. (2020), Mir-Arguimbau et al.
(2020b), Navarro et al. (2009), Papiol et al. (2013,
2017)

Bathypelagic fish Arctozenus risso -19.15 0.69 7.89 0.39 Papiol et al. (2013)

Pelagic fish Sardinella aurita -17.94 0.76 8.99 0.56 Albo-Puigserver et al. (2019), Barria et al. (2015),
Lloret-Lloret et al. (2020)

Cephalopods Todarodes sagittatus -17.86 0.70 11.01 0.53 (Cardona et al., 2015), Gdmez-Campos et al.
(2011)

Gelatinous Cotylorhiza tuberculata, -19.34 0.99 3.86 1.00 Barria et al. (2015), Cardona et al. (2007, 2012,

organisms Pelagia noctiluca, Salpa sp. 2015), Fanelli et al. (2011, 2013), Mir-Arguimbau

et al. (2020b)
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Table A.3. Summary of PERMANOVA tests examining differences between swordfish
groups: 2012, large 2020 (LJFL > 75 cm) and small 2020 individuals (LJFL <75 cm).

Based on %N Df SumOfSqgs R2 F Pr(>F)
Swordfish group 2 3.36 0.09 4.86 1.00E-04
Residual 96 33.18 0.91
Total 98 36.54 1.00
Pairwise tests 2012 Large 2020 Small 2020
2012 -
Large 2020 1.00E-04 -
Small 2020 1.00E-04 0.086 -

Table A.4. Mean Bayesian Standard Ellipses Area (SEAs) and SEAs overlap for 2012, large
2020 (LJFL > 75 cm) and small 2020 individuals (LJFL < 75 cm). The percentage of overlap
of the isotopic area of groups in shown as the first column group versus the ones of the
first row. 25% and 75% Bayesian credible intervals (Cl) are given in parentheses.

SEAs SEAsoverlap

mean (Cl) 2012 2020L 20208
2012 0.94(0.81, 1.06) - 7.49 (0, 32) 0.14 (0, 0)
Large 2020  0.69(0.57,0.79) 9.89(0, 45) - 0(0,0)
Small2020 0.83(0.74,0.91) 0.16 (0, 0) 0(0,0) -
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Table A.5. MixSIAR results summary and priors from stomach content analysis (SCA)
used for all swordfish groups: 2012 (n = 41), large 2020 (LJFL > 75 cm, n = 16) and small
2020 individuals (LJFL <75 cm, n = 42).

Swordfish groups
Large 2012 Large 2020 Small 2020
Prey Mean  95% Cl Mean 95% CI Mean 95% ClI
w/ Uninformative priors
Mesopelagic fish 0.583 (0.427,0.738) 0.555  (0.368, 0.749) 0.106  (0.007, 0.306)
Pelagic fish 0.054 (0.003, 0.143) 0.109  (0.007, 0.267) 0.154  (0.013,0.321)
Gadiformes 0.059 (0.004, 0.158) 0.129  (0.009, 0.302) 0.09 (0.005, 0.233)
Cephalopods 0.044 (0.003,0.119) 0.109  (0.009, 0.247) 0.084  (0.007,0.211)
Gelatinous org. 0.26 (0.161, 0.353) 0.098 (0.015, 0.198) 0.566  (0.488,0.633)
w/ Informative priors
Mesopelagic fish 0.62 (0.454,0.804) 0.755 (0.609, 0.88) 0.093  (0.007,0.254)
Pelagic fish 0.034 (0.001, 0.109) 0.106  (0.006, 0.267) 0.135  (0.015, 0.295)
Gadiformes 0.077 (0.012,0.176) 0.002 (0, 0.008) 0.011 (0,0.063)
Cephalopods 0.034 (0.002, 0.097) 0.134  (0.044,0.238) 0.17 (0.058,0.281)
Gelatinous org. 0.234 (0.113,0.338) 0.003 (0, 0.005) 0.591 (0.519, 0.654)
SCA %W %W %W
Mesopelagic fish 33.917 34.866 18.079
Pelagic fish 12.222 18.165 13.13
Gadiformes 29.822 0.497 2.226
Cephalopods 16.725 46.085 50.959
Gelatinous org. 0.003 0 0
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Environmental and human factors shape the

trophic ecology of a widespread marine predator

Reference:

Fernandez-Corredor, E., Fuster-Alonso, A., Ramirez, F., Giménez, J., Garcia-
Barcelona, S., Macias, D., Coll, M., & Navarro, J. (2025). Environmental and
human factors shape the trophic ecology of a widespread marine predator.
Journal of Animal Ecology, 94(9), 1784-1799. https://doi.org/10.1111/1365-
2656.70087
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Abstract

Integrative approaches that investigate trophic ecology drivers provide
knowledge to explore and predict changes in food-web dynamics under
contrasting scenarios of global change. However, there are few studies that
analyze the relationship between environmental factors and trophic
interactions and that additionally consider other human stressors such as
fisheries. Here, we use Bayesian Stable Isotope Mixing Models to study the
trophic ecology of a widespread pelagic predatory fish, the swordfish (Xiphias
gladius), in the western Mediterranean Sea and the adjacent Atlantic waters. We
explore the relationships between dietary estimates and biological,
environmental, and anthropogenic drivers using Generalized Additive Models
(GAMs). GAMs are used to develop spatial predictions of present prey
consumption and, as a prospective exercise, to project changes in prey
consumption under different future climate change scenarios. Overall, we
found that swordfish diet varied as a response to changing environmental
conditions, particularly to varying sea surface temperature (SST), mixed layer
depth (MLD), and chlorophyll-a concentration (Chl); and to fishing pressure. Fish
consumption was positively related to increasing SST and MLD. In contrast,
squid consumption was negatively related to SST, with the greatest
contributions observed in swordfish of intermediate lengths. Squid had a higher
contribution to swordfish diet around the Canary Islands and the western
Mediterranean Sea, while gelatinous organisms were more consumed around
the Gulf of Cadiz. The consumption of gelatinous organisms was higher in
smaller swordfish and in areas with lower productivity. Our prospective exercise
suggested different diet alterations under contrasting future global change
scenarios. For the first time, we provide quantitative evidence of how large-
scale, spatial-temporal patterns in fishing pressure and environmental
conditions can shape the diet of swordfish. Our study presents useful results to
assess the diet of this predator and highlight how incorporating trophic
interactions into projections can improve our understanding of future
distributions.

Keywords: diet, environment, fishing pressure, gelatinous organisms,
global change, pelagic fish, squid, swordfish.
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INTRODUCTION

The world is facing transformations at unprecedented rates, with both
environmental variations and human activities producing changes in
ecosystems’ structure and functioning (Bindoff et al., 2019; Pecl et al., 2017).
Those alterations have broad ecosystem consequences, such as variations in
ocean productivity and consumers’ biomass (Tittensor et al., 2021; Worm &
Lotze, 2021), to which species are responding in several ways, including
changes in abundance, phenology, behavior, demography, and distribution

(Poloczanska et al., 2013).

In this context, developing ecosystem assessment tools that allow
continuous monitoring is becoming increasingly important in ocean
management (Braun et al., 2023; Link et al., 2023). Recent human-induced
climate-driven environmental changes have altered the dynamics of marine
ecosystems globally (IPCC-AR6, 2023). Concurrently, overfishing is altering
exploited populations and consequently modifying trophic interactions among
species (Maureaud et al.,, 2017; Pauly et al., 1998). Understanding how
environmental factors and fisheries shape the trophic ecology of key marine
species is a challenging task that constitutes the basis for evaluating their
cumulative impact on the structure and functioning of marine ecosystems
(Dambacher et al., 2010; Halpern et al., 2015). Rather than considering these
two major stressors individually, integrative approaches that account for the
interplay between climate and fishing should be considered for addressing the
challenges that global change may pose over marine ecosystems (Coll et al.,

2019; Gissi et al., 2021; Perry et al., 2010; Ramirez et al., 2022).

Few studies to date have considered the relationship between
environmental factors and trophic interactions in marine ecosystems using
statistical modelling, including the potential relationship with other human

stressors such as fisheries (Bassoi et al., 2020; Duffy et al., 2017; Kuhnert et al.,
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2012; Nickels et al., 2023; Preti et al., 2023). Since future environmental changes
can now be predicted at multiple scales (IPCC-AR6, 2023), integrative
approaches that consider diet-environment relationships may also provide the
necessary means for exploring and predicting changes in food-web dynamics
under contrasting scenarios of climate change and human impacts. This can
certainly contribute to the development of ecosystem assessment and
monitoring tools which ensure that the energetic needs of predators are met by
the management strategies (Braun et al., 2023; Carroll et al., 2024; Link et al.,
2023).

Apex predators, such as large pelagic fishes, are clear examples of
organisms impacted by both fishing and climate change (Juan-Jorda et al., 2022;
Worm & Tittensor, 2011), with effects that can reach the food-web level (Baum
& Worm, 2009; Fernandez-Corredor et al., 2024). Despite their relatively low
total biomass, they can be keystone species that play a pivotal role in shaping
marine ecosystems by regulating prey populations and influencing trophic
dynamics (Fortuna et al., 2024; Hazen et al., 2019). Understanding their trophic
ecology can provide valuable insights into broad community-scale changes in
the abundance, availability, and diversity of mid-trophic communities (Kuhnert
et al., 2012). Such information on large pelagic fishes is particularly important
given that data on offshore pelagic prey are scarce (Olson et al., 2014). The
difficulty and expense of collecting biological samples in the open ocean often
result in trophic studies of top predators being spatially and/or temporally
restricted (Duffy et al., 2017; Hazen et al., 2019; Ouled-Cheikh, Giménez, et al.,
2022). Biochemical tracers such as stable isotopes are nevertheless being
increasingly used since the isotopic composition of predators’ tissues provides
temporally integrated information on the assimilated fraction of the diet

(Phillips, 2012; Young et al., 2015).

Investigating the trophic ecology of top predators provides a unique

opportunity to unravel the relationship between environmental factors,
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predator-prey dynamics, and the influence of human activities. Here, we
investigated the diet of swordfish (Xiphias gladius), a large pelagic predatory fish
with a generalist diet, in response to environmental patterns and fishing
pressure. Although swordfish diet has previously shown temporal, spatial and
size-related variation, the majority of observed dietary variation remained
unexplained (Preti et al., 2023). Environmental conditions affect the diet both
directly through changes in energetic costs (i.e. altering the energetic needs of
predators and the energetic content of prey, Queiros et al., 2024) and by
constraining predator and prey distribution, consequently affecting their feeding
habits (e.g., sea surface temperature, SST; Kuhnert et al., 2012). The shoaling of
the mixed layer depth (MLD) and the oxygen minimum zones are one of the major
climate change effects altering the trophodynamics of marine predators by
restricting the depth distribution of pelagic species into a narrower surface layer,
compressing their foraging habitat, and consequently affecting diet composition
(Duffy et al., 2017; Kuhnert et al., 2012; Tickler et al., 2023; Young et al., 2015).
Moreover, chlorophyll-a concentration (Chl), closely related to primary
productivity, serves as an indicator of the resources available for prey and
therefore of the prey availability, and has been shown to influence the diet of
large pelagic predators (Druon et al., 2022; Duffy et al., 2017; Virgili et al., 2024).
Together with dissolved oxygen, Chl is one of the dominant influencing factors
in the distribution of the mesopelagic community, which is usually preyed upon
by swordfish (Song et al.,, 2022). One of the most common fish prey for
swordfish, the blue whiting (Micromesistius poutassou; Carmona-Antofianzas
et al., 2016; Hernandez-Garcia, 1995), is intensively fished and has declined in
the most recent years in the Mediterranean (FAO, 2025; Mir-Arguimbau et al.,
2022), which has also been reflected in the diet of swordfish . Hence, we
expected that one of the anthropogenic factors influencing the diet of swordfish
is probably intensive fishing, removing prey from the ecosystem and therefore

altering prey availability and trophic dynamics (e.g., Arlinghaus et al., 2021).
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In this study, we aimed to (1) identify spatial patterns in diet composition,
(2) investigate the potential influence of environmental and human drivers on
trophic ecology, and (3) apply a statistical framework for exploring and
predicting diet composition both in space and time. Specifically, we statistically
modeled the diet of swordfish collected from a large-scale survey covering the
western Mediterranean Sea and the adjacent Atlantic waters, from the Gulf of
Cadiz to the Canary Islands. These cover important areas where swordfish diet
was not studied (e.g., the Alboran Sea) or was poorly described (e.g., the Canary

Islands).

Our primary interest lies in identifying general patterns and understanding
how they relate to the selected drivers, which in turn allows us to perform
projection exercises under different future scenarios. Based on previous dietary
studies for similar species (e.g., tunas, Kuhnert et al.,, 2012), we expected
variations in the diet of swordfish in response to spatial fluctuations along a
gradient of environmental conditions and human impacts. We hypothesized a
higher consumption of cephalopods in deeper and colder waters since their
consumption has been previously linked to offshore feeding (e.g., Peristeraki et
al., 2005; Young et al., 2006). We also expected a higher consumption of fishes
by larger individuals and a lower consumption in highly exploited areas where
some of the fishes that were common prey for swordfish have declined (e.g.,
blue whiting; Mir-Arguimbau et al., 2022). Finally, we hypothesized that in highly
productive regions, the abundance of more energetic prey (i.e., fish and squid)
may reduce consumption of gelatinous prey by generalist predators, such as
swordfish. Understanding these differences in diet is particularly relevant given
the overlap of intensive fishing with regions where climate change is expected to

have significant impacts (Ouled-Cheikh, Coll, et al., 2022).
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METHODS

Model species

Swordfish are apex predators found in the open waters of the Atlantic,
Pacific, and Indian Oceans and the Mediterranean Sea, between 45° N and 45°
S (Palko et al., 1981). They are opportunistic predators with high trophic
plasticity (Bello, 1991; Palko et al., 1981). They display diel vertical migrations
and spend long periods within the mixed layer at night-time with high daytime
use of sub-thermocline (Abecassis et al., 2012), likely tracking the deep
scattering layer (DSL) (Madigan et al., 2021) and feeding on a wide range of prey
that range from fish to gelatinous organisms. This feeding behavior contributes
to the demersal-pelagic coupling of the ecosystem (Navarro et al., 2017, 2020),
and makes them good samplers of epipelagic and deep-water species (Bello,

1991; Romeo et al., 2011).
Study area and data collection

Swordfish individuals (n = 253) were collected between May 2017 and
December 2018 by drifting longline fishing vessels working along the western
Mediterranean Sea and the northeastern Atlantic Ocean, from the Gulf of Cadiz
to the Canary Islands (Figure 1). More information about technical
characteristics and fishery strategies of longlines can be consulted in Garcia-
Barcelona et al. (2010, 2013). While connected by the Strait of Gibraltar, both
basins exhibit distinct physical and oceanographic characteristics (Longhurst,
1998), thus offering the opportunity to study the spatial variability of the diet of

swordfish along a gradient of environmental conditions and human activities.

All swordfish were measured on-board from the tip of the lower jaw to the
posterior margin of the middle caudal rays (lower jaw fork length, LIFL). White
muscle samples of each individual were collected on-board and frozen at -20 °C

until their analyses were conducted.
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Stable isotope analyses and diet reconstruction

Muscle samples were dried at 60°C and ground to a fine powder. Prior to
stable isotopic  determinations, lipids were extracted with a
chloroform/methanol (2:1) solution to correct the effect of high tissue lipid ratio
on carbon (3"°C) values (Bodin et al., 2009). Analyses of 3'*C and nitrogen (3'°N)
stable isotopes were performed at the Laboratory of Stable Isotopes (EBD-CSIC,

Spain) as described in Fernandez-Corredor et al. (2023).
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Figure 1. Study area including the western Mediterranean Sea and the northeastern
Atlantic Ocean. Black dots represent swordfish sampling locations. Grey lines delineate
a spatial grid of 1° x 1°, Swordfish illustration by Alex Mascarell.

We used Bayesian Stable Isotope Mixing Models (BSIMMs) to estimate the
swordfish diet based on stable isotope values (i.e., 8"°N and &'°C). To spatially
assess the dietary patterns, the models were run at the individual level. BSIMMs
were computed using the MixSIAR R package v3.1.12 (Stock et al., 2018) and run
with a generalist type prior, three Markov chain Monte Carlo chains of 300,000
draws and a burn-in of 200,000 draws. The convergence of models was checked
using Gelman-Rubin and Geweke diagnostics (Stock et al., 2018; Stock &

Semmens, 2016).
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Model input data included 8'°N and &'3C values of individual swordfish and
their potential prey species. Potential prey were selected according to previous
studies on swordfish diet from the western Mediterranean Sea (Biton-
Porsmoguer et al., 2022; Cardona et al., 2012; Carmona-Antofianzas et al.,
2016; Fernandez-Corredor et al., 2023; Navarro et al., 2017), the Gulf of Cadiz
(Abid et al., 2018; Hernandez-Garcia, 1995), and the Canary Islands (Hernandez-
Garcia, 1995). To minimize the potential issue of environmental conditions
affecting stable isotope baselines, we used region-specific prey values obtained
from the literature (Table S1). When isotopic values from prey species were only
found from a different region, site-specific isotopic values were corrected
following Somes et al. (2010) (Supplementary Methods). Prey items were
grouped into five dietary end-points based on similar isotopic values and
taxonomy: mesopelagic fishes; gadiforms, small and medium pelagic fishes;
squid group |, squid group Il, and gelatinous organisms, using a meta-analysis
approach (Table S1, Supplementary Methods). Results of prey consumption
obtained through BSIMMs were subsequently grouped into (1) fish (including
mesopelagic fishes, gadiforms, small and medium pelagic fishes), (2) squid

(including squid groups | and Il), and (3) gelatinous organisms.

The diet-tissue discrimination factors (DTDF; 2.62 + 0.31 %o for 3'°*N and
1.06 = 0.12%o0 for 3'3C) were estimated following Caut et al. (2009). The
appropriate parameterization of the BSIMMs was validated through the
simulation of mixing polygons, where all consumer data corrected for DTDFs
should fall within the bounds of the mixing space (Phillips et al., 2014; Smith et
al., 2013).

Diet modeling and prediction

We fitted Generalized Additive Models (GAMs) to evaluate the relationships
among prey consumption and explanatory variables, including biological,

environmental, and anthropogenic drivers (Table 1). Mean values of
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consumption obtained through BSIMMs for each individual and each group of
prey were used as response variables. The response variables were proportions
and took values from 0 to 1. Therefore, we employed Beta regression models,
including linear and additive relations with the covariates, and spatial variability.

All models were proposed according to the following equation:
Yijs ~ Beta(”ijks:Cb), i=1,..,n,

logit(myks) = X, BijXij + fi(Xu) + fs(xis, Vis),

where, Y, ;s represents the proportion of prey Y (response variable) at the
observation i with a total of n observations. Y;;, follows a Beta probability
distribution with parameters Tijkss the mean of the proportion; and ¢, the
dispersion. The parameter of interest ;.5 is linked to the predictor by a logit link
function; and the predictor contains a j number of fixed effects Y §;;X;;; a k
number of smooth functions f;, (X;,) with thin plate regression splines; and a f;
tensor effect for the spatial variability f;(x;, ¥is), Where x; and y; correspond to
the latitude and longitude of the observation i. Explanatory variables were fitted
with a low spline complexity (k = 5) to reduce over-fitting. GAMs were built using

the mgcv R package v1.9-1 (Wood, 2017).

Together with environmental and anthropogenic drivers, swordfish length
was included as a covariate to account for ontogenetic diet shifts in our models
(Table 1). Environmental variables were selected based on previous diet studies
of pelagic predatory fish. Environmental layers integrating mean monthly values
for the current period (2010-2020) were obtained from the Bio-ORACLE v3.0

database (www.bio-oracle.org; Assis et al., 2024), an environmental database

for marine spatial analysis that combines satellite data with in situ

measurements.

To detect which areas have been most exploited by fisheries, we used

spatially explicit estimates of cumulative fishing effort obtained from Global
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Fishing Watch (Kroodsma et al.,, 2018); accessed in 2023 from

https://developers.google.com/earth-engine/datasets). We summed daily

fishing records from trawlers, purse seiners, gillnets, and longliners to obtain
spatially explicit totals covering the 2013-2017 period (Table 1). Environmental
and fishing effort layers were cropped to encompass the study area and
adjusted to a common resolution of 1° x 1° grid cells (Figure S1) using the raster
R package v3.6-14 (Hijmans, 2023). This spatial resolution was chosen to align
with the movements of this vagile species while capturing the relevant spatial
variability in diet composition and its relationships with the explanatory

variables (Houssard et al., 2017, 2019; Vidal et al., 2023).

Table 1. Biological, environmental and human factors used as explanatory variables and
their respective units of measurement.

Variables units
LJFL Swordfish lower jaw fork length cm
Depth Bathymetry (mean depth) m

Chl Chlorophyll concentration (mean at sea surface) mg-m-3
MLD Mixed layer depth (mean) m

SDO Dissolved oxygen concentration (mean at sea surface) pmol-m3
SST Sea surface temperature (mean) °C
Fishing effort Cumulative fishing effort (sum) h-km-2

Explanatory variables were checked for potential Spearman correlation,
and dissolved oxygen at surface and depth were excluded (corr > 0.8, Figure S2).
We aimed to select the simplest model that retained robust predictive
performance while avoiding undue complexity and the risk of overfitting. To this
end, explanatory variables were incorporated as linear fixed effects when their
relationships with the response variable were deemed adequately represented
by linear terms, without necessitating non-linear smoothing functions. We
tested all combinations of drivers, ran the resulting GAMs, and ranked the

models according to the lowest Akaike Information Criterion (AIC). Deviance
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Explained (DE) was used to assess the explanatory power. To assess the
predictive capacity, model performance was evaluated across 25 repeated
random splits of the data, each using 75% of data for training. The specific
metrics calculated for evaluating the predictive capacity of the 5 best-fitted
models were Root Mean Square Error (RMSE) and Mean Absolute Percentage
Error (MAPE). All statistical analyses were conducted using R v4.3.3 (R Core
Team, 2024).

The best-fitted GAMs were then used to predict the spatial patterns of prey
consumption (fish, squid, and gelatinous organisms). Spatial predictions were
restricted to cells not further than 2° from the sampled locations. We used 100
cm as the mean LJFL value for predictions. We assessed spatial autocorrelation
using Moran's | test, which is a widely used method to detect spatial patternsin

model residuals (Bivand & Wong, 2018).

Besides the spatial distributions, we were interested in evaluating changes
in swordfish diet composition as a likely response to global change scenarios.
Thus, fitted models were used to project changes in prey consumption
considering two future projections of the environmental variables under
different greenhouse gas concentration scenarios based on contrasting Shared
Socioeconomic Pathways (SSP1-2.6, low climate forcing; and SSP5-8.5, high
climate forcing) forecasted to the 2090-2100 period (sourced from Bio-ORACLE
v3.0).

RESULTS

Diet reconstruction

Isotopic values of swordfish muscle ranged from 8 to 14.4 %o for 3'°N and
from-16.7 to -19.8 %o for 8'3C (Table S2). Individuals with isotopic values outside
the 95% mixing region delimited by the mixing polygon of the five prey groups’

isotopic values adjusted to DTDFs were deleted (11 out of 253 individuals), thus
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pointing to a suitable isotopic scenario for the BSIMMs fitted with those prey
groups (Figure S4). BSIMMs dietary reconstructions showed spatial patterns for
squid and gelatinous organisms’ consumption (Figures 2 and S5). Squid showed
a higher contribution to the diet of swordfish in the Atlantic waters around the
Canary lIslands (mean consumption = 63%, Table S3) and the western
Mediterranean Sea (69%, Figure 2b), while gelatinous organisms were more
consumed around the Gulf of Cadiz (38%, Figure 2c). In contrast, fish
consumption was relatively homogeneous throughout the sampling area (Figure

2a), with relative contributions between 13% and 33%.
Response to environmental and human drivers

The deviance explained by the selected models ranged from 53 to 72%
(Table 2). Diagnostic plots suggested normality and homoscedasticity of the
residuals for the three models, respectively (Figure S6). Results of Moran’s | test
indicate no spatial autocorrelation of the residuals for the three models (p > 0.1).
For a list of the model subsets considered in the selection process, see Table

S4.

GAMs revealed spatial and environmental influence in the consumption of
the different prey (Figure 3). The spatial component f;(x;, y;) was included in all
best-fitted models (Tables 2 and S5, Figure S7). In addition to the spatial
component, the best-fitted model for fish consumption contained effects of
SST, fishing effort, and MLD; and explained 54.7% of the deviance. Fish
consumption decreased at shallower MLD (Figure 3a). For squid consumption,
the selected model explained 71.7% of the deviance and included effects of
length, fishing effort, and SST. Squid were more consumed by swordfish of
intermediate lengths (Figure 3b). Although SST was retained in both fish and
squid consumption models, the wide confidence intervals suggest these
relationships should be interpreted with caution, as the influence of these

variables may be weak. For gelatinous organisms’ consumption, the selected
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Figure 2. Spatial distribution of the contribution of fish (a), squid (b), and gelatinous
organisms (c) to the diet of swordfish. The first column (Observed) shows the mean
contribution of each prey based on BSIMMs. The second column (Predicted) shows the
predicted consumption generated using GAMs for swordfish of 100 cm of lower jaw fork
length.
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model included effects of length, Chl and fishing effort, explaining 72% of the
deviance. The consumption of gelatinous organisms was higher in areas with

lower Chl and by smaller swordfish (Figure 3c).

Table 2. Summary of the selected GAM for each prey consumption showing the
percentage of deviance explained (DE). Model summaries are shown in Table S5.

Prey Models %DE
Fish logit(ms;) = Bo + fs(xi, ¥) + furo (MLD;) + B, SST; 53.4
Squid logit(ms) = Bo + fs(xu ¥) + fryrr, (LJFL) + fFEi(FEi) + B1SST; 71.7

Gelatinous org. logit(mg) = Bo + fs(xi,¥) + fryri(LJFL) + frg,(FE) + B1Chl;  71.6

Predictions and projections

Predicted prey consumption showed a complex spatial pattern (Figure 2).
Fish consumption was similar across the study area, representing around 30%
of the swordfish diet (Figure 2a). Squid were predicted as important prey items,
particularly in the western Mediterranean and the southern part of the study area
(Figure 2b). The predicted consumption of gelatinous prey was higher around the

Gulf of Cadiz and adjacent offshore waters, and the Gulf of Lions (Figure 2c).

Future projections of the diet of swordfish showed a similar trend for squid
consumption, with decreasing contributions under both low (SSP1-2.6) and high
(SSP5-8.5) forcing scenarios, and a stronger decrease in the latter (Figure 4b).
On the contrary, the proportion of fish in the diet showed different spatial
patterns under both forcing scenarios. Under SSP1-2.6, fish consumption was
projected to increase across the study area, while it was projected to decrease
in the northern part of the western Mediterranean and the Atlantic nearshore
areas under SSP5-8.5 (Figure 4a). The projected variation in Chl, the main

environmental driver for gelatinous prey consumption (Figure 3c, Table 2), was
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similar under both scenarios (Figure S3). Therefore, similar patterns were found
for gelatinous prey consumption projections under both scenarios, with a slight
increase in gelatinous prey consumption around the Gulf of Cadiz and a slight

decrease in the northwestern Mediterranean (Figure 4c).
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Figure 3. GAM partial effects of the explanatory variables for swordfish consumption of
fish (a), squid (b), and gelatinous organisms (c). Shadowed areas represent 95%
confidence intervals around the main effects.
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DISCUSSION

The growth and survival of predators hinge on their relationship with prey,
serving as a crucial factor in forecasting distribution and abundance patterns,
particularly for widespread and highly mobile species such as swordfish.
Despite the available data that documents the role of environmental variability
and fishing pressure in shaping the structure and functioning of marine
ecosystems (and hence food availability; Gissi et al., 2021), there is still a gap of
knowledge on how these two fundamental drivers of global ecological change
may impact the trophic ecology of large pelagic fish; this being essential
knowledge to ensure effective management and conservation of these
commercially valuable species. Here, we provide, for the first time, quantitative
evidence on how large-scale, spatial patterns in fishing pressure and
environmental conditions can shape the diet of swordfish. Overall, we found
that the swordfish diet was strongly linked to geographic location and responded
to changing environmental conditions, particularly associated with key
oceanographic factors such as SST, MLD, and Chl, as well as to human stressors

such as fishing pressure.
Key drivers of swordfish diet composition

Previous research has provided conflicting evidence regarding size/age-
related differences in the diet of swordfish, with studies showing no preference
for prey regarding swordfish size (e.g., Abid et al., 2018), while others reported
ontogenetic shifts. These incongruences might be driven by local to regional
processes and features likely affecting marine food webs and food availability,
and point to the importance of large-scale studies, such as ours, for effectively
assessing the trophic ecology of highly mobile pelagic species. Our results
suggested that the diet of swordfish shifts towards a higher consumption of
squid and a lower consumption of gelatinous prey in larger individuals.

Nevertheless, and beyond the effect of this intrinsic factor, we found that
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Figure 4. Projected change in the contribution of fish (a), squid (b), and gelatinous
organisms (c) to the diet of swordfish (100 cm lower jaw fork length) between 2017-2018
and 2090-2100 based on SSP1-2.6 (first column) and SSP5-8.5 (second column). SSP,
Shared Socioeconomic Pathway.
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extrinsic factors such as environmental conditions and fishing pressure played

a significant role as drivers of the swordfish diet.

Overall, we observed spatial patterns in prey consumption, and
geographical location (latitude and longitude) was selected as a predictive
variable for all prey groups. This suggested that different dynamic and regional-
scale features and processes may be shaping prey availability, and hence
swordfish diet. Regarding fish, we observed a relatively homogeneous
consumption throughout the sampling area. Besides temperature, fish
abundance is closely linked to MLD, especially relevant for mesopelagic fishes
(Gallo et al., 2020; Koslow et al., 2018; Song et al., 2022). Although swordfish
exploit both demersal and pelagic habitats, the most frequent prey are usually
mesopelagic species like paralepidid fishes that associate with the deep
scattering layer. This relationship was also found in the diet of other species that
also spend long periods under the thermocline, like the bigeye tuna (Thunnus
obesus), where paralepidid fishes became more prevalent as MLD increased
(Duffy et al., 2017). Swordfish showed more squid consumption around the
Canary Islands and the Mediterranean Sea, as previously reported in regional
studies from both areas (Biton-Porsmoguer et al., 2022; Hernandez-Garcia,
1995). Our results also showed that swordfish from the South of Portugal and
the Gulf of Cadiz had higher consumptions of gelatinous prey. This contrasts
with the mainly piscivorous diet previously reported for swordfish from the Gulf
of Cadiz (Abid et al., 2018; Hernandez-Garcia, 1995). However, these studies are
based on stomach contents, where gelatinous species are not easily detected
duetofastdegradation (Fernandez-Corredor et al., 2023). Besides these general
patterns, the proportion of gelatinous prey in swordfish diet was related to
chlorophyll, suggesting that swordfish may rely on gelatinous prey in less
productive waters where preferred prey as fish and squid may be less abundant

(Diaz Briz et al., 2018).
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Regarding the effect of fishing activity, our models revealed an opposite
and non-linear effect on squid and gelatinous consumption. Fisheries tend to
concentrate their fishing effort in the most productive areas (Tremblay-Boyer et
al., 2011). Areas with low fishing effort likely indicate low availability of common
target species for both fisheries and swordfish. In such regions, swordfish may
be compelled to rely on secondary prey, such as gelatinous organisms.
Conversely, an increase in fishing effort may suggest greater availability of
preferred prey, such as squid, leading to a higher contribution of this prey to the
swordfish diet. However, squid consumption seems to drop at intermediate
levels of fishing effort, although the interpretation of this pattern is complicated
by the fact that fishing effort is heavily concentrated in specific areas, leaving
few intermediate values for analysis. On the other hand, squid prevailed as the
preferred prey type in areas of high fishing effort. These findings suggest a
potential influence of fishing effort on the trophic dynamics of swordfish,
showing higher squid consumption in regions that are heavily impacted by
industrial fisheries, where fishery-driven declines in fish biomasses are typically
observed (Coll et al., 2013; Veloy et al., 2022). Monitoring the diet of swordfish
provides valuable and integrative information on how global change affects the
distribution and abundance of prey species and can be an early warning system

for broader ecological shifts.
Diet changes under global change scenarios

Besides contributing to our understanding of the spatial patterns of
swordfish diet, and of the environmental and human features driving prey
consumption, we also explored how the diet of species inhabiting highly
threatened marine ecosystems may change in response to climate impacts and
fishing pressure. This holds particular importance within the current context of
global ecological change, where pressure on marine ecosystems will likely

exacerbate with the progress of climate change and the potential rising
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exploitation of marine resources to meet the growing food demands of an

increasing world human population (Pecl et al., 2017).

Climate change may affect top predators directly through changes in their
physiology, behavior, and survival; or indirectly through impact on their prey.
Consequences of climate change include rising temperatures, deoxygenation of
waters, and the decrease of primary production (IPCC-AR6, 2023). Our
prospective exercise revealed that fish consumption would increase under the
low climate forcing scenario as a result of rising water temperatures and a
deeper MLD in the northwestern Mediterranean. However, this projected rise
contrasts with the decline in primary production expected globally as a
consequence of increasing temperatures (Bopp et al., 2013), which may
certainly affect negatively fish biomass. Global ecosystem models projected a
general decline in demersal and pelagic fish in response to climate-change
scenarios and the additional fishing impacts, but projected an increase in small
bathypelagic fish and cephalopods (Coll et al.,, 2020). An increase in
mesopelagic fish biomass was detected in the Mediterranean from 2005
onwards by Clavel-Henry et al. (2020). Nonetheless, Koslow et al. (2018)
suggested that a winner-loser scenario is more likely than a single trend in
mesopelagic fish abundance when midwater oxygen concentration decreases.
On the other hand, mesopelagic fishes are generally less energy-dense than
smalland medium pelagic fish, lowering their potential to meet swordfish energy

requirements (Lopez-Pérez et al., 2023).

With the reduction of dissolved oxygen concentration, the DSL is predicted
to become shallower (Netburn & Koslow, 2015; Proud et al., 2017). Swordfish
may behaviorally adapt and benefit from the creation of shallower hypoxic
boundary layers because of their higher tolerance to low oxygen concentrations
compared to other pelagic predators (R. K. Logan, Vaudo, et al., 2023a; Madigan
et al., 2021). Nevertheless, their horizontal and vertical distribution is limited by

hypoxia and temperature, and their suitable habitat is reduced when the oxygen
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minimum zone is shallower, probably because of the influence in the
distribution of prey (Abecassis et al., 2012; Sepulveda et al., 2018; Tracey et al.,
2023). Under a high climate forcing scenario, the MLD is projected to become
particularly shallow in the northwestern Mediterranean (Figure S3), where both
fish and squid consumption are projected to decrease (Figure 4). While
swordfish may exhibit resilience to the direct effects of environmental changes
(e.g., they can tolerate low oxygen levels), the indirect impacts mediated by
shifts in preferred prey availability could either exclude swordfish from this
region or significantly alter their distribution. These findings highlight the critical

role of trophic interactions in projecting future species distributions.

Our projections also suggested areduction in squid consumption under the
low forcing scenario. These results align with a reduction of suitable habitat for
squid and a poleward shift in response to ocean warming, which could translate
into less availability of squid resources and bottom-up impacts on their
predators (Alabia et al., 2016; Coll et al., 2013), but contrast with the global
increase of cephalopods projected by ecosystem models that also consider the
impacts of fisheries in their scenarios (Coll et al., 2020). Cephalopods are
expected to quickly adapt and respond faster to global change than other
species due to their short life spans and strong life-history plasticity (André et
al., 2010; Hoving et al., 2013), but their high sensitivity to inter and intra-annual
variability in environmental conditions hampers long-term predictions on their
abundance (Alabia et al., 2016; Veloy et al., 2024), ultimately shaping
consumption by swordfish. Similarly, the abundance of gelatinous organisms
such as salps and jellyfish is largely driven by ocean dynamics and climate
variability, and they are expected to thrive under anthropogenic alterations like
overfishing, eutrophication, and hypoxia, that diminish their predators and

competitors (Doubleday & Connell, 2018; E. Guerrero et al., 2018).

The trophic ecology of swordfish will also be shaped by the evolution of

fisheries and their regulations, which are not considered in our projections. If
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prey communities shift to lower-quality species or if prey size structure is
reduced due to environmental changes or fishing pressure, these shifts could
have consequences for top predators that have high energetic demands (Duffy
et al., 2017). The availability and type of prey, together with the environmental
conditions, can alter the allocation of energy reserves affecting the quality of the
swordfish products (Lazo-Andrade et al., 2021). A shiftin swordfish diet to lower
energetic prey items could contribute to reduced body condition (Johnson et al.,
2015), affecting growth and reproduction (Hatzonikolakis et al., 2021). Such
effects may be exacerbated if swordfish energy requirements are increased by
warming waters (Queiros et al., 2024). Under both scenarios (SSP1-2.6 and
SSP5-8.5), swordfish are projected to decrease in biomass and size regarding
the fishing scenarios tested (Erauskin-Extramiana et al., 2023). Changes in
swordfish abundance, condition, and distribution due to prey variability can
have significant economic implications, as swordfish support valuable
commercial fisheries worldwide (No6brega et al., 2025). In this context, fisheries
regulations need to consider which are the areas particularly impacted by diet
alterations, and the resulting effects for swordfish, allowing the dynamic

management of these highly threatened and exploited populations.
Model assumptions and further applications

Beyond diet, there are other sources of isotopic variability, including
intrinsic traits (e.g., metabolic differences, Martino et al.,, 2019) and
environmental effects such as temperature-driven fractionation (Bloomfield et
al., 2011). Moreover, we used a temporally averaged summary of environmental
variables. While this approach helps capture broad-scale spatial trends, it does
not account for potential seasonal variability in environmental conditions or
prey availability. Future studies could leverage this framework to disentangle
finer temporal dynamics. On the other hand, cumulative fishing effort was

concentrated in shallow areas (Figure S1), and may partially reflect depth-
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related gradients in the models. Nonetheless, we were able to identify broad
patterns in swordfish prey consumption and their main drivers. Regarding the
projections, our outcomes on the future diet of swordfish should be taken as a
prospective exercise, since they are only based on changing environmental
conditions. Given the substantial changes anticipated in the future for certain
parameters, future predictions must inevitably rely on extrapolation exercises,
which are particularly uncertain—especially when effects may not follow a
linear pattern. Additionally, it is essential to periodically reassess the
relationships between environmental conditions and the diet of these
organisms as these conditions evolve beyond the currently observed ranges, in
order to better understand and predict the responses of these organisms. The
spatially-explicit future projections on swordfish diet should be revisited and
updated by incorporating spatially-explicit projections on those additional diet
drivers (e.g., fishing pressure). Moreover, our ability to project swordfish diet on
a long-term time scale may be restricted by other biological interactions, such

as prey abundance or recruitment, among others.

Despite these limitations, we aimed to identify broad patterns in prey
consumption rather than provide a detailed description of swordfish diet; model
swordfish dietary responses to environmental and anthropogenic drivers and
offer new insights to understand the potential effects of global environmental
change. On the other hand, enhancing the integration of trophic ecology in
ecosystem studies can strengthen our ability to plan for and manage the
redistribution of species under global change, ensuring that the energetic needs
of predators are met and identifying hotspots of predation interactions (Bas et
al., 2025; Carroll et al., 2024). Continued large-scale monitoring of their feeding
ecology is essential for ensuring sustainable management and the long-term
viability of swordfish stocks. Relying on stable isotope analysis to monitor the
diet of these predators provides an easier way of obtaining samples and reduces

time-consuming lab procedures, reducing the time between science outputs
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and their translation into policies. Our study provides key information needed to
move towards adaptive management of this commercially important resource
(Erauskin-Extramiana et al., 2023), not only in the long term (where uncertainty
is greater) but also in the short and medium term (e.g., if a particular year is
unusually warm, the swordfish diet will be affected as well, likely reflecting

ecosystem alterations).
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SUPPLEMENTARY MATERIALS

Supplementary methods: Meta-analysis development

BSIMM inputs included isotopic values of individual swordfish and their
potential prey species. Potential prey were selected from previous studies on
swordfish diet and grouped based on similar isotopic values and taxonomy:
mesopelagic fishes; gadiforms, small and medium pelagic fishes; squid group I;
squid group Il; and gelatinous plankton. Isotopic values of prey were obtained
from the literature (Table S2). When isotopic values from prey species were not
found for the selected region (e.g., Histioteuthis bonnellii from the Gulf of Cadiz),
isotopic values from the closest available area (e.g., northwestern lberia) were

corrected for 3'°N using Somes et al. (2010) as baseline.

The different studies included samples from different species, areas, and
years. These arguments prevent direct comparisons among 8N and 3'C
values. Therefore, a meta-analysis was conducted to obtain the mean &"°N and

0"C values for each prey group and region.

In meta-analysis, statistical independence is one of the key assumptions
when pooling effect sizes (i.e., 8'°N and &'C values) (Higgins et al., 2009). This
assumption was violated in our database because different studies are gathered
and the same study can report several effect sizes for different species. To
overcome this issue, we accounted for these dependencies through a
Hierarchical Meta-Analysis Model (Harrer et al.,, 2021). To calculate the
heterogeneity variance in all models, we used the Restricted Maximum
Likelihood Estimator (REML; Viechtbauer, 2005) as it is the most robust method
for continuous effect sizes (Langan et al., 2019). All models were fitted through

the function “rma.mv” from the metafor R package v3.4-0 (Viechtbauer, 2010).
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Supplementary figures
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Figure S1. Average value per grid of environmental parameters incorporated into the
models. Fishing effort is represented in logarithmic scale for visualization.
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Figure S2. Spearman correlation between the environmental variables and fishing effort.
SST: Sea surface temperature (mean); MLD: Mixed layer depth (mean); Depth: mean
depth; fishing_effort: Cumulative fishing effort (sum); LAT: Latitude; LON: Longitude;
SDO: Dissolved oxygen concentration (mean at sea surface); SBT: Sea bottom
temperature (mean at mean depth); Chl: Chlorophyll concentration (mean at sea
surface).
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2090-2100 under SSP1-2.6 and SSP5-8.5.
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Figure S4. Mixing polygons including the swordfish isotopic values (black dots) and the
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Figure S5. Relative consumption of prey groups in the diet of swordfish from (a) the
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Cadiz obtained through Bayesian Stable Isotope Mixing Models (BSIMM). Swordfish
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Figure S6. Diagnostic plots for the GAMs of consumption of fish (a), squid (b), and
gelatinous organisms (c).

(b) teonan (C) teqconan

Figure S7. Tensor plots for the GAMs of consumption of fish (a), squid (b), and gelatinous
organisms (c).
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Supplementary tables

Table S1. Isotopic values for prey groups obtained through the meta-analysis.

53C 5N
Prey Species References
Mean SD Mean SD
Western Mediterranean Sea
Arctozenus risso,
Ceratoscopelus Cardona et al. (2007),
maderensis, .
Electrona risso Fanelli et al. (2011,
Maurolicus ’ 2013), Lloret-Lloret et al.
Mesopelagic fish . -19.61 0.75 7.97 0.87 (2020), Mir-Arguimbau et
muelleri, >
Myctonhum al. (2020), Papiol et al.
5nct§wm (2013), Valls et al.
p ¢ (2014a, 2014b, 2017)
Notoscopelus
elongatus
. Albo-Puigserver et al.
Sf‘;”;t‘;’s: (2016, 2019), Bachiller et
Mfrzucciu; al. (2020, 2021), Barria et
merluccius al. (2015), Cardona et al.
Gadiforms, . o (2012), Fanelli et al.
smalland Micromesistius (2013), Gémez-Campos
. . poutassou, -18.74 0.95 8.95 1.14 ’
medium pelagic Sardinella aurita etal. (2011), Lloret-
fish Sardina ’ Lloret et al. (2020), Mir-
X Arguimbau et al. (2020),
pilchardus,
Navarro et al. (2009),
Trachurus .
trachurus Papiol et al. (2013,
2017), Valls et al. (2014)
Cardona et al. (2012,
. Todarodes 2015), Gémez-Campos
Squid | sagittatus 1836 1.03 1031 121 a1 (2011), Valls et al.
(2014b, 2017)
Abralia veranyi, .
. . . Barria et al. (2015), Valls
Squid Il A‘nCIstrote‘ultﬁ/s -19.19 0.70 9.48 0.99 etal. (2014b, 2017)
lichtensteinii
Cardona et al. (2007,
2012, 2015), Fanelli et al.
. (2011, 2013), Mir-
Gelatinous 5;3:2/25};2 Arguimbau etal. (2020),
organisms Pelagia noc;iluca -19.27 0.89 3.51 1.02 Revelles et al. (2007),
g 8 g Tecchio et al. (2013),
Salpa sp.

Tilves et al. (2018a,
2018b), Valls et al.
(2014)
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Canary Islands

Mesopelagic fish

Gadiforms,
smalland
medium pelagic
fish

Squid |

Squid Il

Gelatinous
organisms

Diaphus
brachycephalus,
D. holti, D.
rafinesquii,
Chauliodus sloani,
Maurolicus
muelleri

-18.91 0.48 8.43 0.40

Merluccius
merluccius,
Micromesistius
poutassou, Sardina
pilchardus,
Scombersp., S.
colias, S.
scombrus,
Trachurus sp., T.
picturatus, T.
trachurus

-18.61 0.58 9.79 0.67

Illex coindetii,
Todaropsis
eblanae

-17.70  0.59 9.50 0.80

Histioteuthis

bonnellii -19.20

0.65 9.81 0.49
Chaetognaths,
Ctenophores,
Hydromedusae,
Scyphomedusae,
Siphonophores,
Tunicates

-19.87 195 7.41 0.42

Chapter 2

Olivar et al. (2019), Sorell
etal. (2017)

Gimenez et al. (2017),
Romero et al. (2021),
Varela et al. (2013, 2018)

Sorell et al. (2017),
Varela et al. (2013, 2018)

Mendez-Fernandez et al.
(2012)

Chi etal. (2021)

South of Portugal/Gulf of Cadiz

Mesopelagic fish

Gadiforms,
smalland
medium pelagic
fish

Diaphus
brachycephalus,
D. holti, D.
rafinesquii,
Chauliodus sloani,
Maurolicus
muelleri

-18.91 0.48 9.04 0.40

Merluccius
merluccius,
Micromesistius
poutassou, Sardina
pilchardus,
Scomber sp., S.
colias, S.
scombrus,
Trachurus sp., T.
picturatus, T.
trachurus

-18.61 0.58 10.40 0.42
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Squid |

Squid Il

Gelatinous
organisms

Illex coindetii,
Todaropsis
eblanae

-17.70  0.59 10.11 0.80

Histioteuthis

bonnellii -19.20  0.65

10.42 0.49
Chaetognaths,
Ctenophores,
Hydromedusae,
Scyphomedusae,
Siphonophores,
Tunicates

-19.87 0.74 8.02 0.67

Sorell et al. (2017),
Varela et al. (2013, 2018)

Mendez-Fernandez et al.
(2012)

Chi etal. (2021)

Table S2. Mean values and standard deviation (SD) of 3'3C and &'°N isotopes for
swordfish from the western Mediterranean Sea, the Canary Islands, and the South of
Portugal/Gulf of Cadiz. LJFL: lower jaw fork length (cm); n: number of samples.

513C (%o) 515N (%o)
Area LJF(I;:i?ge mean SD mean SD
\é\:ﬁem Mediterranean -1 5 173 159 -18.3 0.6 11.4 1.25
Canary Islands 78 -159 66 -18.2 0.48 11.9 0.77
Southof Portugal/Gulfof g 414, 57 1185  0.55 11.7 0.68

Cadiz

Table S3. Mean values and range (min, max) of prey consumption for swordfish from the
western Mediterranean Sea, Canary Islands and the South of Portugal/Gulf of Cadiz
obtained through Bayesian Stable Isotope Mixing Models.

Fish Squid Gelatinous prey
Area mean range mean range mean range
West
estermn 0.264 (0.19,0.34) 0.626 (0.48,0.73) 0.110  (0.08, 0.26)
Mediterranean
Canarylslands  0.181 (0.07,0.32) 0.686 (0.26,0.9) 0.133  (0.03,0.6)
South of
Portugal/Gulfof ~ 0.280 (0.22,0.33) 0.340 (0.22,0.59) 0.379  (0.16, 0.55)

Cadiz
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Table S4. Summary of the 5 best-fitted GAMs for each prey consumption showing the
percentage of deviance explained (DE), the Akaike Information Criterion (AIC), Root Mean
Square Error (RMSE) and Mean Absolute Percentage Error (MAPE).

Model AIC DE RMSE MAPE
Fish
fish ~te(LON, LAT) + s(MLD) + SST +
s(fishing_effort) -779.397 0.546 0.047 0.220
fish ~ te(LON, LAT) + s(LJFL) + s(MLD) + SST
+ s(fishing_effort) -778.977 0.557 0.047 0.222
fish ~ te(LON, LAT) + s(MLD) + SST -778.793 0.537 0.047 0.219
fish ~ te(LON, LAT) + s(LJFL) + s(MLD) + SST -778.290 0.545 0.047 0.219
fish ~te(LON, LAT) + s(MLD) + SST +
s(fishing_effort) + Chl -777.637 0.544 0.047 0.221
Squid
squid ~ te(LON, LAT) + s(LJFL) + SST +
s(fishing_effort) -449.154 0.716 0.457 2.534
squid ~ te(LON, LAT) + s(LJFL) + s(Chl) +
s(fishing_effort) -448.966 0.716 0.457 2.536
squid ~ te(LON, LAT) + s(LJFL) + s(Chl) + SST
+ s(fishing_effort) -448.829 0.718 0.457 2.536
squid ~ te(LON, LAT) + s(LJFL) +
s(fishing_effort) -448.784 0.714 0.456 2.532
squid ~ te(LON, LAT) + s(LJFL) + SST -444.417 0.704 0.457 2.536

Gelatinous organisms

gela ~ te(LON, LAT) + s(LJFL) + s(Chl) +

s(fishing_effort) -689.225  0.728 0.077 0.448
gela ~te(LON, LAT) + s(LJFL) + s(Chl) +

s(SST) + s(fishing_effort) -688.594  0.730 0.078 0.447
gela ~te(LON, LAT) + s(LJFL) + s(SST) +

s(fishing_effort) -686.558  0.727 0.078 0.442
gela ~te(LON, LAT) + s(LJFL) +

s(fishing_effort) -684.765  0.721 0.078 0.447
gela ~te(LON, LAT) + s(LJFL) + s(SST) -683.605 0.716 0.078 0.447
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Table S5. Selected GAMs. SE: Standard Error, edf: Effective Degrees of Freedom, DE:
deviance explained.

Parametric coefficients Smooth terms
Estimate SE edf DE
Fish
(Intercept) -6.29 1.63 ***  te(LON,LAT) 4.94 ***  53.4%
SST 0.25 0.08 *** s(MLD) 2.48  ***
Squid
(Intercept) 8.38 4.27 * te(LON,LAT) 10.89 ***  71.7%
SST -0.39 0.22 . s(LJFL) 3.50 **

s(fishing effort) 3.52 *
Gelatinous org.
(Intercept) -1.48 0.18 ***  te(LON,LAT) 9.93 ***  71.6%
Chl -1.91 095 * s(LJFL) 3.46  x**
s(fishing effort) 343 *

Significant codes: 0 “***”0.001 “**’ 0.01 *** 0.05°.” 0.1
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Pelagic productivity and abundance of
competitors modulate trophic niche segregation

between large predators

Reference:

Fernandez-Corredor, E., Navarro, J., Fuster-Alonso, A., Giménez, J., Garcia-
Barcelona, S., Rueda, L., Macias, D., Coll, M., & Ramirez, F. (2025). Pelagic
productivity and abundance of competitors modulate trophic niche segregation
between large predators. Proceedings of the Royal Society B: Biological
Sciences, 292(2057), 20251809. https://doi.org/10.1098/rspb.2025.1809
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Abstract

In the open ocean, large pelagic predators often share similar food resources
and feeding grounds, likely avoiding competition and coexisting through niche
partitioning. Building on this hypothesis, we combined spatial distribution data
with isotopic niche metrics and diet reconstructions based on N and C stable
isotopes to describe intra- and interspecific competition between three
sympatric predators: swordfish (Xiphias gladius), blue shark (Prionace glauca),
and shortfin mako (/surus oxyrinchus). We then evaluated the role of biological
(competitor abundance), environmental (pelagic productivity), and
anthropogenic (fishing pressure) drivers in shaping competition metrics within
and between species. Shortfin makos had a high isotopic niche overlap with blue
sharks (>80%), feeding on similar prey. In the Mediterranean, swordfish isotopic
niche was narrower than, and highly overlapped with, that of blue sharks,
although diet estimates suggest that swordfish rely more on fish while blue
sharks rely more on squid. On average, the potential for intraspecific
competition was highest for swordfish and lowest for shortfin makos. Our
results suggest that pelagic productivity and competitor abundance are key
drivers of intra- and interspecific trophic niche segregation between large
pelagic predators, respectively. They support the hypothesis that niche

partitioning is reduced under a high resource availability scenario.

KEYWORDS: swordfish, blue shark, shortfin mako, pelagic fish, isotopic niche,

competition, stable isotopes, top predators, diet, species distribution
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INTRODUCTION

Coexisting, ecologically similar individuals often compete for limited resources
(Lizé et al., 2023; Roughgarden, 1976). However, competition, and ultimately
competitive exclusion, can be mitigated through niche partitioning, a process by
which individuals differentiate their use of resources (Schoener, 1974). This
differentiation, involving fine-scale resource partitioning and spatial and/or
temporal segregation, can occur within and between species (Giménez,
Canadas, et al.,, 2017) and serves as a key mechanism facilitating the
coexistence of conspecifics and ecologically similar sympatric species (Chase
& Leibold, 2003; Navarro et al., 2024). Among those limited resources that might
be partitioned, food is particularly critical due to its significant effects on growth,

development, and reproductive performance (e.g., Kowalczyk et al., 2014).

In both intra- and interspecific contexts, trophic niche width and overlap are
determinants of competition dynamics (Bolnick et al., 2010; Costa-Pereira et al.,
2018). The width of the trophic niche reflects the range of food resources
exploited by individuals within species/populations and can vary with
environmental heterogeneity and the presence of competitors (Lesser et al.,
2020; Sexton et al., 2017). When resources become limited in the environment,
the degree of competition and the amount of overlap can be directly related
(Sale, 1974). High niche overlap between species can exacerbate competition
and drive species towards specialization or broader generalist strategies over

evolutionary time scales, depending on their relative abundance (Pianka, 1974).

In the open ocean, large pelagic predators often share similar food resources
and feeding grounds and are examples of ecologically similar species likely to
coexist in highly exploited marine regions and potentially exhibit niche
partitioning (R. K. Logan, Vaudo, et al., 2023b). Many large pelagic species like

pelagic sharks, tunas, and billfishes are heavily exploited by longline fleets, with
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the Northeast Atlantic and the Mediterranean Sea being two of their primary
fishing grounds, and the Spanish fleet leading the total catches across these
regions (Nébrega et al., 2025). The main target species of these fleets are
swordfish (Xiphias gladius) and albacore tuna (Thunnus alalunga). However,
ecologically similar species such as the blue shark (Prionace glauca) and
shortfin mako (/surus oxyrinchus) are also captured, with blue shark catches
even exceeding those of swordfish (Nébrega et al., 2025). While fisheries pose a
significant threat to large pelagic species, they can also act as an additional
competitor by removing prey and predators from the ecosystem, thereby
altering food availability and trophic dynamics (Arlinghaus et al., 2021).
Furthermore, blue and shortfin mako sharks may compete with swordfish for the
same resources, as pelagic fishes and squid constitute the main prey for all
three species (Biton-Porsmoguer et al., 2017; Fernandez-Corredor et al., 2023).
The abundance and availability of these prey species, which are also targeted by
fisheries, are closely linked to oceanographic conditions such as marine
productivity (Fernandez-Corredor et al., 2021; Rodhouse et al., 2014) and play a
key role in shaping and partitioning trophic niches (Lesser et al., 2020;

MacArthur & Pianka, 1966).

Understanding the complexity of these competitive interactions remains a
significant challenge since an appropriate proxy is required to study both intra-
and interspecific competition. In this context, stable isotope analysis (SIA) has
emerged as a pivotal tool for quantitatively studying niche dynamics and
resource partitioning among sympatric species (e.g., Galindo et al., 2021; B.
Iglesias et al., 2024; R. K. Logan, Vaudo, et al., 2023b; Marsaly et al., 2023). By
integrating information on resource use and habitat through isotopic signatures
(typically 6™C and &'°N), this approach provides both quantitative and
qualitative insights into the trophic niche, visualized within a multivariate space:
the isotopic niche (Cherel & Hobson, 2007; Newsome et al., 2007). The isotopic

niche width can be used as a proxy for diet diversity, which likely shapes
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intraspecific competition. Simultaneously, isotopic niche overlap between
coexisting species can be used to estimate the similarity of exploited resources,
potentially reflecting interspecific competition when shared resources are
limited (Pelage et al.,, 2022; Teichert et al., 2024). On the other hand,
environmental variables such as those related to oceanographic conditions can
influence the isotopic niche width and overlapped area between species (R. K.
Logan, Vaudo, et al., 2023b; Pereira et al., 2023). In addition to assessing
isotopic niche overlap between competitors, stable isotope mixing models can
be used to evaluate the relative similarity in exploiting specific prey resources.
These models provide a framework for estimating prey consumption based on
the isotopic ratios of predators and their potential prey (Stock et al., 2018). This
approach provides valuable proxies for evaluating the mechanisms underlying
trophic competition and for predicting how shifts in ecosystem dynamics and

fishing pressure may alter predator interactions and food web structure.

Most studies employing SIA have examined intra- and interspecific competition
in isolation, with relatively few investigating both components simultaneously
within ecological communities and across environmental gradients (e.g.,
Teichertet al., 2024). Here, we describe the isotopic niche and diet of swordfish,
blue shark, and shortfin mako shark from the northeast Atlantic and the western
Mediterranean Sea to unravel potential intra- and interspecific competition
between these species in a heterogeneous seascape. By examining the isotopic
niches of these species along a gradient of fishing pressure and environmental
conditions, we aim to identify the drivers of competition and unravel the
complex relationships between these top predators, their prey, and the
environment. We hypothesize that niche partitioning occurs between species
and among conspecifics, driven by the per capita availability of primary prey
through competition. Specifically, we expect that (i) in areas of higher pelagic
productivity, and therefore higher prey abundance, trophic niche partitioning

may be reduced due to decreased competition; and (ii) an increase in the
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abundance of potential competitors—including conspecifics, competing
species, and fisheries—could diminish per capita food availability, intensifying

competition, and enhancing trophic niche partitioning.

METHODS

Study species, area and data collection

We focused on three species of conservation concern: swordfish, blue shark,
and shortfin mako shark. Swordfish and blue sharks are classified as Near
Threatened by the International Union for Conservation of Nature (IUCN) at the
global level, whereas shortfin makos are considered Endangered (Collette et al.,
2022; Rigby, Barreto, Carlson, Fernando, Fordham, Francis, Herman, et al.,
2019; Rigby, Barreto, Carlson, Fernando, Fordham, Francis, Jabado, et al.,
2019). In the Mediterranean Sea, both shark species are classified as Critically

Endangered (Sims et al., 2016; Walls & Soldo, 2016).

Swordfish (n = 253), blue shark (n = 187), and shortfin mako shark (n = 31)
individuals were sampled between 2017 and 2019 by longline fishing vessels
operating along the western Mediterranean Sea and the northeastern Atlantic
Ocean (Figure 1). Both basins, connected by the Strait of Gibraltar, exhibit
distinct oceanographic, ecological, and human impact characteristics
(Longhurst, 1998; Narayanaswamy et al., 2013; Rousseau et al., 2024), thus
offering the opportunity to study the niche segregation of those species along a

gradient of environmental conditions and human activities.

Shark fork length (FL, in cm) and swordfish lower jaw fork length (LJFL, in cm)
were measured on board. White muscle samples of each individual were
collected and frozen at -20 °C until further analyses. Information related to

technical characteristics and fishery strategies of longlines can be consulted in
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Garcia-Barcelona et al. (2013). Samples were collected under the

SGBTM/BDM/AUTSPP/76 permit, with no ethics approval required.
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Figure 1. Study area and sampling locations along the western Mediterranean Sea and
the northeastern Atlantic Ocean. Grey lines delineate a spatial grid of 1° x 1°,

Environmental drivers, fisheries, and abundance

Here, we evaluated the influence of surface chlorophyll-a concentrations (Chl)
and the ‘Ocean Productivity available to Fish’ (OPFish) as proxies for prey
availability (Vidal et al., 2023), whereas the mixed layer depth (MLD) was used as
a proxy for mesopelagic and oxygen minimum zones (Y.-J. Chang et al., 2013; R.
K. Logan, Vaudo, et al., 2023b). Chl and MLD monthly values for the 2015-2019
period were obtained from the EU-Copernicus Marine Environment Monitoring

Service (https://marine.copernicus.eu/). The OPFish integrates the horizontal

gradient of Chl, the range of Chl content, and the relative day length duration to
refer to marine ecosystem feeding hotspots and use as a proxy of the potential
fish production of pelagic species (Druon et al., 2021) and was obtained from

Druon (2021).
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Spatially explicit estimates of cumulative fishing effort were obtained from
Global Fishing Watch (GFW, Kroodsma et al., 2018; accessed in 2024 from the
Google Earth Engine: https://developers.google.com/earth-engine/datasets).
We summed daily fishing records from commercial fisheries (trawlers, purse
seiners, gillnets, and longliners) to obtain spatially explicit cumulative values

covering the 2015-2019 period.

Table 1. List of explanatory variables used and their respective source and unit of
measurement.

Variables Source
Chl Chlorophyll concentration (mg-m-3) Copernicus
MLD Ocean mixed layer thickness (m) Copernicus
OPFish Ocean Productivity available to Fish (% of Druon (2021)
daily favorable occurrence)
Fishing effort Cumulative fishing effort (h/km?) Global Fishing Watch
Abundance Individuals of each species caught per this study

1,000 hooks (nCPUE: ind/1000 hooks)

Per capita food availability is also influenced by the abundance of potential
competitors, including both conspecifics and individuals of ecologically similar
species. As a proxy of the relative abundance of the three target species, data
from 2,534 longline sets from the Spanish longline fleet targeting swordfish and
albacore tuna along the study area between 2015 and 2019 were included in the
analysis (IEO Observer Program). The catch per unit effort (hnCPUE; number of
individuals per thousand hooks) was standardized using Generalized Additive
Models (GAMs) with a negative binomial error distribution to account for
overdispersion in the catch data (Supplementary Methods: Relative abundance
from standardized catch data). The number of hooks was included as an offset
variable. Latitude and longitude were incorporated using a tensor product
smooth function to capture spatial variability in catch rates. The longline type

was included as a fixed factor, while year, month and boat were treated as
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random effects to account for variability in sampling effort and fishing efficiency.
Separate models were fitted for each species and basin (Mediterranean and
Atlantic), resulting in five models (Table S1), with no model adjusted for shortfin
mako in the Mediterranean Sea due to an excess of zero catch observations.
These models were then used to predict the number of individuals caught per
1,000 hooks for each grid cell and longline type, providing spatially explicit

estimates of species relative abundance across the study area (Table 1).

White muscle tissue in large pelagic fishes reflects dietary intake over several
months. To focus on broad-scale patterns of potential competition and reduce
the influence of short-term variability, we standardized environmental variables
(MLD, Chl, and OPFish), fishing effort, and relative abundances over a common
temporal window (2015-2019). All layers were cropped to encompass the study
area and adjusted to a common resolution of 1°x19° grid cells (Figure S1) using
the raster R package v3.6-14 (Hijmans, 2023). This spatial resolution was chosen
to align with the movements of these vagile species while capturing the relevant
spatial variability in competition and its relationships with the explanatory
variables (Fernandez-Corredor et al., 2025; Houssard et al., 2017, 2019; Vidal et
al., 2023).

Stable isotope analyses

Prior to stable isotopic analysis, lipids were extracted with a
chloroform/methanol (2:1) solution to correct for the differences in lipid content
in the tissue on 3'3C values (Bligh & Dyer, 1959). For shark samples, the urea
content was extracted by placing the samples immerse in deionized water in a
sonication machine to remove the supernatant of urea, following Kim and Koch
(S. L. Kim & Koch, 2012). Samples were then dried at 60°C and ground to a fine
powder. Analyses of 3'°C and &'°N values were performed at the Laboratory of
Stable Isotopes (LIE-EBD, Spain) as described in Fernandez-Corredor et al.

(2023).
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Interspecific differences in 8'°N and &'C values were tested using two-way
PERMANOVA tests on the Euclidean distance matrix including the species and
the area (western Mediterranean, South of Portugal/Gulf of Cadiz, Canary

Islands) as factors.

Isotopic niche partitioning

The isotopic niche was estimated using Kernel Utilization Density estimators
(KUDs, Eckrich et al., 2020) using the rKIN R package v1.0.2 (Albeke, 2023).
Niche width and niche overlap between species were reported using the 2D KUD
of niche size at the 95% confidence level, which provides a good representation
of irregularly distributed data (Eckrich et al., 2020). The potential for interspecific
competition was estimated through the isotopic niche similarity between the
species by calculating the distance to the competitor's centroid (CCD) within
the isotopic niche space (see Box 1)(Layman et al., 2007; Teichert et al., 2024).
The CCD measures the dietary niche similarity of a species with its potential

competitors in the 3'*C - 3'°N space and is defined as:

N
1
CCD =5 ) d(Cy G,
k=1

where d(C;, C;) isthe Euclidean distance between C; (the centroid of the species
i) and Cy (the centroid of competitor k), N is the total number of potential
competitors, and CCD; is the mean of Euclidean distances between the centroid

of the species i and those of their competitors.

The intraspecific competition was estimated using the Intraspecific Trophic

Pressure index (ITP; modified from Pelage et al. (2022), calculated as:

ITP;; = log(nCPUE;; + 1) /KUD;,
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where nCPUE;; is the standardized catch per unit effort (individuals of species j
/1000 hooks) for the grid cell i and KUD;; is the KUD of niche size at the 95%
confidence level for the species j for the grid cell i. Abundant species with a
narrow dietary niche show high ITP values, suggesting they exert strong trophic
pressure on a limited set of resources; while less abundant species with a broad
dietary niche show lower ITP values, reflecting their use of diverse resources

(Andrades et al., 2021).

The distance to the competitor's centroid and the potential level of intraspecific
competition were calculated based on the KUD at the grid cell level. We
assessed the normality of the distribution of CCD and ITP values using the
Shapiro-Wilk test. When normally distributed, we conducted a one-way ANOVA
to evaluate differences between groups, and post-hoc pairwise comparisons
were performed using the Tukey Honestly Significant Difference (HSD) test. For
metrics that did not meet the normality assumption, we employed the Kruskal-
Wallis test or Permutational Analysis of Variance (PERMANOVA). Pairwise

comparisons were conducted using the pairwise Wilcoxon rank-sum test.

Competition metrics and relationship with drivers

To evaluate the effect of the environmental drivers and fishing pressure on inter-
and intraspecific competition for each species, isotopic data were pooled over
a 1°x1° grid and niche metrics were calculated for each cell. Models for
Intraspecific Trophic Pressure index (ITP) and distance to the competitor's
centroid (CCD) were fitted using GAMs with a Gamma distribution including
linear and additive relations with the drivers (Table 1, Supplementary Methods).
Latitude and longitude were incorporated using a tensor product smooth
function to capture spatial variability in isotopic values. All predictor variables
were checked for potential Spearman correlation, and Chl was excluded (corr

>0.8, Figure S2). The Akaike Information Criterion (AIC) and the Deviance
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Explained (DE) were used for model selection. For each competition metric, the
model with higher DE and lower AIC was chosen to evaluate the effects of
explanatory variables. GAMs were built using the mgcv R package v1.9-1 (Wood,

2017).

Food resource partitioning

We ran species-specific Bayesian Stable Isotope Mixing Models (BSIMMs) based
on "N and &'3C values to estimate the relative contribution of the potential prey
items in the diet of the three species. BSIMMs were computed using the MixSIAR
R package v3.1.12 (Stock et al., 2018) and run with a generalist type prior, three
Markov chain Monte Carlo chains of 300,000 draws and a burn-in of 200,000
draws. The convergence of models was checked using Gelman-Rubin and
Geweke diagnostics (Stock et al., 2018; Stock & Semmens, 2016). The diet-
tissue discrimination factors (DTDF) were estimated following Caut et al. (2009)
(shortfin mako DTDF: 1.08 * 0.25 for 6C and 2.4 = 0.22 for &'°N; blue shark
DTDF: 0.92 + 0.23 for 8"°C and 2.39 = 0.3 for 6'°N; swordfish DTDF: 1.13 £ 0.18
for 8'°C and 2.62 = 0.31 for §'°N; Table S2). The appropriate parameterization of
the BSIMMs was validated through the simulation of mixing polygons, where all
consumer data corrected for DTDFs should fall within the bounds of the mixing
space (Phillips et al., 2014; Smith et al., 2013). Prey groups were selected
according to the available literature to represent the main potential prey in the
diet of the three species in the Atlantic and Mediterranean, and included fishes,
squids, gelatinous organisms, and large pelagic species (Biton-Porsmoguer et
al.,, 2017; Fernandez-Corredor et al., 2023; Garibaldi & Orsi Relini, 2000).
Isotopic values of prey species were obtained from the literature and pooled into
five groups (Phillips et al., 2005) using a meta-analysis approach based on
similar isotopic values and taxonomy (Table S3, Figure S3, Supplementary

Methods). To minimize potential confounding effects with stable isotope
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baselines, we used region-specific prey values (Fernandez-Corredor et al.,

2025).

All statistical analyses were conducted using Rv4.3.3 (R Core Team, 2024).

RESULTS

Spatial distribution of the abundance

The western Mediterranean showed the lowest densities for the three species
(Figure 2). Swordfish nCPUE was higher in the Atlantic, particularly in the waters
south of the Canary Islands, than in the Mediterranean, where more individuals
were caught in the northern part. Blue sharks were more abundant in the Gulf of
Cadiz and the southern waters of Portugal (Figure 2C). Shortfin mako was the
least frequent species, with no model adjusted for the Mediterranean Sea due
to a high number of zero catch observations. Shortfin makos had a higher nCPUE

in the Gulf of Cadiz and the waters south of the Canary Islands (Figure 2B).
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Figure 2. Spatial prediction of the abundance (nCPUE, individuals-1000" hooks) for
shortfin mako (A), blue shark (B), and swordfish (C) between 2015 and 2019. Data are
predicted within a 1° x 1° grid.

Isotopic niche and competition metrics

The 3N and &'C values differed between species, showing differences
between regions (Table 2). Overall, swordfish showed lower 5'°N and 3"*C values
than blue and mako sharks (PERMANOVA p < 0.01; Table S4). Regarding the

isotopic niche width, blue sharks showed the largest KUD in the Canary Islands
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(KUD area = 10.18%02), followed by swordfish (7.5%02) and shortfin makos
(7.13%0%) (Figure 3D). In the South of Portugal/Gulf of Cadiz, blue sharks showed
the largest KUD area (10.83%0%), followed by shortfin mako (8.8%0°) and
swordfish (7.42%02). The largest isotopic niche for both swordfish (KUD area =
10.47%02) and blue shark (23.06%02) was found in the western Mediterranean.
Shortfin mako's KUD area in the western Mediterranean was not calculated due
to low sample size (n = 2).

Table 2. Mean values and standard deviation (SD) of length (FL: Fork length, for sharks;

LJFL: lower jaw fork length, for swordfish), 8'3C and &'°N values for mako, blue shark, and
swordfish. n: number of samples.

FL/LJFL (cm) 5'3C%o0 85N %o
Species Area n
mean range mean SD mean SD

Shortfin Canary Is. 10 108.4 67-156 -17.87 0.66 11.91 0.70
mako Portugal/Cadiz 19 1302 72-189 -17.78 0.71 12.56  0.70

Western Med. 2 1238 88-160 -16.69 0.55 13.08 1.05
Blue Canary Is. 50 159.0 93-237 -17.67 0.97 12.65 0.64
shark

Portugal/Céadiz 92 148.4 82-234 -17.72 0.99 12.87 0.64

Western Med. 45 118.8 43-218 -17.49 0.96 11.29 1.32
Swordfish Canary Is. 66 104.3 78-1569  -18.25 0.48 11.94 0.77

Portugal/Céadiz 27 103.4 80-114 -18.52 0.55 11.72 0.68

Western Med. 160 100.1 72-173 -18.26 0.46 11.41 1.24

Canary Is.: Canary Islands; Portugal/C&diz: South of Portugal/Gulf of Cadiz;

Western Med.: Western Mediterranean

Regional differences were observed in the isotopic overlap between the three
species (see Figure 3D and Table S5). The pairwise overlaps between species
showed a higher isotopic overlap between mako and blue sharks than with

swordfish. The percentage of overlap for swordfish isotopic niche was similar
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with both shortfin mako and blue shark, with a high overlap with blue sharks in
the Mediterranean Sea (92%), while this overlap only represented 42% of the

blue shark isotopic niche.

Distances to the competitor's centroid were shorter in the western
Mediterranean (CCD =1.13 £ 0.52 for blue sharks, and 1.17 + 0.58 for swordfish)
than in the South of Portugal/Gulf of Cadiz and the Canary Islands (ANOVA, p <
0.05). CCD for shortfin mako was higher in the Mediterranean (1.78 = 0.83). The
best-fitted model for CCD included the abundance of the three species and the
spatial component, explaining 84.3% of the deviance (Table S6). Diagnostic
plots suggested normality and homoscedasticity of the residuals (Figure S4).
The distance to the potential competitor's centroid within the isotopic niche
space increased with the abundance of the three species and decrease when

intermediate abundances were reached (Figure 4A).

On average, the potential level of intraspecific competition was higher in the
swordfish (ITP = 0.75 + 0.76) than in the blue shark (0.52 * 0.65), with both
species showing higher values than shortfin makos (0.08 + 0.05; Kruskal Wallis
p < 0.01, pairwise Wilcoxon test p < 0.05). The best-fitted model for potential
intraspecific competition included pelagic productivity, the species, and the
spatial component, explaining 52.7% of the deviance (Table S6). Diagnostic
plots suggested normality and homoscedasticity of the residuals (Figure S4).
Potential intraspecific competition intensity decreased as intermediate values

of pelagic productivity were reached (Figure 4B).

Figure 3. Isotopic niche for shortfin mako, blue shark, and swordfish based on 95% kernel
utilization densities. Isotopic niche is represented for each 1° x 1° grid cell in the South
of Portugal/Gulf of Cadiz (A), the western Mediterranean Sea (B), and the Canary Islands
(C); and summarized by area (D). The axes for each grid cell in A, B, and C are the same
as those in panel D. (next page)
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Figure 4. GAM partial effects of the explanatory variables for (A) the distance to the
competitor's centroid within the isotopic niche space (CCD) and (B) the potential
intraspecific competition estimated with the Intraspecific Trophic Pressure (ITP) index:
the panel on the left shows the partial effect of OPFish (smooth term) on ITP across all
species, while the panel on the right shows the partial effect of species (fixed term) on
ITP. Shadowed areas represent 95% confidence intervals around the main effects.

Food resource partitioning

In the Canary Islands, squid 2 (cock-eyed squids) were the most consumed prey
for the swordfish and blue shark. Together with fish 1 (mesopelagic fishes), they
contributed to almost 50% of the diet of the shortfin mako. Dietary estimates
suggested a low contribution of gelatinous prey to swordfish diet except in the
south of Portugal/Gulf of Cadiz, representing almost 50% of the contribution to
the diet (Figure 5) and followed by squid 2 (cock-eyed squids). Blue sharks
showed a similar diet for both the south of Portugal/Gulf of Cadiz and the Canary
Islands, with squid 2 being the main prey (around 40% of their diet), followed by

large pelagics. All prey groups showed similar contributions to the diet of
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shortfin mako in the Gulf of Cadiz, pointing to a generalist diet. Both sharks had
higher fish contribution to their diet than swordfish in the Gulf of Cadiz and the
Canary Islands. In the western Mediterranean, the swordfish diet was mainly
based on fish 1 (mesopelagic fishes) and squid 2 (midwater and angel squid),
while the estimated diet for blue sharks had a higher contribution of squid 1
(ommastrephids) and fish 2 (gadiforms and pelagic fish). Blue sharks showed
the lowest assimilation of fish 1 (mesopelagic fishes) in both the Mediterranean
and Atlantic Ocean. Gelman-Rubin and Geweke diagnostics suggested a

satisfactory fit for the 8 models (Table S7).

A Canary Islands B South of Portugal/Gulf of Cadiz C western Mediterranean Sea

Prey . Fish 1

Fish 2

100

25

100

75
50 ‘ ‘
0
Figure 5. Relative contribution of prey to the diet of swordfish (top row), blue sharks
(medium row), and shortfin makos (bottom row) from (a) the Canary Islands, (b) the South
of Portugal/Gulf of Cadiz, and (c) the western Mediterranean Sea obtained through

Bayesian Stable Isotope Mixing Models (BSIMMs). The composition of each prey group is
available in Table S3.
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DISCUSSION

Understanding the mechanisms that shape the trophic niche and facilitate the
coexistence of ecologically similar species is a complex challenge, particularly
inthe open ocean, where direct observations and samples are difficult to obtain.
Adopting an integrated approach, considering external drivers such as
environmental variables and fishing pressures, can offer valuable insights into
the processes that regulate competition between conspecifics and ecologically
similar species. In this study, we combined spatial distribution data, isotopic
niche metrics, and dietary reconstructions to describe spatial patterns of intra-
and interspecific potential competition. This approach allowed us to understand
how external drivers influence niche partitioning both between and within three
ecologically similar sympatric large predatory fishes. Our results suggest that
the pelagic productivity and the abundance of potential competitors are key
drivers of intra- and interspecific trophic niche segregation between large

sympatric pelagic predators.

Isotopic niche and food resource partitioning

The isotopic values and ranges observed between the three species suggest
similar trophic ecologies (Rosas-Luis et al., 2017) with some degree of niche
partitioning. Both shortfin mako and blue shark showed higher 3'°C values than
swordfish, suggesting higher use of nearshore productive regions. In the
Atlantic, swordfish showed lower &'°N values than shortfin mako and blue
sharks, which could be explained by swordfish feeding on smaller prey with
lower trophic levels than sharks (Z. Liet al., 2024). This patternis also highlighted
in our diet estimates, with swordfish having higher consumptions of gelatinous
organisms and mesopelagic fish. Shortfin mako sharks previously showed
higher 8'°N values and higher trophic positions than blue sharks in the Pacific

(Besnard et al., 2021; Maya Meneses et al., 2016). However, in the Atlantic, blue
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sharks showed the highest 8'°N values of the three species, which could be
explained by their scavenger behavior, occasionally feeding on marine mammal
carcasses (Klarian etal., 2018; Z. Lietal., 2024). Higher 8'°N values for swordfish
compared to blue sharks in the western Mediterranean can result from a higher
exploitation of deeper waters (Eduardo et al., 2023), as inferred by a higher

consumption of mesopelagic fishes in this area.

The three studied species are known to feed on multiple prey types and exploit
diverse trophic resources and habitats, consequently occupying a broad niche
space (Y. Li et al., 2016; Rosas-Luis et al., 2017). The opportunistic behavior of
blue sharks is also reflected by their consistently wider isotopic niche along the
studied area, indicative of a more generalist diet than swordfish and shortfin
mako sharks. However, previous studies in the Pacific found a wider isotopic
niche for shortfin mako, consuming a wider variety of prey than blue sharks,
which were feeding mainly in the most abundant crustacean and squid species
in the studied area, pointing to a more specialized diet (Maya Meneses et al.,
2016). Awiderisotopic niche can result from trophic plasticity and adaptation to
environmental heterogeneity, as well as from limited per capita prey availability
(Stephens & Krebs, 1986). In the Mediterranean, swordfish and blue sharks'
isotopic niches were wider, suggesting more dietary variability in prey size/type
in this area. Although the abundance of the three potential competitors is lower
than in the Atlantic, per capita prey availability is likely limited. The western
Mediterranean is a highly exploited area (Coll et al., 2012; Colloca et al., 2017)
where fisheries are removing prey and can act as competitors themselves
(Arlinghaus et al., 2021). This scarcity may lead to heightened interspecific
competition, expanding trophic and isotopic niche breadths (Morin, 2009). In
more productive areas such as the Eastern Tropical Pacific, no overlap was
found between swordfish and blue shark or shortfin mako (Y. Li et al., 2016;
Rosas-Luis etal., 2017). Alack of overlap was also reported for the three species

in the northeast central Pacific (Y. Li et al., 2016); however, blue shark and
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shortfin mako showed highly overlapping isotopic niches in the Ecuadorian
Pacific area (Rosas-Luis et al., 2017). Here, we found that shortfin mako sharks
had a high isotopic niche overlap with blue sharks (over 80%), with similar prey
consumption obtained from the mixing models, suggesting the potential for

competition for resources.

Although the studied species feed mainly on squid and pelagic fishes (Biton-
Porsmoguer et al., 2017; Fernandez-Corredor et al., 2023; Politi, 1997), regional
variations in prey contribution proportions can lead to the observed isotopic
differences. Regarding fish prey, swordfish showed higher consumption of
mesopelagic fishes in the Mediterranean, while blue sharks seem to prefer
pelagic fishes. We found a high overlap between swordfish isotopic niche and
blue sharks in the western Mediterranean (more than 90%), suggesting that
swordfish may share more food resources with blue sharks than in the Atlantic.
However, the diet estimates suggested that these two species rely on different
prey groups, with swordfish showing higher consumption of mesopelagic fish
and midwater and angel squids, while blue sharks showed higher proportions of
pelagic fishes and ommastrephids. Previous studies showed indications of
trophic niche partitioning between the two shark species on the northeastern
Atlantic, with fish being the main prey for shortfin makos, and blue sharks' diet
being dominated by cephalopods (Biton-Porsmoguer et al., 2017). This example
of food partitioning among coexisting species often reduces niche overlap and

helps reduce interspecific competition (Vollrath et al., 2021).

Competition metrics and drivers

When the abundance of competitors is low, competition for resources is
expected to be at its lowest, enabling an extensive niche overlap (Pianka, 1974).
Under these conditions, generalist species such as those in this study are
expected to feed on whatever is abundant, resulting in similar isotopic values
and low isotopic distance between them. Accordingly, our results suggest that
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isotopic differences between swordfish and sharks were minimal (i.e., low CCD;
Figure 4A and Box 1A) in areas of low potential competitor abundances. As the
abundance of competitors increased, the isotopic distance between species
increased (i.e., high CCD), suggesting a possible change in trophic behavior
through the diversification of prey items. This behavior can be interpreted as an
example of food partitioning where species use different resources to avoid
competition, which results in a higher isotopic distance (Lesser et al., 2020).
However, as potential competitor abundance increased, the isotopic distance
decreased, suggesting that in the areas with the highest abundance of
competitors, the resource partitioning decreased. This could be explained by
competitors aggregating in areas where food resources are abundant, leading to

isotopic similarities due to similar prey consumption (Box 1).

In the open ocean, the distribution and the availability of pelagic resources over
time and space are key factors shaping top predators’ feeding behavior (Z. Li et
al., 2024). Our results point to pelagic productivity as the main driver shaping the
intraspecific competition and support the hypothesis of niche partitioning
between conspecifics being reduced (i.e., low ITP) under a high resource
availability scenario (Box 1C). Additionally, we anticipated that an increase in
the abundance of competitors would enhance trophic niche segregation by
reducing per capita food availability. However, we did not find a relationship
between intraspecific trophic pressure and fishing effort, and found the highest
isotopic distances in areas of intermediate predator abundance, although the
limited number of intermediate values increased uncertainty in the observed

peak (Figure 4A).

The different scenarios illustrating how isotopic niche dynamics are influenced
by pelagic productivity and competitor abundance according to our results (see
Box 1B) suggest that at both productivity scenarios, our indicators exhibit similar

variations for both competitor abundance extremes (i.e., low ITP and low CCD
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Box 1. Conceptual framework based on the modeled relationships between
competitor abundance and isotopic distance to competitor centroid (CCD), and
pelagic productivity and the Intraspecific Trophic Pressure index (ITP).
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This figure illustrates the relationship between the different drivers and the different
metrics used in this study to evaluate isotopic niche metrics as a proxy of intra- and
interspecific competition. The blue lines represent the output from the GAMs
showing (A) how the distance between centroids (y-axis) changes with competitor
abundance (x-axis), and (C) how the intraspecific trophic pressure (x-axis) changes
with pelagic productivity (y-axis). Panel B presents a matrix summarizing the
interaction between pelagic productivity and competitor abundance, highlighting
their effects on ITP and CCD. Each point in (B) represents individual isotopic values
for species 1 (red) and species 2 (blue), bigger points denote the centroid for each
species isotopic niche, represented by the shadowed area, and the grey lines

represent the distance between the centroids.
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a)

b)

c)

d)

e)

f)

Box 1. (continued)

The matrix is divided into six quadrants, representing various combinations of

competitor abundance and pelagic productivity:

High pelagic productivity, Low competitor abundance: Both ITP and CCD
were low, reflecting a scenario where abundant resources minimize
competition and niche segregation is not necessary.

High pelagic productivity, Intermediate competitor abundance: Low ITP and
high CCD characterize this scenario. Resource availability allows species to
diversify their niches, increasing isotopic distance among species and
maintaining the intraspecific pressure low.

High pelagic productivity, High competitor abundance: Under conditions of
high resource availability and competitor abundance, intraspecific
competition may become more prevalent than interspecific competition. In
such cases, species may maintain broader isotopic niches (low ITP) to
reduce overlap with conspecifics, even if it results in greater isotopic overlap
with other species (low CCD).

Low pelagic productivity, Low competitor abundance: With fewer
competitors and low productivity, competition persists due to resource
scarcity, with limited isotopic niche separation (low CCD) and high
competition among conspecifics (high ITP).

Low pelagic productivity, Intermediate competitor abundance: The moderate
abundance of competitors may encourage niche diversification, increasing
isotopic distance between species (high CCD) while maintaining
intraspecific competition pressure. This could be driven by density-
dependent processes, where the most direct competitoris another individual
with identical ecological requirements (high ITP).

Low pelagic productivity, High competitor abundance: Limited resources
likely intensify competition, reducing isotopic differentiation among
conspecifics and competitors due to feeding on the same prey. This scenario
results in high ITP and low CCD.

were found for the high pelagic productivity scenario at the lowest and highest

competitor abundances). This limitation indicates that using only these two

metrics may not be sufficient to comprehensively understand niche dynamics.

Itis likely that additional factors and mechanisms, such as behavioral plasticity,

prey switching, or fine-scale habitat use, are influencing niche partitioning in

ways not captured by isotopic metrics alone. Thus, our inferences should be

viewed as conservative, and future studies should consider integrating
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complementary approaches, such as tagging studies (e.g., Houssard et al.,
2017), to gain a more holistic perspective on competitive interactions and

resource use.

Limitations and broader implications

We examined trophic niche and food resource partitioning between ecologically
similar species and conspecifics using isotopic niches and diet reconstructions
through mixing models. White muscle isotopes reflect diet over several months,
offering an integrated summary of trophic interactions but limiting fine-scale
resolution. Moreover, while using temporally averaged pelagic productivity
values helped capture broad-scale influence on competition, it does not
account for potential seasonal variability. Nevertheless, the inclusion of pelagic
productivity and potential competitor abundance significantly improved model
performance over the null models, indicating their relevance in shaping ITP and
CCD values, respectively. Our findings indicate that per capita food availability,
likely driven by pelagic productivity and potential competitor abundance, plays
a relevant role in shaping niche partitioning. However, we acknowledge that
niche partitioning extends beyond the trophic dimension, encompassing other
ecological and behavioural factors, including fine-scale temporal and spatial
segregations (e.g., seasonal and diel variability in diving behavior; R. K. Logan,
Vaudo, et al.,, 2023b). Despite overlapping horizontal habitats, both shark
species undertake vertical movements up to 300 m during the day, returning to
the surface at night, whereas swordfish display more pronounced vertical
movements, spending daylight hours below the mixing layer and surfacing at
night, as inferred by their high consumption of mesopelagic prey (Andrzejaczek
et al., 2022; J. M. Logan et al., 2021; Madigan et al., 2021; Santos et al., 2021).
Future research could leverage this framework to integrate these other

dimensions, providing a more comprehensive understanding of niche
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partitioning between ecologically similar species and disentangling finer

temporal dynamics.

Our modeling approaches predict that blue sharks were particularly abundant
in the Gulf of Cadiz and the southern waters of Portugal, thus aligning with
findings from previous electronic tagging studies (Coelho et al., 2018; Queiroz et
al., 2012). Model predictions also reveal higher abundances of shortfin mako
sharks in the Gulf of Cadiz and the southern waters of the Canary Islands, as
described in Santos et al. (2021). Our predictions for swordfish are consistent
with previous research on this species and suggest higher abundances around
the Canary Islands (Schirripa et al., 2021). We also provide the first assessments
of swordfish distribution for the western Mediterranean Sea, despite the high
commercial value of this species and the declining trends of this stock in the
Mediterranean over the last 50 years (ICCAT, 2023). The reduced populations of
the three species in the Mediterranean Sea, with shortfin makos nearly absent
in the western part, make them more vulnerable to stochastic ecological
stressors (Chase & Leibold, 2003) and highlight their vulnerability in the
Mediterranean region. In this context, we could not estimate the diet of shortfin
mako sharks in the Mediterranean due to insufficient samples. For the Canary
Islands, while 10 samples for shortfin mako were available, larger sample sizes

would provide more robust diet inferences.

Understanding how resource use and niche partitioning have shifted in response
to historical variability can provide insights into how predators will respond to
future environmental changes (Portner et al., 2025). According to our results, if
global change, including fishing and climatic pressures, leads to declining prey
abundance, interspecific competition will likely increase and may impact less
opportunistic species more severely (Weideli et al.,, 2023). Further prey
reductions may increase intraspecific pressure, driving shifts in feeding

behavior and expanding niches, potentially causing greater overlap and
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interspecific competition. Those may explain the low numbers of shortfin mako
and blue sharks in the Mediterranean, where competitive pressures together
with the slower intrinsic rates of population growth of sharks may favor
swordfish (Dulvy et al., 2024). On the other hand, changes in prey abundance,
particularly of squid, the main prey for the three species, are expected to be
spatially heterogeneous (Veloy et al., 2024). In areas of high trophic overlap of
predators, prey changes will potentially impact all species, while in regions
where the overlap is lower, segregation could allow ecologically redundant
species, less affected by the changes, to compensate for the ecological roles of

more impacted species, potentially buffering ecosystem-level effects.

In conclusion, our study highlights the interplay between resource use,
competition, and oceanic productivity between large pelagic fishes in the
Mediterranean and the northeast Atlantic. These pressures may intensify intra-
and interspecific competition, potentially favoring species with adaptive
advantages such as opportunistic feeding or rapid reproductive rates.
Understanding these interactions becomes crucial for predicting population
trends and developing effective conservation strategies that address both direct

and indirect consequences of alterations in food availability.
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SUPPLEMENTARY MATERIALS

Supplementary methods: Meta-analysis development

BSIMM inputs included isotopic values of shortfin mako, blue shark and
swordfish, and their potential prey species. Potential prey were grouped based
on similar isotopic values and taxonomy following Phillips et al. (2005):
mesopelagic fishes; gadiforms, small and medium pelagic fishes; squid group I;
squid group Il; and gelatinous plankton. Isotopic values of prey were obtained
from the literature (Table S2). When isotopic values from prey species were not
found for the selected region (e.g., Histioteuthis bonnellii from the Gulf of Cadiz),
isotopic values from the closest available area (e.g., northwestern lberia) were

corrected for 3'°N using Somes et al. (2010) as baseline.

The different studies included samples from different species, areas, and
years. These arguments prevent direct comparisons among 8N and 3'C
values. Therefore, a meta-analysis was conducted to obtain the mean &"°N and

3"C values for each prey group and region.

In meta-analysis, statistical independence is one of the key assumptions
when pooling effect sizes (i.e., 8'°N and &'C values) (Higgins et al., 2009). This
assumption was violated in our database because different studies are gathered
and the same study can report several effect sizes for different species. To
overcome this issue, we accounted for these dependencies through a
Hierarchical Meta-Analysis Model (Harrer et al.,, 2021). To calculate the
heterogeneity variance in all models, we used the Restricted Maximum
Likelihood Estimator (REML; Viechtbauer, 2005) as it is the most robust method
for continuous effect sizes (Langan et al., 2019). All models were fitted through

the function “rma.mv” from the metafor R package v3.4-0 (Viechtbauer, 2010).
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Supplementary methods: Relative abundance from standardized catch data

We fitted Generalized Additive Models to estimate the relative abundance of the
three studied species using the catch per unit effort (h\CPUE) from a total of
2,534 longline sets from the Spanish longline fleet targeting swordfish and
albacore tuna along the study area between 2015 and 2019 (IEO Observer
Program). Models were fitted with a negative binomial error distribution to
account for dispersion in the catch data including linear and additive relations

with the covariates, and spatial variability, according to the following equation:
Yijis ~ Gamma(#ijks,s‘b), i=1,..,n,

log(.uijks) =2 BiXij + filXi) + fs(xi ¥,

where Y represents the niche metric at the i observation with a total of n
observations. Y, follows a Gamma probability distribution with parameters
Uijks» the number of individuals caught; and ¢, the dispersion. The parameter of
interest ;s is linked to the predictor by a log link function; and the predictor

contains a j number of fixed effects },; f;;X;;; a k number of smooth functions

ijs
fix(Xii); and a f's tensor effect for the spatial variability f;(x;, v;) where x; and y;
correspond to the latitude and longitude of the observation i. The number of
hooks was included as an offset variable. The longline type was included as a
fixed factor, while year, month and boat were treated as random effects to
account for variability in sampling effort and fishing efficiency.

Ninaividuais~ te(LON, LAT) + longline + s(boat, bs = re) + s(year,month, bs = re)
+ Offset(log(nhaoks))

Separate models were fitted for each species and basin (Mediterranean and
Atlantic), resulting in five models (Table S1), with no model adjusted for mako
sharks in the Mediterranean Sea due to an excess of zero catch observations.

These models were then used to predict the number of individuals caught per
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1,000 hooks for each grid cell and longline configuration, providing a spatially

explicit estimate of species relative abundance across the study area.

Supplementary methods: Competition metrics and relationship with drivers

We fitted Generalized Additive Models to evaluate the influence of
environmental and anthropogenic drivers in the isotopic niche of large pelagic
predators. Models for Intraspecific Trophic Pressure index (ITP) and distance to
the competitor's centroid (CCD) were fitted with a Gaussian distribution
including linear and additive relations with the covariates, and spatial variability,

according to the following equation:
Yijis ~ Gamma(#ijks,s‘b), i=1,..,n

lOg(liijks) =2 BiXij + fi (X)) + fs(xi, 1),

where Y represents the niche metric at the i observation with a total of n
observations. Y follows a Gamma probability distribution with parameters
Uijks» the mean of the proportion; and ¢, the dispersion. The parameter of
interest ;s is linked to the predictor by a log link function; and the predictor

contains a j number of fixed effects }.; §;X;;; a k number of smooth functions

ij>
fi.(Xix); and a f; tensor effect for the spatial variability f;(x;, ;).

All predictor variables were checked for potential Spearman correlation, and Chl

was excluded (corr > 0.8, Figure S2).

We aimed to select the simplest model that maintained strong performance,
avoiding unnecessary complexity or overfitting. For that, we tested all
combinations of drivers, ran the resulting GAMs, and ranked the models
according to the lowest Akaike Information Criterion (AIC). Deviance Explained

(DE) was used to assess the explanatory power of the 5 best-fitted models.
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Supplementary figures
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Figure S1. Average value per grid cell of the potential environmental drivers obtained
from Copernicus and cumulative fishing effort calculated from Global Fishing Watch for
the 2015-2019 period. Fishing effortis represented in a logarithmic scale for visualization.
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Figure S2. Spearman correlation between the environmental variables and fishing effort.
MLD: Mixed layer depth (mean); Fishing effort: Cumulative fishing effort (sum); Chl:
Chlorophyll concentration (mean at sea surface); OPF: Ocean Productivity available to
Fish (mean).
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Canary Islands

South of Partugal/Gulf of Cadiz

western Mediterranean Sea
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Figure S3. Isotopic values (mean + SD) for the groups of potential prey sources described

in Table S3.
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Figure S4. Diagnostic plots for the GAMs for (A) the distance to

(CCD) and (B) Intraspecific Trophic Pressure (ITP) index.
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Table S1. Summary of the selected GAM for each prey consumption, showing the
percentage of deviance explained (DE).

Species Basin %DE
Shortfin mako Atlantic 43.8
Blue shark Atlantic 52.4
Mediterranean 61.5
Swordfish Atlantic 55.2
Mediterranean 49.2

Table S2. Diet-tissue discrimination factors (DTDF) for shortfin mako, blue shark, and
swordfish 8'3C and &'°N, estimated following Caut et al. (2009).

DTDF
5'3C 55N
Shortfin mako 1.08+£0.25 2.4+£0.22
Blue shark 0.92+0.23 2.39+0.3
Swordfish 1.13+0.18 2.62+0.31

Table S3. Isotopic values for the different prey groups obtained from bibliography and
pooled through meta-analysis.

Prey

5°C 5N

References

Species

Mean SD Mean SD

Western Mediterranean Sea

Fish 1
(mesopelagic
fishes)

Fish 2 (gadiforms
and pelagic fish)

Arctozenus risso,
Ceratoscopelus
maderensis,
Electrona risso,
Maurolicus muelleri,
Myctophum
punctatum,
Notoscopelus
elongatus

-19.61 0.75 7.97 0.87

Gadiculus argenteus,
Merluccius
merluccius,
Micromesistius
poutassou, Sardinella
aurita, Sardina
pilchardus, Trachurus
trachurus

-18.74  0.95 8.95 1.14

147

Cardona et al. (2007),
Fanelli et al. (2011, 2013),
Lloret-Lloret et al. (2020),
Mir-Arguimbau et al. (2020),
Papiol et al. (2013), Valls et
al. (2014a, 2014b, 2017)

Albo-Puigserver et al. (2016,
2019), Bachiller et al. (2020,
2021), Barria et al. (2015),
Cardona et al. (2012),
Fanelli et al. (2013), Gomez-
Campos etal. (2011), Lloret-
Lloret et al. (2020), Mir-
Arguimbau et al. (2020),
Navarro et al. (2009), Papiol
etal. (2013, 2017), Valls et
al. (2014b)
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Cardona et al. (2012, 2015),

Squid 1 " Gémez-Campos et al.
(ommastrephids) Todarodes sagittatus 18.36 1.03 10.31 1.21 (2011), Valis et al. (2014b,
2017)
Squid 2 Abralia veranyi, .
(midwater and Ancistroteuthis -19.19  0.70 9.48 0.99 Barria et al. (2015), Valls et
. . o al. (2014b, 2017)
angel squid) lichtensteinii
Cardona et al. (2007, 2012,
2015), Fanelli et al. (2011,
Cotylorhiza 2013), Mir-Arguimbau et al.
Gelatinous prey tuberculata, Pelagia -19.27 0.89 3.51 1.02  (2020), Revelles et al.
noctiluca, Salpa sp. (2007), Tecchio et al. (2013),
Tilves et al. (2018a, 2018b),
Valls et al. (2014b)
Thunnus alalunga, C’ardona etal. (2012),
Thunnus thynnus Lépez-Berenguer et al.
Large pelagics 4 ’ -17.93 0.27 10.45 0.49 (2020), Medina et al. (2015),
Stenella
coeruleoalba Revelles et al. (2007), Varela
etal. (2012, 2018b, 2019)
South of Portugal/Gulf of Cadiz
Diaphus
Fish 1 brachycephalus, D. .
(mesopelagic holti, D. rafinesquii, 1891 048 904 04 Sl“\(’;;f;)al' (2019), Sorell et
fishes) Chauliodus sloani, :
Maurolicus muelleri
Merluccius
merluccius,
Micromesistius
. . poutassou, Sardina Giménez et al. (2017),
:':g Zéia?g;rs:)s pilchardus, Scomber ~ -18.61 0.58  10.4  0.42 Romero etal. (2021), Varela
pelag sp., S. colias, S. etal. (2013, 2018)
scombrus, Trachurus
sp., T. picturatus, T.
trachurus
Squid 1 Illex coindetii, Sorell et al. (2017), Varela et
(ommastrephids)  Todaropsis eblanae 1770 059 1011 o8 al. (2013, 2018a)
Squid 2 (cock- Histioteuthis Mendez-Fernandez et al.
eyed squids) bonnellii -19.20 065 1042 0.49 (2012)
Chaetognaths,
Ctenophores,
Gelatinousprey  ydromedusae, -19.87 1.95 802 0.67 Chietal (2021)
Scyphomedusae,
Siphonophores,
Tunicates

148



Large pelagics

Xiphias gladius,
Thunnus alalunga,
Thunnus thynnus,
Stenella
coeruleoalba

-18.37 0.20 11.16  0.44

Chapter 3

Fernéandez-Corredor et al.
(2023), Pintado-Herrera et
al. (2024), Prieto-Amador et
al. (2022), Varela et al.
(2018a, 2023)

Canary Islands

Fish 1
(mesopelagic
fishes)

Fish 2 (gadiforms
and pelagic fish)

Squid 1
(ommastrephids)

Squid 2 (cock-
eyed squids)

Gelatinous prey

Large pelagics

Diaphus
brachycephalus, D.
holti, D. rafinesquii,
Chauliodus sloani,
Maurolicus muelleri

-18.91 0.48 8.43 0.4

Merluccius
merluccius,
Micromesistius
poutassou, Sardina
pilchardus, Scomber
sp., S. colias, S.
scombrus, Trachurus
sp., T. picturatus, T.
trachurus

-18.61 0.67

Illex coindetii,

-17.7
Todaropsis eblanae 0

Histioteuthis

bonnellii -18.20

0.65 0.49

Chaetognaths,
Ctenophores,
Hydromedusae,
Scyphomedusae,
Siphonophores,
Tunicates

-19.87  0.74 7.41 0.42

Xiphias gladius,
Thunnus thynnus,
Delphinus delphis,
Stenella
coeruleoalba,
Stenella frontalis

-18.09 0.31 11.12 0.72

Olivar et al. (2019), Sorell et
al. (2017)

Giménez et al. (2017),
Romero et al. (2021), Varela
etal. (2013, 2018)

Sorell et al. (2017), Varela et
al. (2013, 2018a)

Mendez-Fernandez et al.
(2012)

Chi et al. (2021)

Bode et al. (2022),
Fernéndez-Corredor et al.
(2023), Varela et al. (2022)
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Table S4. Summary of PERMANOVA test examining differences in isotopic composition
(3'*N and &'C) between areas (western Mediterranean Sea, South of Portugal/Gulf of
Cadiz, and the Canary Islands), species (mako, blue shark, and swordfish), and their
interaction.

Df SumOfSqgs R2 F Pr(>F)
Area 2 133.25 0.14 44.58 1.00E-04
Species 2 64.57 0.07 21.60 1.00E-04
Area x Species 4 32.76 0.04 5.48 2.00E-04
Residual 463 691.96 0.75
Total 471 922.55 1.00
Pairwise tests Df SumOfSgs R2 F p
Species
Shortfin mako vs Blue shark 1 0.35 0.01 0.18 0.836
Shortfin mako vs Swordfish 1 25.75 0.06 18.10 0.001
Blue shark vs Swordfish 1 120.51 0.14 69.47 0.001
Area
western Med. vs Portugal/Cadiz 1 122.57 0.16 66.23 0.001
western Med. vs Canary Is. 1 53.53 0.08 30.45 0.001
Portugal/Céadiz vs Canary Is. 1 10.30 0.03 7.52 0.001
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Table S5. Isotopic niche estimates based on 95% kernel utilization densities (KUD) for
swordfish, shortfin mako, and blue shark captured in the Canary Islands, the South of
Portugal, and the western Mediterranean Sea. The percentage of overlap of the isotopic
area of groups is shown as the first column group versus the ones of the first row.

Isotopic niche overlap (%
Isotopic niche P P (%)

area (95% KUD) Shortfin Blue Swordfish
mako shark
Canary Islands
Shortfin - 82.9 70.9
mako 7.13
Blue shark 10.18 58.1 - 54.5
Swordfish 7.50 67.3 74 -
South of Shortfin - 80.2 57.8
Portugal/Gulf mako 8.80
of Cadiz Blue shark 10.83 65.1 - 39.5
Swordfish 7.42 68.6 576 -
Western
Mediterranean
Blue shark 23.06 - 41.8
Swordfish 10.47 921 -

Table S6. Selected GAMs for the distance to competitor centroids (CCD) and
Intraspecific Trophic Pressure (ITP) index. SE: Standard Error, edf: Effective Degrees of
Freedom, DE: deviance explained.

Parametric coefficients Smooth terms
Estimate SE edf DE
CCD
(Intercept) 0.912 0.024 ***  te(LON,LAT) 22.486 ***  82.6%
s(all spp. 8.837  ***
abundance)
ITP
Shortfin mako 13.606 4.465 **  te(LON,LAT) 8.378 **  52.6%
Blue shark -11.17 4.466 * s(opf) 2
Swordfish -11.84 4467 *

Significant codes: 0 “****0.001 *** 0.01 ‘*’ 0.05 ‘. 0.1
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Table S7. Mixing model diagnostics

Gelman-Rubin

Diagnostic Geweke Diagnostic
Variables outside +/-1.96 in
Western Blue shark Out of 39 variables: 0>1.01  each chain (out of 39):
Mediterranean 0>1.05 Chain 1 Chain 2 Chain 3
Sea 0>1.1 17 0 2
Out of 164 variables: 0 > Variables outside +/-1.96 in
Swordfish 1.01 each chaln(gut of1§4):
0>1.05 Chain 1 Chain 2 Chain 3
0>1.1 0 3 6
Variables outside +/-1.96 in
South of Out of 2 iables: 0 0 h chai f 25):
Portugal/Gulf Shortfin mako ut of 25 variables: 0> 1.01 eac' c aln(<')uto 5').
e 0>1.05 Chain 1 Chain 2 Chain 3
of Cadiz
0>1.1 11 2
Variables outside +/-1.96 in
Blue shark Out of 83 variables: 0> 1.01 each chaln(gut of 83"):
0>1.05 Chain 1 Chain 2 Chain 3
0>1.1 1 3 8
Variables outside +/-1.96 in
Swordfish Out of 71 variables: 0> 1.01 each cham(f)ut of 71'):
0>1.05 Chain 1 Chain 2 Chain 3
0>1.1 0o 0 1
Variables outside +/-1.96 in
Shortfin mako Out of 21 variables: 0> 1.01 each cham(f)ut of 21'):
0>1.05 Chain 1 Chain 2 Chain 3
Canary Islands 0>1.1 4 0 1
Variables outside +/-1.96 in
Blue shark Out of 48 variables: 0> 1.01 each cham(gut of4§):
0>1.05 Chain 1 Chain 2 Chain 3
0>1.1 1 1 4
Variables outside +/-1.96 in
Swordfish Out of 34 variables: 0> 1.01 each chaln(gut of 34'):
0>1.05 Chain 1 Chain 2 Chain 3
0>1.1 0 0 2
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The central aim of this thesis was to generate new knowledge on the trophic
ecology of large pelagic predatory fishes. Given that trophic interactions play a
fundamental role in shaping ecosystem dynamics and functioning, accurately
estimating the trophic ecology of predators is essential for advancing our
understanding of natural systems (Nielsen et al., 2018). This thesis went beyond
estimating trophic ecology by also evaluating its variability, particularly spatial
variability, and examining how different biological, environmental, and
anthropogenic factors interact to shape the trophic and competition dynamics
of large pelagic fish. The studies addressed not only what predators eat, but also

how and why their diets vary.

This discussion integrates the results obtained throughout the chapters of the
thesis and frames them within the context of five overarching research

questions:

1. Why should we study the trophic ecology of large pelagic fishes?
2. How can we best investigate their trophic ecology?

3. What are these predators feeding on?

4. How is global change affecting it?
5

How can we translate this into conservation and management?

Large pelagic fishes as sentinel species

To address the question of why it is important to study the trophic ecology of
large pelagic fishes, this section explores their role as sentinel species,
highlighting how their feeding ecology can provide critical insights into

ecosystem dynamics and the impacts of environmental change.

As introduced earlier in this thesis, the difficulties inherent in observing the

highly dynamic ocean at relevant timescales, along with the associated
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technological constraints, limit the understanding of the scale and impact of

environmental variation in the open ocean (see The pelagic realm as a case

study).

While traditional observing systems (e.g., ship- and shore-based sampling,
satellite-borne sensors) can monitor a wide range of environmental and physical
properties, these measures are often constrained to single trophic levels or
spatial scales (e.g., measurements derived from satellite data limited to the
ocean surface). Therefore, understanding the impact of environmental and
human stressors on the open ocean and the ecosystem response, which
includes alterations in ecosystem function, distribution and abundance shifts of
prey, cascading effects, and changes in food-web dynamics, requires new

approaches.

Inthat sense, the use of “sentinel” species appears to provide information about
unobserved components of the ecosystem (Hazen et al., 2019, 2024). Here, we
focus on elucidating sentinels (i.e., when there are unmeasured or unstudied
components of an ecosystem about which the sentinel provides information)
(Hazen et al., 2019). These ecosystem sentinels are being increasingly used to
improve our comprehension of human impacts and ecosystem changes that are
otherwise difficult to directly observe or measure, particularly in data-sparse
and highly variable regions such as the open ocean (e.g., Beltran et al., 2025).
However, selecting the appropriate species can be challenging and includes
criteria such as visibility, ease of sampling, and having a clear and measurable
response to ecosystem perturbations (Clark-Wolf et al., 2024; Hazen et al.,

2024).

One of the measurable attributes of sentinel species is their trophic ecology,
offering direct insights into trophic position and ecosystem trophodynamics
(Hazen et al., 2019). Top predators are good candidates as they are usually long-

lived, large-bodied species that can be more sensitive and indicative of change
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at multiple trophic levels, offering insights into prey species in areas and at
scales that are otherwise difficult (when notimpossible) to measure (Clark-Wolf

et al., 2024).

Many marine top predators have been proposed as ecosystem sentinels (e.g.,
elephant seals, penguins; Beltran et al., 2025; Schoombie et al., 2024). In
particular, large pelagic predatory fishes (i.e., tunas, billfishes, and oceanic
sharks) are strong candidates for assessment of oceanic ecosystems due to

several reasons (Juan-Jord4 et al., 2022):

1) They are among the largest and most functionally unique megafaunal
predators in pelagic ecosystems, playing a critical role in regulating the
structure, function, and stability of oceanic ecosystems (Coll et al.,
2024; Fernandez-Corredor et al., 2024).

2) These highly mobile species often forage in extensive areas across
ocean basins, integrating broad-scale prey abundance (Hazen et al.,
2024) and providing a valuable indicator of prey populations in important
but poorly understood ecosystems such as the open ocean (Beltran et
al., 2025; Lorrain et al., 2020).

3) They display varying levels of resilience to overfishing and span a broad
spectrum of fisheries categories, ranging from economically valuable
target species to ecologically significant bycatch (Sharma et al., 2025).

4) They are consistently monitored and assessed by the five tuna RFMOs,
which have generated time series data on biomass and fishing mortality
rates for approximately 60% of their populations (Juan-Jorda et al.,

2022).

Focusing on the three studied species —swordfish, blue sharks, and shortfin
makos— they were all described as deep-diving, generalist predators (see

Trophic ecology overview for large pelagic predators), and changes in their diet

can be indicative of changes at the community level (Hazen et al., 2019).
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However, we focus on swordfish as a potential sentinel species. Using
commercial species guarantees a relatively easy access to samples and their
continuous availability, allowing for large-scale monitoring. Although blue and
shortfin mako sharks are commercially fished in the Atlantic, their capturein the
Mediterranean is not allowed as direct catch. Therefore, together with the low
abundances of both species reported in Chapter 3, swordfish was the most

suitable candidate to act as a sentinel species in our study area.

As shown in Chapter 1, changes in time in the swordfish diet seemed to align
with variations in prey availability documented from fisheries data. Their
frequent foraging in mesopelagic waters, for which the lack of data presents a
significant challenge, provides an opportunity for long-term monitoring of the
overlooked mesopelagic community. Furthermore, we showed in Chapter 2
that monitoring the diet of swordfish provides valuable and integrative
information on how global change affects the distribution and abundance of
prey species and can be an early warning system for broader ecological shifts.
Consequently, this supports the use of swordfish as valuable sentinels of the
pelagic realm. Swordfish have also been proposed as a promising ecosystem
sentinel species in the North Pacific, where long-term data on their trophic
ecology were analyzed by Preti et al. (2025), finding that they largely track prey

availability in their environment.

Monitoring ecosystem sentinels can also guide conservation efforts. Besides
diet, variations in the demography of these sentinel species can also inform us
on how fluctuations in lower trophic levels are traveling up the food web.
Nevertheless, ecosystem sentinels are not only useful for monitoring the
environment but also for informing management of potential ecosystem
responses (e.g., diet projections for swordfish under different climate change
scenarios, Chapter 2). By using sentinel species that are trophically linked and
measured on shorter timescales, managers can more effectively detect and

track shifts in ecosystem dynamics (Clark-Wolf et al., 2024). For example,
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population declines in marine predators have typically presaged fisheries
collapses (Velarde et al., 2019). However, sentinels are rarely used as actual
scientific or management tools (Clark-Wolf et al., 2024) (see Applications to

conservation and management).

Methodological considerations

In the marine environment, animal behavior, such as feeding and competitive
interactions, is challenging to capture and quantify (Nielsen et al., 2018;
Schoombie et al., 2024). Therefore, how can we best investigate their trophic
ecology? We will need to use different combinations of complementary
methods while we continue developing advanced dietary assessments. The low
encounter rates, logistical difficulties, and the subsequent expense of collecting
biological samples in the pelagic environment often result in a lack of empirical
studies for large pelagic predators and their trophic ecology has traditionally
been studied via SCA and, more recently, via chemical analyses (e.g., SIA, DNA
metabarcoding). Biologging and biotelemetry also offer complementary tools to
traditional methods for studying predator-prey interactions and feeding
behaviour (Queiroz et al., 2017). For example, animal-borne video cameras have
been employed to identify prey, capture events, and foraging behaviors in
different marine predators, including large pelagic fishes (R. K. Logan, Luongo,
et al., 2023; Schoombie et al., 2024). However, these recordings are typically
limited to a few hours, and the quality of the data is influenced by ambient light
conditions and water clarity. Consequently, additional methods are required to

describe the trophic ecology of large pelagic diving predators.
Strengths and limitations of the different diet methodologies

Although it provides highly resolved, species-level dietary information (Hyslop,
1980), reconstructing the true diet of a species using only stomach contents can

be biased towards species that have hard structures with slow digestion rates
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(e.g., otoliths from fish or beaks from cephalopods; Amundsen & Sanchez-
Hernandez, 2019). This is supported by results obtained in Chapter 1, which
showed a higher proportion of cephalopods and only two occurrences of
gelatinous prey in stomach contents than in the diet obtained through BSIMMs.
On the other hand, SIMM techniques infer prey assimilation, which do not
always reflect the ingested diet proportions (e.g., Chiaradia et al., 2014), require
prior knowledge of potential prey items, and are limited in their ability to assess

the full diversity and specificity of a consumer’s diet.

To overcome those biases, Chapter 1 combined both SCA and SIA by using the
prey proportions found in stomach contents to inform the mixing models, which
was particularly helpful for distinguishing between fish sources that had similar
isotopic values, obtaining a more accurate diet description for juvenile
swordfish. However, to reliably use prior information in mixing models, an
accurate stomach content analysis is required; otherwise, incomplete dietary
data may bias the resulting diet estimates. This approach, however, demands a
substantial number of stomach samples, which was not feasible for the
analyses presented in Chapters 2 and 3. In Chapter 2, mixing models were
applied at a fine spatial scale, which would require an individual SCA for each
grid cell. In Chapter 3, diet was estimated for three species across three distinct
regions, implying the need for nine separate SCA studies. Moreover, while SIA
can be a non-lethal method, SCA normally requires dead individuals, which is
not desired for the targeted species, particularly the blue shark and the shortfin
mako, for which capture is prohibited in the Mediterranean. As a result, a
literature review was conducted in both chapters to identify the potential prey

sources for the mixing models.
Novelty and improvement provided by our framework

Rather than providing a detailed description of the diet of large pelagic

predators, this thesis aimed to understand how temporal (Chapter 1) and
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spatial (Chapter 2) variability in diet and competition (Chapter 3) might be
driven by the selected biological (predator length, competitor abundance),
environmental (temperature, dissolved oxygen, MLD, productivity), and
anthropogenic (fishing pressure) drivers. To achieve that, we estimated both diet
and competition metrics at a small-scale resolution. The resulting diet and
competition metrics values were then used as response variables in the GAMs
to unravel their relationship with the selected drivers. This approach allowed us
to apply a statistical framework for exploring diet composition both in space and
time (Chapter 2) and understand how the external drivers influence niche

partitioning both between and within the three studied species (Chapter 3).

Continuous monitoring of the trophic ecology of large pelagic predators is
essential for sustainable management and the long-term viability of their
populations. However, trophic studies of pelagic predators are often spatially
and/or temporally restricted (Duffy et al., 2017; Hazen et al.,, 2019; Ouled-
Cheikh, Giménez, et al., 2022), leaving a gap in knowledge on the potential
impacts of environmental variability and fishing pressure. This gap is addressed
in Chapter 2 by examining the relationship between fishing, environment, and
prey consumption with a statistical approach (i.e., GAMs) that allowed us to
explore and predict how diet can change in space (using a large-scale survey
covering the western Mediterranean Sea and the adjacent Atlantic waters) and
time (testing different future scenarios of global change). GAMs offer a powerful,
flexible, and interpretable framework for analyzing the non-linear relationships
often found in trophic ecology. Their ease of use, fast computation, and ability
to visualize complex ecological patterns make them an ideal choice for
ecologists studying predator-prey interactions and food web dynamics. Using
the swordfish as a case study, we show that GAMs provide a useful framework
for identifying the most influential drivers in prey consumption and assessing
changes in the diet of these species. We estimated the diet based on stable

isotopes analysis (i.e., BSIMMs), which offered an efficient approach to
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assessing trophic dynamics, as it facilitates sample collection and storage and
streamlines laboratory procedures (i.e., tissue samples are easier to obtain and
smaller in size than stomachs, and SIA are less time-consuming than SCA).
Altogether, our framework helps shorten the gap between scientific findings and
their integration into policy, providing a first step towards adaptive

management.

A similar framework is used in Chapter 3 to understand which drivers are
influencing competition in large pelagic predators. Most studies utilizing SIA
have focused on either intra- or interspecific competition, with relatively few
addressing both components concurrently within ecological communities or
across environmental gradients (e.g., Teichert et al., 2024). Here, we calculate
different isotopic niche metrics (i.e., the distance to the competitor's centroid
and the Intraspecific Trophic Pressure index) and use them as response
variables in GAMs to unravel the relationship of different drivers of food
availability (i.e., fishing pressure, environmental conditions, abundance of
competitors) with the potential intra- and interspecific competition between
swordfish, blue shark, and shortfin mako shark. The resulting outputs allowed
us to show a conceptual framework that illustrates the relationship between
potential interspecific competition (estimated through isotopic distance to
competitor centroid) and competitor abundance, and between potential
intraspecific competition (estimated through the Intraspecific Trophic Pressure

index) and pelagic productivity.

Trophic ecology overview for large pelagic predators

A comprehensive understanding of the diets of large marine predators is crucial
for elucidating their ecological roles and for identifying the specific challenges
they may encounter due to shifts in the availability and accessibility of their
preferred prey. Thus, one of the central questions in the fields of ecology and

ecosystem management is “What does this predator feed on?” (Nielsen et al.,
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2018). The three studied species are known to feed on multiple prey types and
exploit diverse trophic resources and habitats (Y. Li et al., 2016; Rosas-Luis et
al., 2017). They reach deeper foraging depths than other predators, with
maximum dive depths during the day (Portner et al., 2025). This thesis describes
the trophic ecology of swordfish (Chapters 1, 2, and 3), blue sharks (Chapter 3),
and shortfin makos (Chapter 3) across the study area using isotopic mixing
models. In addition, mixing models for swordfish were combined with stomach
content analysis for the first time to study their diet in the northwestern
Mediterranean (Chapter 1). Here, we present an overview of the main findings

for each species' diet.
Swordfish

Overall, swordfish showed a generalist and flexible feeding strategy and can
exploit a wide range of prey species. These include prey from demersal,
epipelagic, mesopelagic, and bathypelagic habitats, which evidences the
swordfish’s vertical migratory behavior and supports the benthopelagic

coupling role of this species.

Previous studies have reported information on the diet of swordfish in our study
area, with several studies for the western Mediterranean Sea (Biton-Porsmoguer
etal., 2022; Cardona et al., 2012; Carmona-Antofianzas et al., 2016; Fernandez-
Corredor et al., 2023; Navarro et al., 2017), and only two for the Atlantic part
(Abid et al., 2018; Hernandez-Garcia, 1995). Here, we found that swordfish
predominantly feed on squid, mainly midwater and angel squid in the
Mediterranean and cock-eyed squids in the Atlantic, and fish, with higher
proportions of mesopelagic fish in the Mediterranean. However, as shown by
Cardona et al. (2012), our analyses point to gelatinous plankton as an
overlooked prey, particularly relevant in the diet of small juveniles (Chapter 1)

and around the Gulf of Cadiz (Chapters 2 and 3).
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Whether swordfish diets rely on cephalopods or fish is commonly discussed
(e.g., Salman, 2004). In the Atlantic, while Hernandez-Garcia (1995) reported a
diet based on cephalopods in the Canary Islands and a mainly piscivorous diet
in the Gulf of Cadiz, more recent studies show similar fish and cephalopod
consumption in the latter (Abid et al., 2018). A similar pattern is observed in the
western Mediterranean, where some studies have pointed to fish as the main
prey (e.g., Carmona-Antonanzas et al., 2016), while more recent ones have
shown a diet based on cephalopods (e.g., Biton-Porsmoguer et al., 2022). This
shift was also supported by the results in Chapter 1, where an increase in
cephalopods and a decrease in gadiforms were observed in the swordfish diet
from 2012 to 2020. This study, highlighting their flexible and generalist behavior,
is one of the few that have evaluated dietary changes in swordfish overtime (e.g.,

Preti et al., 2023).

As swordfish grew in length, their diet shifted toward eating less gelatinous prey
and more squid. This pattern was also observed in swordfish from the Pacific
Ocean (Young et al., 2006), while other studies found no preference for prey
regarding size (e.g., Abid et al., 2018). These differences may be due to local or
regional factors that affect marine food webs and prey availability. This
highlights the importance of large-scale studies, like the one in this thesis, to

better understand the feeding habits of large pelagic predators.

Blue shark and shortfin mako

The trophic ecology of blue and shortfin mako sharks is estimated in Chapter 3
of this thesis. The blue shark diet was based mainly on squid, with cock-eyed
squids being the main prey in the Gulf of Cadiz and South of Portugal and
ommastrephids in the western Mediterranean. Regarding fish, the main
contribution came from small and medium pelagic fish and gadiforms, with a
low contribution of mesopelagic fish, slightly higher in the Mediterranean. These

results align with previous studies pointing at cephalopods as the main prey,
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both from studies based on stomach contents in the northeastern Atlantic
(Biton-Porsmoguer et al., 2017; Henderson et al., 2005; Mendonga, 2009;
Pusineri et al., 2008) and in the central Mediterranean (Garibaldi & Orsi Relini,
2000; Politi, 1997), and BSIMMs in the northwestern Mediterranean (Nuez et
al., 2024). Although their diet seems to be specialized in cephalopods, the wide
range of prey items identified in these studies (including invertebrates, small
sharks, marine mammals and seabirds) suggests an opportunistic feeding
behaviour for the blue shark (Ceyhan et al., 2020; Domingo et al., 2022a; Garcia-
Barcelona et al., 2010; Mendonga, 2009). This behavior is also reflected by their
wide isotopic niche along the studied area, which can result from trophic

plasticity and adaptation to environmental heterogeneity.

The shortfin mako is an opportunist and generalist predator (Domingo et al.,
2022b), as pointed out by the wide isotopic niche found in Chapter 3, and
BSIMMs showing similar contributions of the different prey groups. Previous
studies in the northeast Atlantic between the Azores Archipelago and the Iberian
Peninsula showed a piscivorous diet, with pelagic fish being the main prey for
shortfin makos (Biton-Porsmoguer et al., 2017; Maia et al., 2006). In the
Mediterranean, the diet of this species is not yet described in detail, indicating a
knowledge gap that was not possible to cover in this thesis due to the small
sample size of Mediterranean shortfin makos. There is only one report from the
central Mediterranean documenting predation events on odontocetes by large
shortfin makos (Storai et al., 2001). At early life stages, shortfin makos' diet
estimates showed a high contribution of small pelagic fishes, largely derived
from coastal-pelagic habitats (Gambardella et al., 2025). Predation on marine

mammals was also described in the Atlantic by Biton-Porsmoguer et al. (2015).
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Understanding the impacts of global change on large pelagic

fish ecology

Understanding the effects of global change on marine ecosystems is one of the
grand challenges in marine ecology (Borja, 2014). It holds particular importance
within the current context, where pressure on marine ecosystems will likely
exacerbate with the progress of climate change and the potential rising
exploitation of marine resources to meet the growing food demands of an

increasing world human population (Pecl et al., 2017).

Rapid global change can disrupt patterns and relationships established under
current or past conditions, as populations face increasing exposure to variation
in environmental conditions (Hobday et al., 2015). These novel conditions will
affect the distribution and biological processes of pelagic top predator species,
and their capacity to adapt will depend on different characteristics such as
physiological limits (e.g., thermal and oxygen requirements), habitat use (e.g.,

movement, migration), and flexibility in resource use (Portner et al., 2025).

Focusing on the question “How is global change affecting trophic ecology?”, this
thesis has advanced the understanding of how the diet of large pelagic fishes
can be shaped by two fundamental drivers of global ecological change in marine

ecosystems: climate-driven environmental variability and fishing pressures.
Understanding the impacts of climate change

Consequences of climate change include rising ocean temperatures and
alterations in oxygen levels and primary production (IPCC-AR6, 2023). Marine
species are responding to climate change in several ways, including changes in
their physiology, behavior, and survival, with redistribution being one of the most
ecologically significant responses (Pinsky et al., 2020). Many large pelagic fish
preferred habitats are related to high primary productivity and the presence of

strong thermal gradients, such as fronts and thermoclines (Erauskin-Extramiana
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et al., 2019; Pinti et al., 2025; Queiroz et al., 2019), and their distributions are
projected to change under different climate change scenarios (Birkmanis et al.,
2020; Erauskin-Extramiana et al., 2020; Hazen et al., 2013). However, many of
these species have high phenotypic plasticity and adaptive capabilities that can
mitigate the effects of climate change (Hazen et al.,, 2013). For example,
warming may result in loss of suitable thermal habitat for albacore (Thunnus
alalunga)in the tropics and a reduction in total suitable habitat, but anincreased
access to higher latitudes (Muhling et al., 2025). Nevertheless, the influence of
environmental variability can still affect these predators by constraining their
prey distribution (Bas et al., 2025; Carroll et al., 2024; Hazen et al., 2013),
consequently affecting their feeding habits. The vulnerability of prey species to
the oceanographic alterations related to climate change will define those prey
redistributions, potentially leading to a spatial match-mismatch between
predators and prey. For example, small and medium pelagic fish populations are
strongly dependent on the environment (Palomera et al.,, 2007), and have
experienced a reduction in optimal habitat availability over the past decades
(Ouled-Cheikh, Coll, et al., 2022). Most large pelagic fish feeding grounds
occupy epipelagic and mesopelagic depths, which are experiencing different
rates of environmental change (Brito-Morales et al., 2020) but are closely linked
by the vertical movement of predators and prey (Haddock & Choy, 2024).
However, the impacts of climate change on trophic connections across depths

and on the structure of pelagic food webs remain poorly understood.

The effects of different environmental variables on the diet of a top pelagic
predator were analyzed in Chapter 2, particularly in response to key
oceanographic factors such as SST, MLD, and chlorophyll-a concentration
(Chl). On the one hand, a warmer ocean leads to a reduction in productivity
(Annasawmy et al., 2024), which may result in different prey availability and a
diet switch in generalist pelagic predators. Here, we found that the proportion of

fish and squid in the swordfish diet in our study area was related to SST, which
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was also found to be related to squid consumption in the Pacific (Preti et al.,
2023). Changes in the diet of tunas were also detected with increasing SST in the
Pacific, including more crustaceans and less fish and squid in their diets
(Kuhnert et al., 2012; Nickels et al., 2023). Alterations in SST can also affect the
thermocline depth, which can alter prey accessibility (e.g., higher tuna trophic
position estimates were found at greater thermocline depths (Houssard et al.,

2017).

On the other hand, the increase in water temperatures leads to a reduction in
dissolved oxygen, affecting the MLD and restricting the depth distribution of
pelagic species into a narrower surface layer, altering pelagic food webs and
even biogeochemical cycles (Figure 2) (Netburn & Koslow, 2015; Waller et al.,
2024). Alterations in the MLD and OMZs can compress the foraging habitat of
large pelagic fishes and also contribute to the prediction of their diet (Kuhnert et
al., 2012). Duffy et al. (2017) found more mesopelagic fish in the diet of bigeye
tunas with the deepening of the mixing layer. This relationship was also found for
swordfish, showing a higher fish contribution to their diet with increasing MLD
(Chapter 2). However, the upper hypoxic boundary is projected to shoal under
climate change scenarios, widening the DSL and altering the distribution of

mesopelagic animals (Netburn & Koslow, 2015).

This combination of warm surface temperatures and shoaling of the OMZ is
likely to affect pelagic predators, particularly species with high oxygen
demands, such as lamnid sharks (e.g., the shortfin mako (Byrne et al., 2024;
Nasby-Lucas et al., 2019; Waller et al., 2024). Their trophic and competition
interactions are also altered, reducing predation pressure and resource
competition in species that are capable of tolerating mild hypoxia. For example,
blue sharks reduced their feeding depths in response to decreasing dissolved
oxygen in depth (Le Croizier et al., 2022; Vedor et al., 2021), while other species,
like thresher sharks (Alopias spp.), have developed a high ability to exploit these

hypoxic mesopelagic environments around OMZs (Wootton et al., 2015).
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Although sharks may withstand moderate hypoxia for short periods, other
pelagic predators with higher tolerance to low oxygen concentrations, like
swordfish, may behaviorally adapt and benefit from the creation of shallower

hypoxic boundary layers (R. K. Logan, Vaudo, et al., 2023a; Madigan et al., 2021).

The distribution of pelagic organisms will also be influenced by Chl
concentration, altering the DSL depth (Song et al., 2022). Chl serves as an
indicator of the resources available for prey and therefore of the prey availability
(Virgili et al., 2024). The distribution and availability of these pelagic resources
across space and time are key factors influencing the feeding behavior of top
predators (Z. Li et al., 2024), and have been shown to influence the diet of large
pelagic predators such as blue sharks (Druon et al., 2022; Vidal et al., 2023),
albacore tunas (Duffy et al., 2017; Nickels et al., 2023), and swordfish (Chapter
2).

Pelagic productivity, and hence food availability, plays a central role in shaping
intraspecific competition in pelagic predators: under conditions of high
resource availability, niche partitioning among conspecifics is reduced
(Chapter 3). Conversely, when productivity declines and resources become
scarce, intraspecific pressure increases, driving shifts in feeding behavior and
niche expansion, which can potentially lead to greater overlap and heightened
interspecific competition. Such competition between species is likely to
intensify under low-productivity scenarios and may disproportionately affect
less opportunistic species (Weideli et al., 2023). Furthermore, if prey abundance
declines due to weakened upwelling or more frequent deoxygenation events,
even generalist species could struggle to maintain the energy reserves required

for reproduction and migration.

The trophic ecology of pelagic predators can be directly affected by
environmental variability through changes in energetic costs, which alter both

predator energy requirements and the energetic content of available prey
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(Queiros et al., 2024). The physiological stress caused by warming increases
oxygen demands in ectothermic fish, resulting in more energy consumed by
essential processes and less available for growth and reproduction (Clark et al.,
2013), which may be less impactful in endothermic sharks (Dell’Apa et al.,
2023). In this context, cephalopods and gelatinous organisms are expected to
benefit from the combination of changes in environmental conditions and
reduced predators (Doubleday & Connell, 2018), with their rapid growth rates
and high life-history plasticity enabling rapid adaptation (Brotz & Pauly, 2012;
Hoving et al., 2013). A dietary shift towards increased consumption of pelagic
fish such as the thermophilic round sardinella, together with cephalopods and
gelatinous organisms, was observed in swordfish in Chapter 1. These shifts
suggest that the expanding range of species that show rapid, plastic responses
to changing environmental conditions is already being reflected in predator

diets, and underscore their potential role as sentinel species.

If prey communities shift to less-energy-dense species or if prey size structure
is reduced due to environmental changes or fishing pressure, these shifts could
have consequences for top predators that have high energetic demands (Duffy
et al.,, 2017). Incorporating energetic requirements into habitat models is
therefore essential to anticipate the interplay between migration behavior,
physiological constraints, and prey availability in shaping predator responses to
climate change (Bas et al., 2025; Muhling et al., 2025), emphasizing the

importance of trophic ecology studies.

Climate-driven shifts in habitat suitability are expected to alter predator—prey
overlaps, with consequences for trophic interactions and ecosystem structure.
Differences in the rate and direction of habitat shifts between predators and
their prey can lead to spatial or temporal mismatches, reducing prey availability
and potentially limiting the capacity of predators to meet energetic demands
(Bas et al., 2025; Carroll et al., 2024; Pinsky et al., 2020). Such mismatches are

particularly relevant in the current global change scenario, and are projected to
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become more frequent (Carroll et al., 2024; Visser & Gienapp, 2019). Where
suitable, high-quality prey are scarce, shifts toward lower-quality species could
contribute to reduced body condition (Johnson et al., 2015), affecting growth
and reproduction (Hatzonikolakis et al., 2021). This reduction in predator fitness
may be exacerbated if their energy requirements are increased by warming
waters (Queiros et al., 2024), unless compensated by behavioral plasticity,

increased foraging effort, or adaptive responses.

When predators change their diet due to reduced overlap with historically
important prey species, they can indirectly affect other predators by increasing
competition within the same trophic guild (Bas et al., 2025; Carroll et al., 2024).
Generalist pelagic predators, as our studied species, may adapt and benefit
from an increase in squid abundance since they constitute a good portion of
their diet. At the same time, changes in prey abundance—particularly squid—
are expected to be spatially heterogeneous (Veloy et al., 2024), and the potential
increase in the abundance of competitors targeting those prey can drive

interspecific trophic niche segregation (Chapter 3).
Understanding the impacts of fisheries

Fishing pressure alters the trophic ecology of pelagic predators both
indirectly, by removing prey from the ecosystem and altering trophic dynamics
(e.g., Giménez et al., 2021; McCauley et al., 2010), and directly, through

targeted harvest and bycatch, modifying potential competitor abundance.

Important commercial fisheries are heterogenously distributed along the study
area (Coll et al., 2012; Colloca et al., 2017; Fernandes et al., 2017; Morales et
al., 2005; Palomera et al., 2007; Sharma et al., 2025), with low fishing effort areas
likely indicating low availability of common target species for both fisheries and
large pelagic predators. Common fish prey species for large pelagic predators
are heavily exploited, with pronounced biomass declines in the Mediterranean,

particularly in the western basin, where overfishing is most acute (FAO, 2025;
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GFCM, 2022b, 2022a; Mir-Arguimbau et al., 2022; Pennino et al., 2020; Sharma
etal., 2025). These reductions are reflected in their diets (Chapter 1), while other
important prey, such as squid, are also subject to increasing fishing pressure
(Hidalgo & Browman, 2019; Seto et al., 2023; Veloy et al., 2024). Given its large
biomass, the mesopelagic community is under increasing interest for
commercial exploitation (Grimaldo et al.,, 2020). However, these potential
expansion of mesopelagic fisheries raises additional concerns, as these
resources support a range of pelagic predators, including sharks, tunas, and

billfishes (I. S. Iglesias et al., 2023; Willis, 2025).

Beyond prey depletion, direct fishing has historically influenced the distribution,
habitat use, and foraging behavior of large pelagic species (Andrews et al.,
2023). Although there is an overall decline in longline fishing effort in the Atlantic,
catches of pelagic sharks remain concerning, with blue shark and shortfin mako
being the top bycatch species (Nobrega et al., 2025). Longline fleets exhibit
predictable environmental preferences, with higher fishing intensity occurring
above OMZs, where dissolved oxygen gradients may cause predator aggregation
and habitat compression, increasing fishing-induced mortality (Ortufio Crespo
et al.,, 2018; Vedor et al., 2021). Pelagic sharks are highly susceptible to
longlines, and warming, low-oxygen waters may further elevate their post-

release mortality (Dell’Apa et al., 2023).

Climate change compounds these pressures. Environmental changes influence
the distribution of pelagic predators, and fisheries are responding (Baez et al.,
2025; Farchadi et al., 2024). Nevertheless, while high trophic level species may
be more sensitive to climate change than to fishing when maintained near
maximum sustainable yield, different global change scenarios indicate an
overall decline in stock productivity for many commercial large pelagic fishes,
including tunas and swordfish, with decreases in biomass and size (Erauskin-
Extramiana et al., 2023). Such changes in their abundance, condition and

distribution can have significant economic implications, as they support
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valuable commercial fisheries worldwide (Erauskin-Extramiana et al., 2023;
Nobrega et al., 2023, 2025; Sharma et al., 2025). The availability and type of prey,
together with the environmental conditions, can alter the allocation of energy
reserves, affecting the quality of their products (Lazo-Andrade et al., 2021) and

the fisheries that rely on them.

In this context, fisheries management should consider both direct effects of
climate change on large pelagic species and indirect effects through impacts on
their trophic ecology and energy requirements, allowing viable populations of
these highly threatened and exploited species under present and future global

change scenarios.

Applications to conservation and management

Addressing the question of “How can we translate this into conservation and
management?” requires examining how insights from trophic ecology can be
applied to reconcile fisheries exploitation with the conservation of large pelagic
predators. Coupling conservation measures with fisheries management is
essential to reach international goals (e.g., Global Biodiversity Framework
Target 3: Conserve 30% of Land, Waters and Seas) and support halting the loss
of marine biodiversity, which has been particularly severe for large marine
predators (Sequeira et al., 2025). However, conflicts of interest arise between
fisheries and conservation, and negotiating those conflicts is one of the key

issues for ecosystem managers.

Crucial fishing grounds, particularly in our study area, need region-specific
management strategies. These strategies need to focus on pelagic sharks since
these species remain undermanaged (Juan-Jorda et al., 2022) and target critical
nations, such as Spain and Portugal, addressing their significant contributions
to blue shark and shortfin mako catches (Ndbrega et al., 2025). In the western

Mediterranean, the low abundances of pelagic sharks found in Chapter 3,
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especially for shortfin makos, raise concerns. This area is considered an EBSA

due to its importance as a reproduction and feeding area for large pelagic

species (CBD, 2025). The northwestern part, recognized as an Important Shark

and Ray Area (ISRA) by the IUCN (Jabado et al., 2023; Rohner et al., 2025), is

highlighted as a major mating and nursery area for blue sharks (Poisson et al.,

2024), and appears as an important area for swordfish in our models, suggesting

urgent management to prevent fisheries exploiting swordfish from interfering

with blue sharks' reproduction.

In the Atlantic, on the one hand, the Gulf of Cadiz, also designated as an EBSA,

appears as an important area for both shark species, underscoring its potential

as an important area to target conservation efforts. The Strait of Gibraltar is

recognized as an ISRA for pelagic sharks’ movement (Jabado et al., 2023). On the

other hand, the higher abundance of both swordfish and pelagic sharks around

the Canary Current emphasizes the importance of this area for fisheries

management efforts. The Canary Islands are also recoghized as an EBSA due to

their importance for migratory species (CBD, 2025).

The protection of these species can enhance the conservation of the pelagic

food webs they rely on, acting as umbrella species (Giménez et al., 2022;

Roberge & Angelstam, 2004) and raising awareness about
the importance of protecting not just the species
themselves, but also their prey, ensuring long-term survival.
Although fisheries management has traditionally ignored
predators and prey of target species and other ecosystem
ecosystem-based

components and interactions, an

approach that maintains long-term socioeconomic

compromising the ecosystem is needed (Pikitch et al., 2004).

Ecosystem-based fishery
management (EBFM):
fishery management that
reverses the order of
management priorities to
start with the ecosystem
rather than the target
species.

benefits without

Estimating fish populations is essential for sustainable fishing, and ecosystem-

based fishery management (EBFM) further demands an understanding of the
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oceanographic and biological factors influencing the exploited species. EBFM
takes into account that trophic interactions play an important role in marine
ecosystem dynamics and spatial predator-prey dynamics need to be taken into
account. Therefore, diet descriptions are crucial to identify key prey, critical
habitats and desigh conservation and management strategies for large pelagic

species.

Although large pelagic species spend much time in the high seas, Sequeira et al.
(2025) suggested that an initial focus on enhancing protection within
jurisdictions could provide the fastest benefits for large predators’ conservation.
One of the most common conservation measures is Marine Protected Areas
(MPAs), although these are often designed to protect habitats rather than
threatened mobile marine megafauna (Sequeira et al., 2025). While the very
large MPAs approach emerges as a strategy towards achieving 30% ocean
protection by 2030 (Trevail et al., 2025), MPAs along our study area are rather
small (Rohner et al., 2025) and need to increase effective protection efforts to
achieve conservation targets (Aminian-Biquet et al., 2024; Castro-Cadenas et

al., 2025).

Following an ecosystem-based approach to target spatial planning, spatial
reserves need to be designed to ensure the energetic needs of predators are
covered and identify predation hotspots (Bas et al., 2025; Carroll et al., 2024).
Mobile MPAs that shift with oceanographic features that have established and
predictable relationships with the target species have been proposed (Gilmour
et al., 2022; Maxwell et al., 2015), and a similar approach could be used to take
into account prey distribution. However, protection by a no-take reserve does
not usually reduce fishing effort but results in the redistribution of the effort
(Hilborn, 2018), and this kind of spatial closure should come together with direct

measures for reducing direct mortality from fisheries.
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Currently focused on mitigating the effects of fishing on incidental catches (e.g.,
gear modification, safe handling and release practices, prohibition of retention
of some species) (Juan-Jorda et al., 2022), conservation and management
measures for pelagic sharks should integrate trophic ecology information (e.g.,
adjust fishing practices according to diet to reduce bycatch risk). Seasonal and
adaptive spatial management could mitigate fisheries impacts on non-target
species (Crespo et al., 2024). For example, the identification of feeding hotspots
provides an effective approach to select candidate areas for spatial closures in

the highly dynamic pelagic environment (Requena et al., 2020).

Large pelagic fishes are important consumers of prey targeted by fisheries.
Besides reducing direct mortality in threatened large pelagic species,
sustainable fishing practices must account for the needs of these predators and
prioritize maintaining crucial prey stock to maintain the balance and stability of
the entire ecosystem. Managing resource competition between fisheries and
marine top predators has so far been difficult due to a lack of knowledge
regarding the amount and distribution of prey required by top predators (Hentati-
Sundberg et al., 2021). While traditional stock assessments focus on keeping
targeted populations above certain biomass levels that sustain fisheries,
adjusting these limits downward may be required to ensure enough fish remain
to support predator populations (B. Iglesias, 2024), especially where predators
and fisheries overlap. In the case of commercial large pelagic species, theirrole
as highly valuable target species further underscores the importance of meeting
their energy requirements, which is not only critical for maintaining healthy
populations but is also directly relevant to the sustainability of fisheries that
depend on them. Furthermore, reductions in body size if energy demands are
not met can diminish the market value of catches and thereby reduce fisheries

revenue (Erauskin-Extramiana et al., 2023).

Altogether, including bioenergetics in fisheries management can provide

spatially explicit conservation targets for top predators and inform ecosystem-
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based management measures, improving our ability to manage the trade-off

between fisheries and conservation (Hentati-Sundberg et al., 2021).

To avoid the spatiotemporal misalignment between current management
measures and the distribution of species, the spatiotemporal distribution of
both prey and predators needs to be integrated when planning and managing
their redistribution under different future scenarios of climate change (Carroll et
al., 2024; Dell’Apa et al., 2023). One way to approach this is by projecting
predator diets under future conditions (e.g., Chapter 2). Diet projections can
inform planning not only in the long term, where uncertainty is greater, but also
in the short and medium term. Evidence of such mismatches arises in the NW
Mediterranean: while this area emerged as an important region for swordfish
distribution in Chapter 3, no suitable prey for swordfish was projected in this
area under one of the scenarios in Chapter 2. A complementary framework
includes assessing future spatial overlap between prey and predators'
distribution to identify potential areas of match or mismatch (e.g., Bas et al,,

2025).

When assessing predators’ prey requirements, it is essential to consider
species-specific traits and adopt a multi-species perspective that accounts for
competition dynamics (Hentati-Sundberg et al., 2021). Marine Ecosystem
Models (MEMs) provide a useful framework for this purpose, as they
mathematically represent trophic interactions and incorporate all food-web
components (Christensen et al., 2024; Coll et al., 2008). These models are
employed to predict how marine species and thus ecosystems respond to
environmental and anthropogenic pressures and allow for testing the effects of
alternative management efforts under potential scenarios of climate change
(e.g., Coll et al., 2020, 2024). Reliable diet information is therefore critical to

ensure accurate representation of large pelagic species within MEMs.
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Future research directions

The results presented in each chapter not only prompted new research

questions but also highlighted critical gaps in current knowledge.

Trophically mediated direct and indirect effects are central to ecosystem
dynamics, underscoring the need to consider species interactions and
community structure when assessing the impacts of global change
(Beauchesne et al., 2025). The inherent complexity of pelagic systems, coupled
with their high sensitivity to environmental variability and human impacts,
highlights the need for continued research and the development of more refined
models to strengthen EBFM approaches (B. Iglesias, 2024). To further advance
on ecosystem-based management, accurate dietary information on large
pelagic fishes within the study area is required, which in turn highlights the need
for stomach content analysis studies. Although the diet of swordfish has been
widely described in the study area, there is a gap in knowledge for pelagic sharks
in the western Mediterranean. Obtaining such data can be challenging for
endangered or low-abundance species (e.g., blue shark and shortfin mako in the
western Mediterranean; Chapter 3) for which lethal sampling is not desired. In
these cases, alternative emerging techniques such as the identification of
genetic sequences of diet items in stomachs, guts, or faeces through DNA
metabarcoding can provide high taxonomic resolution of prey (e.g., Canals et
al., 2024; Olin et al., 2023). Although this method can quantitative, DNA
extraction through cloacal swabs offers a non-lethal, minimally invasive
approach for obtaining dietary estimates of large pelagic species, even from
individuals with empty or evaginated stomachs (e.g., Olin et al., 2023). This
method is also able to detect highly degraded, rare or soft items such as
gelatinous plankton. Gelatinous organisms, primarily tunicates, are found in the
diet of different large pelagic predators, including marine mammals, seabirds,

swordfish and several species of tunas (Thiebot & Mclnnes, 2020). However, the
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reasons for these trophic relationships are still unclear. While being low-energy
prey, possible explanations include obtaining nutritional benefits such as
minerals and amino acids, opportunism, practicing hunting techniques,
aggregation of prey, and potential benefits for homeostatic challenges or
maintenance of body temperature (Thiebot & Mclnnes, 2020). We encourage
further research to fully understand the reasons for this behavior widely

extended among large pelagic fishes.

Only through effective long-term population and community monitoring can we
adequately assess how marine ecosystems operate and respond to
environmental and anthropogenic drivers. Nevertheless, sampling the open
ocean presents additional difficulties. Prey species are rarely monitored through
long-term programs, and dedicated oceanographic surveys targeting pelagic
communities are costly and resource-intensive. Fisheries, however, provide a
valuable opportunity for continuous sampling that can help bridge these gaps
(e.g., Pardo et al., 2025). Large marine predators play a central role in this
context: ongoing monitoring of these species offers valuable opportunities to
anticipate otherwise hidden changes within the dynamic ocean environment
and adapt management strategies accordingly (Hazen et al., 2019). Open ocean
fisheries targeting tunas and swordfish are highly monitored, and the use of
these species as ecosystem sentinels can yield critical insights into their prey.
The use of large pelagic fishes as biological samplers offers an indirect but
effective way to gather information on underexplored components of the pelagic
realm, particularly relevant for the overlooked mesopelagic community. Long-
term monitoring programs focused on such species can enhance our capacity
to detect and Such data would significantly improve our knowledge of the
pelagic realm and enable the construction of more realistic and reliable
ecosystem models that allow, at the same time, for a better ecosystem-based

management of the fisheries.

177



General discussion

178



Conclusions

The main conclusions derived from this Ph.D. thesis are:

1. Swordfish are generalist predators with a flexible foraging strategy along
the water column, evidencing the benthopelagic coupling role of this
species. Swordfish predominantly feed on teleosts and cephalopods, but
we point to gelatinous plankton as an overlooked prey, particularly relevant

for small juveniles.

2. Thelackof long-term data on mesopelagic fish, mesopelagic cephalopods,
and gelatinous organisms represents a significant challenge for effective
ecosystem-based management and conservation efforts, as these species
play crucial roles in regulating ecosystem processes. These non-
commercial species are frequently consumed by swordfish. Therefore,
since swordfish are highly exploited all year long in the northwestern
Mediterranean, continuous monitoring could be proposed, providing a
long-term sampling of their prey, particularly relevant for the overlooked
mesopelagic community. Consequently, we could establish the use of this
species as valuable sentinels of the ecosystem they inhabit. This would
allow us to strengthen our understanding of how these organisms respond,
in terms of their diet, to changes in the structure and functioning of the

ecosystem.

3. Usingthe prey proportions found in stomach contents to inform the mixing
models is particularly helpful when prey sources have similar isotopic

values, and helps obtain more accurate estimates of the assimilated diet.

4. The swordfish diet was strongly linked to geographic location and
responded to changing environmental conditions, particularly associated
with key oceanographic factors such as sea surface temperature, mixed
layer depth (MLD), and chlorophyll-a concentration, as well as to human

stressors such as fishing pressure.

5. Our prospective exercise revealed that fish consumption in swordfish was

projected to increase under the low climate forcing scenario as a result of
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rising water temperatures and a deeper MLD in the northwestern
Mediterranean. Under a high climate forcing scenario, the MLD is projected
to become particularly shallow in the northwestern Mediterranean, and
both fish and squid consumption are projected to decrease. While
swordfish may exhibit resilience to the direct effects of environmental
changes (e.g., they can tolerate low oxygen levels), the indirect impacts
mediated by shifts in preferred prey availability could either exclude
swordfish from this region or significantly alter their distribution,
highlighting the critical role of trophic interactions in projecting future

species distributions.

6. Enhancing the integration of trophic ecology in conservation can
strengthen our ability to predict and plan for the redistribution of species
under global change, ensuring that the energetic needs of predators are
met: Fisheries management should consider which areas are particularly
impacted by diet alterations, allowing the dynamic management of highly

threatened and exploited populations.

7. Thelower relative abundance of the three species in the western
Mediterranean Sea, with shortfin makos nearly absent, highlights their high

vulnerability in the Mediterranean region.

8. Per capita food availability, likely driven by pelagic productivity and
potential competitor abundance, plays a significant role in shaping niche

partitioning between large pelagic fish.

9. In areas of high trophic overlap of predators, prey changes may impact all
species, while in regions where the overlap is lower, segregation could
allow ecologically redundant species, less affected by the changes, to
compensate for the ecological roles of more impacted species, potentially

buffering ecosystem-level effects.
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Conclusiones

Las principales conclusiones derivadas de esta tesis doctoral son:

1. El pez espada es un depredador generalista con una estrategia de
alimentacion flexible a lo largo de la columna de agua, respaldando la
funcién de acoplamiento bentopelagico de esta especie. El pez espada
se alimenta principalmente de teledsteos y cefalépodos, destacando al
plancton gelatinoso como una presa olvidada, particularmente relevante

en la dieta de los juveniles pequenfos.

2. Lafalta de datos a largo plazo sobre pecesy cefaldpodos mesopelagicos
y organismos gelatinosos representa un desafio para la gestion y
conservacion eficaz de los ecosistemas. Estas especies no comerciales,
que desempefan un papel crucial en la regulacion de los procesos
ecosistémicos, son frecuentemente consumidas por el pez espada. Por
lo tanto, dado que el pez espada es altamente explotado durante todo el
afio en el Mediterraneo noroccidental, se propone un monitoreo continuo
de su dieta, que proporcionaria un muestreo a largo plazo de sus presas,
particularmente relevante para la comunidad mesopeldgica. En
consecuencia, podemos establecer el uso de esta especie como valiosa
centinela del ecosistema en el que habita. Esto permitiria fortalecer
nuestra comprension de cdmo estos organismos responden, en términos
de dieta, a los cambios ecosistémicos.

3. Utilizar las proporciones de presas encontradas en los contenidos
estomacales para informar los modelos de mezcla es especialmente util
cuando las fuentes de presas tienen valores isotépicos similares y ayuda
a obtener estimaciones mas precisas de la dieta asimilada.

4. Ladietadelpezespadaestuvo estrechamente vinculada a la distribucion
geograficayrespondio a variaciones ambientales asociadas con factores
oceanograficos clave como la temperatura superficial, la profundidad de
la capa de mezcla (MLD) y la clorofila, asi como a factores de estrés
humano como la presién pesquera.

5. Nuestro ejercicio prospectivo revelé que el consumo de peces en el pez
espada aumentaria en el escenario de forzamiento climatico bajo debido
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a un aumento de la temperatura del agua y a una capa de mezcla mas
profunda en el Mediterraneo noroccidental. En un escenario de
forzamiento climatico alto, la MLD se vuelve mas superficial en el
Mediterraneo noroccidental y se proyecta que el consumo de pecesy
calamares disminuya. Si bien el pez espada puede mostrar resiliencia a
los efectos directos de los cambios ambientales (p.e., puede tolerar
bajos niveles de oxigeno disuelto), los impactos indirectos mediados por
los cambios en la disponibilidad de las presas preferidas podrian excluir
al pez espada de esta region o alterar significativamente su distribucion,
lo que resalta el papel crucial de incluir las interacciones troéficas en la
proyeccion de la distribucion futura de las especies.

6. Mejorar la integracion de la ecologia tréfica en la conservacién puede
fortalecer nuestra capacidad para planificar y gestionar la redistribucion
de especies en el contexto del cambio global, garantizando asi la
satisfaccion de las necesidades energéticas de los depredadores. La
gestion pesquera deberia considerar qué zonas se ven especialmente
afectadas por las alteraciones de la dieta, lo que permite una gestién
dinamica de poblaciones altamente amenazadas y explotadas.

7. La menor abundancia relativa de las tres especies en el Mediterraneo
occidental, con la casi ausencia del marrajo dientuso, pone de relieve su
alta vulnerabilidad en la regién mediterranea.

8. La disponibilidad de alimento per capita, condicionada por la
productividad pelagica y la abundancia de competidores potenciales,
desempefia un papel relevante en la configuracion de la distribucidn de
nichos entre los grandes peces pelagicos.

9. Enzonascon alta superposicion tréfica de depredadores, los cambios en
las presas pueden afectar a todas las especies, mientras que en regiones
donde la superposicion es menor, la segregacion podria permitir que las
especies ecologicamente redundantes, menos afectadas por los
cambios, compensen las funciones ecoldgicas de las especies mas
afectadas, amortiguando potencialmente los efectos a nivel de

ecosistema.

182



Conclusions

Conclusions

Les conclusions principals derivades d'aquesta tesi doctoral sén:

1. El peix espasa és un depredador generalista amb una estratégia
d'alimentaci¢ flexible al llarg de la columna d'aigua, recolzant la funcio
d'acoblament bentopel-lagic d'aquesta espécie. El peix espasa
s'alimenta predominantment de teleostis i cefaldpodes, destacant el
plancton gelatinds com una presa oblidada, particularment rellevant en

la dieta dels joves petits.

2. La manca de dades a llarg termini sobre peixos i cefalopodes
mesopel-lagics i organismes gelatinosos representa un desafiament per
a la gestio i conservacio eficag dels ecosistemes. Aquestes especies no
comercials, que tenen un paper crucial en la regulacié dels processos
ecosistemics, sén frequentment consumides pel peix espasa. Per tant,
atés que el peix espasa és altament explotat durant tot l'any a la
Mediterrania nord-occidental, es proposa un monitoratge continu de la
seva dieta, que proporcionaria un mostreig a llarg termini de les seves
preses, particularment rellevant per a la comunitat mesopel-lagica. Aixo
permetria enfortir la nostra comprensié6 de com responen aquests
organismes, en termes de dieta, als canvis en lestructura i el
funcionament de l'ecosistema. En conseqliencia, podem establir l'Us

d'aguesta espécie com a valuosa sentinella de l'ecosistema on habita.

3. Utilitzar les proporcions de preses trobades en els continguts estomacals
perinformar els models de mescla és especialment Util quan les fonts de
preses tenen valors isotopics similars i ajuda a obtenir estimacions més

precises de la dieta assimilada.

4. La dieta del peix espasa va estar estretament vinculada a la distribucio
geografica i va respondre a variacions ambientals associades amb
factors oceanografics clau com la temperatura superficial, la profunditat
de la capa de mescla (MLD) i la clorofil-la, aixi com factors d'estrés huma

com la pressid pesquera.
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5. El nostre exercici prospectiu va revelar que el consum de peixos al peix
espasa augmentaria a l'escenari de forgament climatic baix com a
resultat de l'augment de la temperatura de l'aigua i d'una capa de mescla
més profunda a la Mediterrania nord-occidental. En un escenari de
forgament climatic alt, la MLD es torna particularment superficial a la
Mediterrania nord-occidental i es projecta que el consum de peixos i
calamars disminueixi. Si bé el peix espasa pot mostrar resiliencia als
efectes directes dels canvis ambientals (per exemple, pot tolerar baixos
nivells d'oxigen dissolt), els impactes indirectes per canvis en la
disponibilitat de les preses preferides podrien excloure el peix espasa
d'aquesta regio o alterar-ne significativament la distribucid, la qual cosa

ressalta el paper crucial d'incloure les interaccions.

6. Millorar la integracié de l'ecologia trofica a la conservacié pot enfortir la
nostra capacitat per planificar i gestionar la redistribucio d'espécies en el
context del canvi global, garantint aixi la satisfaccié de les necessitats
energetiques dels depredadors. La gestié pesquera hauria de considerar
quines zones es veuen especialment afectades per les alteracions de la
dieta, cosa que permet una gestié dinamica de poblacions altament

amenacades i explotades.

7. La menor abundancia relativa de les tres espécies a la Mediterrania
occidental, amb la gairebé abséncia del solraig, posa en relleu la seva

alta vulnerabilitat a la regié mediterrania.

8. Ladisponibilitat d'aliment per capita, probablement condicionada per la
productivitat pelagica i l'abundancia de potencials competidors, té un
paper rellevant en la configuracié de la distribucié de ninxols entre els

grans peixos pelagics.

9. En zones amb alta superposicié trofica de depredadors, els canvis a les
preses poden afectar totes les especies, mentre que en regions on la
superposicié és menor, la segregacioé podria permetre que les especies
ecologicament redundants, menys afectades pels canvis, compensin les
funcions ecologiques de les especies més afectades, esmorteint

potencialment els efectes a nivell.

184



References

Abascal, F. J., Mejuto, J., Quintans, M., Garcia-Cortés, B., & Ramos-Cartelle, A.
(2015). Tracking of the broadbill swordfish, Xiphias gladius, in the central and
eastern North Atlantic. Fisheries Research, 162, 20-28.
https://doi.org/10.1016/j.fishres.2014.09.011

Abecassis, M., Dewar, H., Hawn, D., & Polovina, J. (2012). Modeling swordfish daytime
vertical habitat in the North Pacific Ocean from pop-up archival tags. Marine
Ecology Progress Series, 452, 219-236. https://doi.org/10.3354/meps09583

Abid, N., Laglaoui, A., Arakrak, A., & Bakkali, M. (2018). The role of fish in the diet of
swordfish (Xiphias gladius) in the Strait of Gibraltar. Journal of the Marine Biological
Association of the United Kingdom, 98(4), 895-907.
https://doi.org/10.1017/S002531541700011X

Alabia, I. D., Saitoh, S.-I., Igarashi, H., Ishikawa, Y., Usui, N., Kamachi, M., Awaji, T.,
& Seito, M. (2016). Future projected impacts of ocean warming to potential squid
habitat in western and central North Pacific. ICES Journal of Marine Science, 73(5),
1343-1356. https://doi.org/10.1093/icesjms/fsv203

Albo-Puigserver, M., Borme, D., Coll, M., Tirelli, V., Palomera, I., & Navarro, J. (2019).
Trophic ecology of range-expanding round sardinella and resident sympatric
species in the NW Mediterranean. Marine Ecology Progress Series, 620, 139-154.
https://doi.org/10.3354/meps12962

Albo-Puigserver, M., Navarro, J., Coll, M., Layman, C. A., & Palomera, |. (2016).
Trophic structure of pelagic species in the northwestern Mediterranean Sea.
Journal of Sea Research, 117, 27-35.

Albeke, S. E. (2023). rKIN: (Kernel) Isotope Niche Estimation (p. 1.0.2) [Computer
software]. https://CRAN.R-project.org/package=rKIN

Aminian-Biquet, J., Gorjanc, S., Sletten, J., Vincent, T., Laznya, A., Vaidianu, N.,
Claudet, J., Young, J., & Horta e Costa, B. (2024). Over 80% of the European
Union’s marine protected area only marginally regulates human activities. One
Earth, 7(9), 1614-1629. https://doi.org/10.1016/j.oneear.2024.07.010

Amundsen, P.-A., Gabler, H.-M., & Staldvik, F. J. (1996). A new approach to graphical
analysis of feeding strategy from stomach contents data—Modification of the
Costello (1990) method. Journal of Fish Biology, 48(4), 607-614.
https://doi.org/10.1111/j.1095-8649.1996.tb01455.x

Amundsen, P.-A., & Sanchez-Hernandez, J. (2019). Feeding studies take guts —
critical review and recommendations of methods for stomach contents analysis in
fish. Journal of Fish Biology, 95(6), 1364-1373. https://doi.org/10.1111/jfb.14151

Anderson, M. J. (2001). A new method for non-parametric multivariate analysis of
variance. Austral Ecology, 26(1), 32-46. Scopus. https://doi.org/10.1046/j.1442-
9993.2001.01070.x

Anderson, O., Small, C., Croxall, J., Dunn, E., Sullivan, B., Yates, O., & Black, A.
(2011). Global seabird bycatch in longline fisheries. Endangered Species
Research, 14, 91-106. https://doi.org/10.3354/esr00347

185



References

Andrades, R., Joyeux, J.-C., Macieira, R. M., Godoy, B. S., Reis-Filho, J. A., Jackson,
A. L., & Giarrizzo, T. (2021). Niche-Relationships Within and Among Intertidal Reef
Fish Species. Frontiers in Marine Science, 8.
https://doi.org/10.3389/fmars.2021.659579

André, J., Haddon, M., & Pecl, G. T. (2010). Modelling climate-change-induced
nonlinear thresholds in cephalopod population dynamics. Global Change Biology,
16(10), 2866—2875. https://doi.org/10.1111/j.1365-2486.2010.02223.x

Andrews, A. J., Pampoulie, C., Di Natale, A., Addis, P., Bernal-Casasola, D., Aniceti,
V., Carenti, G., Gomez-Fernandez, V., Chosson, V., Ughi, A., Von Tersch, M.,
Fontanals-Coll, M., Cilli, E., Onar, V., Tinti, F., & Alexander, M. (2023). Exploitation
shifted trophic ecology and habitat preferences of Mediterranean and Black Sea
bluefin tuna over centuries. Fish and Fisheries, 24(6), 1067-1083.
https://doi.org/10.1111/faf.12785

Andrzejaczek, S., Lucas, T. C. D., Goodman, M. C., Hussey, N. E., Armstrong, A. J.,
Carlisle, A., Coffey, D. M., Gleiss, A. C., Huveneers, C., Jacoby, D. M. P., Meekan,
M. G., Mourier, J., Peel, L. R., Abrantes, K., Afonso, A. S., Ajemian, M. J.,
Anderson, B. N., Anderson, S. D., Araujo, G., ... Curnick, D. J. (2022). Diving into
the vertical dimension of elasmobranch movement ecology. Science Advances,
8(33), eabo1754. https://doi.org/10.1126/sciadv.abo1754

Annasawmy, P., Ménard, F., Marsac, F., Ternon, J.-F., Cherel, Y., Romanov, E., & Le
Loc’h, F. (2024). Environmental variability shapes trophic and resource partitioning
between epipelagic and mesopelagic biomes in oceanic provinces: Implications in
a globally changing ocean. Progress in Oceanography, 229, 103339.
https://doi.org/10.1016/j.pocean.2024.103339

Arlinghaus, R., Lucas, J., Weltersbach, M. S., Kémle, D., Winkler, H. M., Riepe, C.,
Kihn, C., & Strehlow, H. V. (2021). Niche overlap among anglers, fishers and
cormorants and their removals of fish biomass: A case from brackish lagoon
ecosystems in the southern Baltic Sea. Fisheries Research, 238, 105894.
https://doi.org/10.1016/j.fishres.2021.105894

Assis, J., Fernandez Bejarano, S. J., Salazar, V. W., Schepers, L., Gouvéa, L.,
Fragkopoulou, E., Leclercq, F., Vanhoorne, B., Tyberghein, L., Serréo, E. A.,
Verbruggen, H., & De Clerck, O. (2024). Bio-ORACLE v3.0. Pushing marine data
layers to the CMIP6 Earth System Models of climate change research. Global
Ecology and Biogeography, 33(4), e13813. https://doi.org/10.1111/geb.13813

Bachiller, E., Albo-Puigserver, M., Giménez, J., Pennino, M. G., Mari-Mena, N.,
Esteban, A., Lloret-Lloret, E., Jadaud, A., Carro, B., Bellido, J. M., & Coll, M. (2020).
A trophic latitudinal gradient revealed in anchovy and sardine from the Western
Mediterranean Sea using a multi-proxy approach. Scientific Reports, 10(1), Article
1. https://doi.org/10.1038/s41598-020-74602-y

Bachiller, E., Giménez, J., Albo-Puigserver, M., Pennino, M. G., Mari-Mena, N.,
Esteban, A., Lloret-Lloret, E., Bellido, J. M., & Coll, M. (2021). Trophic niche overlap
between round sardinella (Sardinella aurita) and sympatric pelagic fish species in
the Western Mediterranean. Ecology and Evolution, 11(22), 16126-16142.
https://doi.org/10.1002/ece3.8293

Béez, J. C., Czerwinski, I. A., Ramos, M. L., Bellido, J. M., & Coll, M. (2025). New
Fishing Strategies to Face Climate Change Effects on the Spanish Tropical Tuna

186



References

Fisheries  Off Indian  Ocean. Fisheries = Oceanography, e12743.
https://doi.org/10.1111/fog.12743

Baez, J. C., Pennino, M. G., Albo-Puigserver, M., Coll, M., Giraldez, A., & Bellido, J.
M. (2022). Effects of environmental conditions and jellyfish blooms on small pelagic
fish and fisheries from the Western Mediterranean Sea | Elsevier Enhanced
Reader. Estuarine, Coastal and Shelf Science, 264.
https://doi.org/10.1016/j.ecss.2021.107699

Baker, R., Buckland, A., & Sheaves, M. (2014). Fish gut content analysis: Robust
measures of diet composition. Fish and Fisheries, 15(1), 170-177.
https://doi.org/10.1111/faf.12026

Baringer, M. O., & Price, J. F. (1997). Mixing and Spreading of the Mediterranean
Outflow. Journal of Physical Oceanography, 27, 1654-1677.

Barria, C., Coll, M., & Navarro, J. (2015). Unravelling the ecological role and trophic
relationships of uncommon and threatened elasmobranchs in the western
Mediterranean Sea. Marine Ecology Progress Series, 539, 225-240.
https://doi.org/10.3354/meps11494

Bas, M., Ouled-Cheikh, J., Fuster-Alonso, A., Julia, L., March, D., Ramirez, F.,
Cardona, L., & Coll, M. (2025). Potential Spatial Mismatches Between Marine
Predators and Their Prey in the Southern Hemisphere in Response to Climate
Change. Global Change Biology, 31(2), €70080. https://doi.org/10.1111/gcb.70080

Bassoi, M., Shepherd, J. G., Secchi, E. R., Moreno, I. B., & Danilewicz, D. (2020).
Oceanographic processes driving the feeding ecology of franciscana dolphin off
Southern Brazilian coast. Continental Shelf Research, 201. Scopus.
https://doi.org/10.1016/j.csr.2020.104124

Battaglia, P., Malara, D., Ammendolia, G., Romeo, T., & Andaloro, F. (2015).
Relationships between otolith size and fish length in some mesopelagic teleosts
(Myctophidae, Paralepididae, Phosichthyidae and Stomiidae): Body-otolith
relationships in midwater fishes. Journal of Fish Biology, 87(3), 774-782.
https://doi.org/10.1111/jfb.12744

Battaglia, P., Malara, D., Romeo, T., & Andaloro, F. (2010). Relationships between
otolith size and fish size in some mesopelagic and bathypelagic species from the
Mediterranean Sea (Strait of Messina, ltaly). Scientia Marina, 74(3), Article 3.
https://doi.org/10.3989/scimar.2010.74n3605

Baum, J. K., & Worm, B. (2009). Cascading top-down effects of changing oceanic
predator abundances. Journal of Animal Ecology, 78(4), Article 4.
https://doi.org/10.1111/j.1365-2656.2009.01531.x

Beauchesne, D., Cazelles, K., Daigle, R. M., Gravel, D., & Archambault, P. (2025).
Ecological interactions amplify cumulative effects in marine ecosystems. Science
AdvAnceS.

Beaugrand, G., & Kirby, R. R. (2018). How Do Marine Pelagic Species Respond to
Climate Change? Theories and Observations. Annual Review of Marine Science,
10, 169-197. https://doi.org/10.1146/annurev-marine-121916-063304

Bello, G. (1991). Role of cephalopods in the diet of the swordfish, Xiphias glad/us, from
the eastern Mediterranean Sea. Bulletin of Marine Science, 49(1-2), 312—-324.

187



References

Beltran, R. S., Payne, A. R, Kilpatrick, A. M., Hale, C. M., Reed, M., Hazen, E. L.,
Bograd, S. J., Jouma’a, J., Robinson, P. W., Houle, E., Matern, W., Sabah, A,
Lewis, K., Sebandal, S., Coughlin, A., Heredia, N. V., Penny, F., Dalrymple, S. R.,
Penny, H., ... Costa, D. P. (2025). Elephant seals as ecosystem sentinels for the
northeast Pacific Ocean twilight zone. Science, 387(6735), 764—769.
https://doi.org/10.1126/science.adp2244

Benoit-Bird, K. J. (2024). Resource Patchiness as a Resolution to the Food Paradox
in the Sea. The American Naturalist, 203(1), 1-13. https://doi.org/10.1086/727473

Besnard, L., Le Croizier, G., Galvan-Magafia, F., Point, D., Kraffe, E., Ketchum, J.,
Martinez Rincon, R. O., & Schaal, G. (2021). Foraging depth depicts resource
partitioning and contamination level in a pelagic shark assemblage: Insights from
mercury  stable isotopes. Environmental Pollution, 283, 117066.
https://doi.org/10.1016/j.envpol.2021.117066

Bindoff, N. L., Cheung, W.W.L., Kairo, J.G., Aristegui, J., Guinder, V.A., Hallberg, R.,
Hilmi, N., Jiao, N., Karim, M.S., Levin, L., O’'Donoghue. S., Purca Cuicapusa, S.R.,
Rinkevich, B., Suga, T., Tagliabue, A., & Williamson, P. (2019). Changing Ocean,
Marine Ecosystems, and Dependent Communities. In IPCC Special Report on the
Ocean and Cryosphere in a Changing Climate (pp. 447-588). Cambridge
University Press. https://doi.org/10.1017/9781009157964.007

Birkmanis, C. A., Freer, J. J., Simmons, L. W., Partridge, J. C., & Sequeira, A. M. M.
(2020). Future Distribution of Suitable Habitat for Pelagic Sharks in Australia Under
Climate Change Models. Frontiers in Marine Science, 7.
https://doi.org/10.3389/fmars.2020.00570

Biton-Porsmoguer, S., Banaru, D., Boudouresque, C., Dekeyser, |., Viricel, A., &
Merchan, M. (2015). DNA evidence of the consumption of short-beaked common
dolphin Delphinus delphis by the shortfin mako shark Isurus oxyrinchus. Marine
Ecology Progress Series, 532, 177-185. https://doi.org/10.3354/meps11327

Biton-Porsmoguer, S., Banaru, D., Boudouresque, C. F., Dekeyser, ., BEarez, P., &
Miguez-Lozano, R. (2017). Compared diet of two pelagic shark species in the
northeastern Atlantic Ocean. Vie Milieu, 6.

Biton-Porsmoguer, S., Banaru, D., Harmelin-Vivien, M., Béarez, P., Bouchoucha, M.,
Marco-Miralles, F., Marques, M., & Lloret, J. (2022). A study of trophic structure,
physiological condition and mercury biomagnification in swordfish (Xiphias
gladius): Evidence of unfavourable conditions for the swordfish population in the
Western Mediterranean. Marine Pollution Bulletin, 176, 113411.
https://doi.org/10.1016/j.marpolbul.2022.113411

Bivand, R. S., & Wong, D. W. S. (2018). Comparing implementations of global and
local indicators of spatial association. TEST, 27(3), 716-748.
https://doi.org/10.1007/s11749-018-0599-x

Bligh, E. G., & Dyer, W. J. (1959). A rapid method of total lipid extraction and
purification. Canadian Journal of Biochemistry and Physiology, 37(8), 911-917.
https://doi.org/10.1139/059-099

Bloomfield, A. L., Elsdon, T. S., Walther, B. D., Gier, E. J., & Gillanders, B. M. (2011).
Temperature and diet affect carbon and nitrogen isotopes of fish muscle: Can
amino acid nitrogen isotopes explain effects? Journal of Experimental Marine
Biology and Ecology, 399(1), 48-59. https://doi.org/10.1016/j.jembe.2011.01.015

188



References

Bode, A., Saavedra, C., Alvarez-Gonzalez, M., Arregui, M., Arbelo, M., Fernandez,
A., Freitas, L., Silva, M. A, Prieto, R., Azevedo, J. M. N., Giménez, J., Pierce, G.
J., & Santos, M. B. (2022). Trophic position of dolphins tracks recent changes in
the pelagic ecosystem of the Macaronesian region (NE Atlantic). Marine Ecology
Progress Series, 699, 167-180. https://doi.org/10.3354/meps14176

Bodin, N., Budzinski, H., Le Ménach, K., & Tapie, N. (2009). ASE extraction method
for simultaneous carbon and nitrogen stable isotope analysis in soft tissues of
aquatic organisms. Analytica Chimica Acta, 643(1), 54-60.
https://doi.org/10.1016/j.aca.2009.03.048

Boecklen, W. J., Yarnes, C. T., Cook, B. A., & James, A. C. (2011). On the Use of
Stable Isotopes in Trophic Ecology. Annual Review of Ecology, Evolution, and
Systematics, 42(1), 411-440. https://doi.org/10.1146/annurev-ecolsys-102209-
144726

Bolnick, D. I., Ingram, T., Stutz, W. E., Snowberg, L. K., Lau, O. L., & Paull, J. S. (2010).
Ecological release from interspecific competition leads to decoupled changes in
population and individual niche width. Proceedings of the Royal Society B:
Biological Sciences, 277(1689), 1789-1797.
https://doi.org/10.1098/rspb.2010.0018

Bopp, L., Resplandy, L., Orr, J. C., Doney, S. C., Dunne, J. P., Gehlen, M., Halloran,
P., Heinze, C., llyina, T., Séférian, R., Tjiputra, J., & Vichi, M. (2013). Multiple
stressors of ocean ecosystems in the 21st century: Projections with CMIP5 models.
Biogeosciences, 10(10), 6225-6245. https://doi.org/10.5194/bg-10-6225-2013

Borja, A. (2014). Grand challenges in marine ecosystems ecology. Frontiers in Marine
Science, 1. https://doi.org/10.3389/fmars.2014.00001

Bosc, E., Bricaud, A., & Antoine, D. (2004). Seasonal and interannual variability in algal
biomass and primary production in the Mediterranean Sea, as derived from 4 years
of SeaWiFS observations. Global Biogeochemical Cycles, 18(1).
https://doi.org/10.1029/2003GB002034

Branch, T. A, Lobo, A. S., & Purcell, S. W. (2013). Opportunistic exploitation: An
overlooked pathway to extinction. Trends in Ecology & Evolution, 28(7), 409-413.
https://doi.org/10.1016/j.tree.2013.03.003

Braun, C. D., Arostegui, M. C., Thorrold, S. R., Papastamatiou, Y. P., Gaube, P.,
Fontes, J., & Afonso, P. (2022). The Functional and Ecological Significance of
Deep Diving by Large Marine Predators. Annual Review of Marine Science,
14(Volume 14, 2022), 129-159. https://doi.org/10.1146/annurev-marine-032521-
103517

Braun, C. D., Lezama-Ochoa, N., Farchadi, N., Arostegui, M. C., Alexander, M., Allyn,
A., Bograd, S. J., Brodie, S., Crear, D. P., Curtis, T. H., Hazen, E. L., Kerney, A.,
Mills, K. E., Pugh, D., Scott, J. D., Welch, H., Young-Morse, R., & Lewison, R. L.
(2023). Widespread habitat loss and redistribution of marine top predators in a
changing ocean. Science Advances, 9(32), eadi2718.
https://doi.org/10.1126/sciadv.adi2718

Breitburg, D., Levin, L. A., Oschlies, A., Grégoire, M., Chavez, F. P., Conley, D. J.,
Gargon, V., Gilbert, D., Gutiérrez, D., Isensee, K., Jacinto, G. S., Limburg, K. E.,
Montes, I., Naqvi, S. W. A,, Pitcher, G. C., Rabalais, N. N., Roman, M. R., Rose,
K. A, Seibel, B. A,, ... Zhang, J. (2018). Declining oxygen in the global ocean and

189



References

coastal waters. Science (New York, N.Y.), 359(6371), eaam7240.
https://doi.org/10.1126/science.aam7240

Brierley, A. S. (2014). Diel vertical migration. Current Biology, 24(22), R1074-R1076.
https://doi.org/10.1016/j.cub.2014.08.054

Brito-Morales, |., Schoeman, D. S., Molinos, J. G., Burrows, M. T., Klein, C. J., Arafeh-
Dalmau, N., Kaschner, K., Garilao, C., Kesner-Reyes, K., & Richardson, A. J.
(2020). Climate velocity reveals increasing exposure of deep-ocean biodiversity to
future warming. Nature Climate Change, 10(6), 576-581.
https://doi.org/10.1038/s41558-020-0773-5

Brotz, L., & Pauly, D. (2012). Jellyfish populations in the Mediterranean Sea. ACTA
ADRIATICA.

Byrne, M. E., Dewar, H., Vaudo, J. J., Wetherbee, B. M., & Shivji, M. S. (2024). You
Shall Not Pass: The Pacific Oxygen Minimum Zone Creates a Boundary to Shortfin
Mako Shark Distribution in the Eastern North Pacific Ocean. Diversity and
Distributions, 30(12), e13924. https://doi.org/10.1111/ddi.13924

Canals, O., Lanzén, A., Mendibil, I., Bachiller, E., Corrales, X., Andonegi, E., Cotano,
U., & Rodriguez-Ezpeleta, N. (2024). Increasing marine trophic web knowledge
through DNA analyses of fish stomach content: A step towards an ecosystem-
based approach to fisheries research. Journal of Fish Biology, Article n/a.
https://doi.org/10.1111/jfb.15754

Canese, S., Garibaldi, F., Relini, L. O., & Greco, S. (2008). Swordfish tagging with
pop—Up satellite tags in the Mediterranean Sea. 62(4), 1052—-1057.

Cardona, L., Alvarez de Quevedo, |., Borrell, A., & Aguilar, A. (2012). Massive
Consumption of Gelatinous Plankton by Mediterranean Apex Predators. PLoS
ONE, 7(3), €31329. https://doi.org/10.1371/journal.pone.0031329

Cardona, L., Martinez Inigo, L., Mateo, R., & Gonzalez-Solis, J. (2015). The role of
sardine as prey for pelagic predators in the western Mediterranean Sea assessed
using stable isotopes and fatty acids. Marine Ecology Progress Series, 531, 1-14.

Cardona, L., Revelles, M., Aguilar, A., & Borrell, A. (2007). Meadows of the seagrass
Posidonia oceanica are a significant source of organic matter for adjoining
ecosystems. Marine Ecology Progress Series, 123.
https://doi.org/10.3354/meps335123

Carmona-Antofianzas, G., Metochis, C. P., & Grammatopoulou, E. (2016). The diet of
the swordfish Xiphias gladius in the western Mediterranean Sea. Vie Milieu, 9.

Carpenter-Kling, T., Handley, J. M., Connan, M., Crawford, R. J. M., Makhado, A. B.,
Dyer, B. M., Froneman, W., Lamont, T., Wolfaardt, A. C., Landman, M., Sigqgala,
M., & Pistorius, P. A. (2019). Gentoo penguins as sentinels of climate change at
the sub-Antarctic Prince Edward Archipelago, Southern Ocean. Ecological
Indicators, 101, 163-172. https://doi.org/10.1016/j.ecolind.2019.01.008

Carroll, G., Abrahms, B., Brodie, S., & Cimino, M. A. (2024). Spatial match—mismatch
between predators and prey under climate change. Nature Ecology & Evolution, 1—
9. https://doi.org/10.1038/s41559-024-02454-0

Castro-Cadenas, M. D., Barreiros, M., Bas, M., Ortega, M., Claudet, J., Coll, M., &
Sbragaglia, V. (2025). Fishing activities within Spanish marine protected areas in

190



References

the Mediterranean Sea. Marine Policy, 177, 106686.
https://doi.org/10.1016/j.marpol.2025.106686

Caut, S., Angulo, E., & Courchamp, F. (2009). Variation in discrimination factors (A *°
N and A 3 C): The effect of diet isotopic values and applications for diet
reconstruction.  Journal of  Applied Ecology, 46(2), Article 2.
https://doi.org/10.1111/j.1365-2664.2009.01620.x

CBD. (2025). EBSA - Ecologically or Biologically Significant Marine Areas [Convention
on Biological Diversity (CBD)]. https://www.cbd.int/ebsa/repository/archive

Ceyhan, T., & Akyol, O. (2017). Preliminary study on the diet of juvenile swordfish
(Xiphias gladius) in the Aegean Sea. 73(3), 1103-1107.

Ceyhan, T., Akyol, O., Demir-Saglam, Y., Seb, H., Ozgiil, A., & Diizvastilar, F. O.
(2020). The gathering of predators around the sea-cage fish farms in the Aegean
Sea. 61, 361-368. https://doi.org/10.21411/CBM.A.F8856C42

Chang, P., Xu, G., Kurian, J., Small, R. J., Danabasoglu, G., Yeager, S., Castruccio,
F., Zhang, Q., Rosenbloom, N., & Chapman, P. (2023). Uncertain future of
sustainable fisheries environment in eastern boundary upwelling zones under
climate change. Communications Earth & Environment, 4(1), 1-9.
https://doi.org/10.1038/s43247-023-00681-0

Chang, Y.-J., Sun, C.-L., Chen, Y., Yeh, S.-Z,, DiNardo, G., & Su, N.-J. (2013).
Modelling the impacts of environmental variation on the habitat suitability of
swordfish, Xiphias gladius, in the equatorial Atlantic Ocean. ICES Journal of Marine
Science, 70(5), Article 5. https://doi.org/10.1093/icesjms/fss190

Chase, J. M., & Leibold, M. (2003). Ecological Niches: Linking Classical and
Contemporary Approaches. University of Chicago Press.

Cherel, Y., & Hobson, K. (2007). Geographical variation in carbon stable isotope
signatures of marine predators: A tool to investigate their foraging areas in the
Southern Ocean. Marine Ecology Progress Series, 329, 281-287.
https://doi.org/10.3354/meps329281

Chi, X., Dierking, J., Hoving, H.-J., Liskow, F., Denda, A., Christiansen, B., Sommer,
U., Hansen, T., & Javidpour, J. (2021). Tackling the jelly web: Trophic ecology of
gelatinous zooplankton in oceanic food webs of the eastern tropical Atlantic
assessed by stable isotope analysis. Limnology and Oceanography, 66(2), Article
2. https://doi.org/10.1002/In0.11605

Chiaradia, A., Forero, M. G., Mclnnes, J. C., & Ramirez, F. (2014). Searching for the
True Diet of Marine Predators: Incorporating Bayesian Priors into Stable Isotope
Mixing Models. PLoS ONE, 9(3), €92665.
https://doi.org/10.1371/journal.pone.0092665

Chiaradia, A., Ramirez, F., Forero, M. G., & Hobson, K. A. (2016). Stable Isotopes
(613C, 815N) Combined with Conventional Dietary Approaches Reveal Plasticity
in Central-Place Foraging Behavior of Little Penguins Eudyptula minor. Frontiers in
Ecology and Evolution, 3.
https://www.frontiersin.org/articles/10.3389/fevo.2015.00154

Christensen, V., Steenbeek, J., & Walters, C. J. (2024). User Guide for Ecopath with
Ecosim (EwE). The University of British Columbia.
https://pressbooks.bccampus.ca/eweguide/

191



References

Clark, T. D., Sandblom, E., & Jutfelt, F. (2013). Aerobic scope measurements of fishes
in an era of climate change: Respirometry, relevance and recommendations. The
Journal of Experimental Biology, 216(Pt 15), 2771-2782.
https://doi.org/10.1242/jeb.084251

Clarke, M. R. (1986). A handbook for the identification of cephalopod beaks. Oxford,
UK: Clarendon. (Clarendon Press).

Clark-Wolf, T. J., Holt, K. A, Johansson, E., Nisi, A. C., Rafiq, K., West, L., Boersma,
P. D., Hazen, E. L., Moore, S. E., & Abrahms, B. (2024). The capacity of sentinel
species to detect changes in environmental conditions and ecosystem structure.
Journal of Applied Ecology, 61(7), 1638-1648. https://doi.org/10.1111/1365-
2664.14669

Clavel-Henry, M., Piroddi, C., Quattrocchi, F., Macias, D., & Christensen, V. (2020).
Spatial Distribution and Abundance of Mesopelagic Fish Biomass in the
Mediterranean  Sea. Frontiers in Marine  Science, 7, 573986.
https://doi.org/10.3389/fmars.2020.573986

Coelho, R., Mejuto, J., Domingo, A., Yokawa, K., Liu, K.-M., Cortés, E., Romanov, E.
V., da Silva, C., Hazin, F., Arocha, F., Mwilima, A. M., Bach, P., Ortiz de Zarate, V.,
Roche, W., Lino, P. G., Garcia-Cortés, B., Ramos-Cartelle, A. M., Forselledo, R.,
Mas, F., ... Santos, M. N. (2018). Distribution patterns and population structure of
the blue shark (Prionace glauca) in the Atlantic and Indian Oceans. Fish and
Fisheries, 19(1), Article 1. https://doi.org/10.1111/faf.12238

Coll, M., Albo-Puigserver, M., Navarro, J., Palomera, |., & Dambacher, J. (2019). Who
is to blame? Plausible pressures on small pelagic fish population changes in the
northwestern Mediterranean Sea. Marine Ecology Progress Series, 617—618, 277—
294. https://doi.org/10.3354/meps12591

Coll, M., Bellido, J. M., Pennino, M. G., Albo-Puigserver, M., Baez, J. C., Christensen,
V., Corrales, X., Fernandez-Corredor, E., Giménez, J., Julia, L., Lloret-Lloret, E.,
Macias, D., Ouled-Cheikh, J., Ramirez, F., Sbragaglia, V., & Steenbeek, J. (2024).
Retrospective analysis of the pelagic ecosystem of the Western Mediterranean
Sea: Drivers, changes and effects. Science of The Total Environment, 907,
167790. https://doi.org/10.1016/j.scitotenv.2023.167790

Coll, M., Bundy, A., & Shannon, L. (2008). Ecosystem Modelling Using the Ecopath
with Ecosim Approach. In Computers in Fisheries Research: Second Edition (pp.
225-291). https://doi.org/10.1007/978-1-4020-8636-6_8

Coll, M., Navarro, J., Olson, R. J., & Christensen, V. (2013). Assessing the trophic
position and ecological role of squids in marine ecosystems by means of food-web
models. Deep Sea Research Part II: Topical Studies in Oceanography, 95, 21-36.
https://doi.org/10.1016/j.dsr2.2012.08.020

Coll, M., Piroddi, C., Albouy, C., Ben Rais Lasram, F., Cheung, W. W. L., Christensen,
V., Karpouzi, V. S., Guilhaumon, F., Mouillot, D., Paleczny, M., Palomares, M. L.,
Steenbeek, J., Trujillo, P., Watson, R., & Pauly, D. (2012). The Mediterranean Sea
under siege: Spatial overlap between marine biodiversity, cumulative threats and
marine reserves. Global Ecology and Biogeography, 21(4), 465-480.
https://doi.org/10.1111/j.1466-8238.2011.00697.x

Coll, M., Piroddi, C., Steenbeek, J., Kaschner, K., Lasram, F. B. R., Aguzzi, J.,
Ballesteros, E., Bianchi, C. N., Corbera, J., Dailianis, T., Danovaro, R., Estrada, M.,

192



References

Froglia, C., Galil, B. S., Gasol, J. M., Gertwagen, R., Gil, J., Guilhaumon, F.,
Kesner-Reyes, K., ... Voultsiadou, E. (2010). The Biodiversity of the Mediterranean
Sea: Estimates, Patterns, and Threats. PLOS ONE, 5(8), e11842.
https://doi.org/10.1371/journal.pone.0011842

Coll, M., Steenbeek, J., Ben Rais Lasram, F., Mouillot, D., & Cury, P. (2015). ‘Low-
hanging fruit' for conservation of marine vertebrate species at risk in the
Mediterranean Sea. Global Ecology and Biogeography, 24(2), 226-239.
https://doi.org/10.1111/geb.12250

Coll, M., Steenbeek, J., Pennino, M. G., Buszowski, J., Kaschner, K., Lotze, H. K.,
Rousseau, Y., Tittensor, D. P., Walters, C., Watson, R. A., & Christensen, V.
(2020). Advancing Global Ecological Modeling Capabilities to Simulate Future
Trajectories of Change in Marine Ecosystems. Frontiers in Marine Science, 7.
https://doi.org/10.3389/fmars.2020.567877

Collette, B. B., Di Natale, A., Fox, W., Graves, J. E., Juan-Jord4, M. J., Pohlot, B.,
Restrepo, V., & Schratwieser, J. (2022). Xiphias gladius. IUCN Red List of
Threatened Species. https://doi.org/e. T23148A46625751

Colloca, F., Scarcella, G., & Libralato, S. (2017). Recent Trends and Impacts of
Fisheries Exploitation on Mediterranean Stocks and Ecosystems. Frontiers in
Marine Science, 4, 244. https://doi.org/10.3389/fmars.2017.00244

Costa-Pereira, R., Rudolf, V. H. W., Souza, F. L., & Araujo, M. S. (2018). Drivers of
individual niche variation in coexisting species. Journal of Animal Ecology, 87(5),
1452-1464. https://doi.org/10.1111/1365-2656.12879

Costello, M. J. (1990). Predator feeding strategy and prey importance: A new graphical
analysis. Journal of Fish Biology, 36(2), 261-263. https://doi.org/10.1111/j.1095-
8649.1990.th05601.x

Crear, D. P., Curtis, T. H., Hutt, C. P., & Lee, Y.-W. (2023). Climate-influenced shifts
in a highly migratory species recreational fishery. Fisheries Oceanography, 32(4),
327-340. https://doi.org/10.1111/fog.12632

Crec'hriou, R., Neveu, R., & Lenfant, P. (2013). Length-weight relationship of main
commercial fishes from the French Catalan coast. Journal of Applied Ichthyology,
29(5), 1191-1192. https://doi.org/10.1111/jai.12320

Crespo, G. O., Griffiths, S., Murua, H., Osterblom, H., & Lopez, J. (2024). Adaptive
spatiotemporal management to reduce shark bycatch in tuna fisheries.
Conservation Biology, 38(4), e14324. https://doi.org/10.1111/cobi.14324

Czudaj, S., Mdllmann, C., & Fock, H. O. (2022). Length—weight relationships of 55
mesopelagic fishes from the eastern tropical NORTH ATLANTIC: Across- and within-
species variation (body shape, growth stanza, condition factor). Journal of Fish
Biology, 101(1), 26—41. https://doi.org/10.1111/jfb.15068

Damalas, D., & Megalofonou, P. (2014). Age-Dependent Habitat Identification of
Mediterranean Swordfish: Application on Commercial Fishery Data and Potential
Use in Fisheries Management. Reviews in Fisheries Science & Aquaculture, 22(4),
257-273. https://doi.org/10.1080/23308249.2014.951987

Dambacher, J. M., Young, J. W., Olson, R. J., Allain, V., Galvan-Magafia, F., Lansdell,
M. J., Bocanegra-Castillo, N., Alatorre-Ramirez, V., Cooper, S. P., & Duffy, L. M.
(2010). Analyzing pelagic food webs leading to top predators in the Pacific Ocean:

193



References

A graph-theoretic approach. Progress in Oceanography, 86(1), 152-165.
https://doi.org/10.1016/j.pocean.2010.04.011

Dell’Apa, A., Boenish, R., Fujita, R., & Kleisner, K. (2023). Effects of climate change
and variability on large pelagic fish in the Northwest Atlantic Ocean: Implications
for improving climate resilient management for pelagic longline fisheries. Frontiers
in Marine Science, 10. https://doi.org/10.3389/fmars.2023.1206911

DeNiro, M. J., & Epstein, S. (1978). Influence of diet on the distribution of carbon
isotopes in animals. Geochimica et Cosmochimica Acta, 42(5), 495-506.
https://doi.org/10.1016/0016-7037(78)90199-0

Diaz Briz, L., Sanchez, F., Mari, N., & Genzano, G. (2018). Seasonal variation of
gelatinous plankton consumption by fish in the South-western Atlantic Ocean: A
question of strategy. Marine Biology Research, 14(7), 739-751.
https://doi.org/10.1080/17451000.2018.1508847

Domingo, A., Forselledo, R., Mas, F., & Miller, P. (2022a). CHAPTER 2.2.1.1 BLUE
SHARK. In ICCAT Manual (p. 24).

Domingo, A., Forselledo, R., Mas, F., & Miller, P. (2022b). CHAPTER 2.2.1.2
SHORTFIN MAKO. In ICCAT Manual (p. 19).

Doubleday, Z. A., & Connell, S. D. (2018). Weedy futures: Can we benefit from the
species that thrive in the marine Anthropocene? Frontiers in Ecology and the
Environment, 16(10), 599—-604. https://doi.org/10.1002/fee.1973

Doubleday, Z. A., Prowse, T. A. A, Arkhipkin, A., Pierce, G. J., Semmens, J., Steer,
M., Leporati, S. C., Lourenco, S., Quetglas, A., Sauer, W., & Gillanders, B. M.
(2016). Global proliferation of cephalopods. Current Biology, 26(10), R406—R407.
https://doi.org/10.1016/j.cub.2016.04.002

Druon, J.-N. (2021). Ocean Productivity available to Fish (OPFish)—Global Ocean
ANNUAL - 2003-2020 (% of daily favorable occurrence, 1/24° by 1/24°).
http://data.europa.eu/89h/a82f0745-6181-4918-9aef-e4dee6149ac6

Druon, J.-N., Campana, S., Vandeperre, F., Hazin, F. H. V., Bowlby, H., Coelho, R.,
Queiroz, N., Serena, F., Abascal, F., Damalas, D., Musyl, M., Lopez, J., Block, B.,
Afonso, P., Dewar, H., Sabarros, P. S., Finucci, B., Zanzi, A., Bach, P., ...
Travassos, P. (2022). Global-Scale Environmental Niche and Habitat of Blue Shark
(Prionace glauca) by Size and Sex: A Pivotal Step to Improving Stock
Management. Frontiers in Marine Science, 9, 828412.
https://doi.org/10.3389/fmars.2022.828412

Druon, J.-N., Gascuel, D., Gibin, M., Zanzi, A., Fromentin, J.-M., Colloca, F., Hélaouét,
P., Coll, M., Mannini, A., Bluemel, J. K., Piroddi, C., Bastardie, F., Macias-Moy, D.,
Vasilakopoulos, P., Winker, H., Serpetti, N., Guillen, J., Palialexis, A., Gras, M., ...
Martinsohn, J. (2021). Mesoscale productivity fronts and local fishing opportunities
in the European Seas. Fish and Fisheries, 22(6), Article 6.
https://doi.org/10.1111/faf.12585

Duffy, L. M., Kuhnert, P. M., Pethybridge, H. R., Young, J. W., Olson, R. J., Logan, J.
M., Gofii, N., Romanov, E., Allain, V., Staudinger, M. D., Abecassis, M., Choy, C.
A., Hobday, A. J., Simier, M., Galvan-Magairia, F., Potier, M., & Ménard, F. (2017).
Global trophic ecology of yellowfin, bigeye, and albacore tunas: Understanding
predation on micronekton communities at ocean-basin scales. Deep Sea Research

194



References

Part Il Topical Studies in Oceanography, 140, 55-73.
https://doi.org/10.1016/j.dsr2.2017.03.003

Dulvy, N. K., Pacoureau, N., Matsushiba, J. H., Yan, H. F., VanderWright, W. J., Rigbhy,
C. L., Finucci, B., Sherman, C. S., Jabado, R. W., Carlson, J. K., Pollom, R. A.,
Charvet, P., Pollock, C. M., Hilton-Taylor, C., & Simpfendorfer, C. A. (2024).
Ecological erosion and expanding extinction risk of sharks and rays. Science,
386(6726), eadn1477. https://doi.org/10.1126/science.adn1477

Dulvy, N. K., Pacoureau, N., Rigby, C. L., Pollom, R. A., Jabado, R. W., Ebert, D. A,,
Finucci, B., Pollock, C. M., Cheok, J., Derrick, D. H., Herman, K. B., Sherman, C.
S., VanderWright, W. J., Lawson, J. M., Walls, R. H. L., Carlson, J. K., Charvet, P.,
Bineesh, K. K., Fernando, D., ... Simpfendorfer, C. A. (2021). Overfishing drives
over one-third of all sharks and rays toward a global extinction crisis. Current
Biology, 31(21), Article 21. https://doi.org/10.1016/j.cub.2021.08.062

Dunne, J. A. (2009). Food Webs. In Encyclopedia of Complexity and Systems Science
(pp. 3661-3682). Springer, New York, NY. https://doi.org/10.1007/978-0-387-
30440-3_216

Eckrich, C. A., Albeke, S. E., Flaherty, E. A., Bowyer, R. T., & Ben-David, M. (2020).
rKIN: Kernel-based method for estimating isotopic niche size and overlap. Journal
of Animal Ecology, 89(3), 757—771. https://doi.org/10.1111/1365-2656.13159

Edelist, D. (2014). New length-weight relationships and L max values for fishes from the
Southeastern Mediterranean Sea. Journal of Applied Ichthyology, 30(3), 521-526.
https://doi.org/10.1111/j.1439-0426.2012.02060.x

Eduardo, L. N., Lucena-Frédou, F., Lanco Bertrand, S., Lira, A. S., Mincarone, M. M.,
Nunes, G. T., Frédou, T., Soares, A., Le Loc’h, F., Pelage, L., Schwamborn, R.,
Travassos, P., Martins, K., Lira, S. M. A,, Figueiredo, G. A. A., Janior, T. V,,
Ménard, F., & Bertrand, A. (2023). From the light blue sky to the dark deep sea:
Trophic and resource partitioning between epipelagic and mesopelagic layers in a
tropical oceanic ecosystem. Science of The Total Environment, 878, 163098.
https://doi.org/10.1016/].scitotenv.2023.163098

Erauskin-Extramiana, M., Arrizabalaga, H., Cabré, A., Coelho, R., Rosa, D.,
Ibaibarriaga, L., & Chust, G. (2020). Are shifts in species distribution triggered by
climate change? A swordfish case study. Deep Sea Research Part Il: Topical
Studies in Oceanography, 175, 104666.
https://doi.org/10.1016/j.dsr2.2019.104666

Erauskin-Extramiana, M., Arrizabalaga, H., Hobday, A. J., Cabré, A., Ibaibarriaga, L.,
Arregui, |, Murua, H., & Chust, G. (2019). Large-scale distribution of tuna species
in a warming ocean. Global Change Biology, 25(6), Article 6.
https://doi.org/10.1111/gcb.14630

Erauskin-Extramiana, M., Chust, G., Arrizabalaga, H., Cheung, W. W. L., Santiago, J.,
Merino, G., & Fernandes-Salvador, J. A. (2023). Implications for the global tuna
fishing industry of climate change-driven alterations in productivity and body sizes.
Global and Planetary Change, 222, 104055.
https://doi.org/10.1016/j.gloplacha.2023.104055

Estes, J. A., Heithaus, M., McCauley, D. J., Rasher, D. B., & Worm, B. (2016).
Megafaunal Impacts on Structure and Function of Ocean Ecosystems. Annual

195



References

Review of Environment and Resources, 41(Volume 41, 2016), 83-116.
https://doi.org/10.1146/annurev-environ-110615-085622

Estrada, M. (1996). Primary production in the northwestern Mediterranean. Scientia
Marina, 60, 55—-64.

Falsone, F., Geraci, M. L., Scannella, D., Gancitano, V., Di Maio, F., Sardo, G.,
Quattrocchi, F., & Vitale, S. (2022). Length-Weight Relationships of 52 Species
from the South of Sicily (Central Mediterranean Sea). Fishes, 7(2), 92.
https://doi.org/10.3390/fishes7020092

Fanelli, E., Cartes, J. E., & Papiol, V. (2011). Food web structure of deep-sea
macrozooplankton and micronekton off the Catalan slope: Insight from stable
isotopes. Journal of Marine Systems, 87(2), Article 1.
https://doi.org/10.1016/j.jmarsys.2011.03.003

Fanelli, E., Papiol, V., Cartes, J. E., Rumolo, P., & Lopez-Pérez, C. (2013). Trophic
webs of deep-sea megafauna on mainland and insular slopes of the NW
Mediterranean: A comparison by stable isotope analysis. Marine Ecology Progress
Series, 490, 199-221. https://doi.org/10.3354/meps10430

FAO. (2022). The State of Mediterranean and Black Sea Fisheries 2022. FAO.
https://doi.org/10.4060/cc3370en

FAO. (2025). Global Capture Production. In: Fisheries and Aquaculture.
https://www.fao.org/fishery/en/collection/capture?lang=en

Farchadi, N., Welch, H., Braun, C. D., Allyn, A. J., Bograd, S. J., Brodie, S., Hazen, E.
L., Kerney, A., Lezama-Ochoa, N., Mills, K. E., Pugh, D., Young-Morse, R., &
Lewison, R. L. (2024). Marine heatwaves redistribute pelagic fishing fleets. Fish
and Fisheries, Article n/a. https://doi.org/10.1111/faf.12828

Fernandes, P. G., Ralph, G. M., Nieto, A., Garcia Criado, M., Vasilakopoulos, P.,
Maravelias, C. D., Cook, R. M., Pollom, R. A., Kovaci¢, M., Pollard, D., Farrell, E.
D., Florin, A.-B., Polidoro, B. A., Lawson, J. M., Lorance, P., Uiblein, F., Craig, M.,
Allen, D. J., Fowler, S. L., ... Carpenter, K. E. (2017). Coherent assessments of
Europe’s marine fishes show regional divergence and megafauna loss. Nature
Ecology & Evolution, 1(7), Article 7. https://doi.org/10.1038/s41559-017-0170

Fernandez-Alvarez, F. A., Machordom, A., Garcia-Jiménez, R., Salinas-Zavala, C. A.,
& Villanueva, R. (2018). Predatory flying squids are detritivores during their early
planktonic life. Scientific Reports, 8(1), 3440. https://doi.org/10.1038/s41598-018-
21501~y

Fernandez-Alvarez, F. A., Taite, M., Vecchione, M., Villanueva, R., & Allcock, A. L.
(2022). A phylogenomic look into the systematics of oceanic squids (order
Oegopsida). Zoological Journal of the Linnean Society, 194(4), 1212-1235.
https://doi.org/10.1093/zoolinnean/zlab069

Fernandez-Carvalho, J., Coelho, R., Santos, M. N., & Amorim, S. (2015). Effects of
hook and bait in a tropical northeast Atlantic pelagic longline fishery: Part Il—
Target, bycatch and discard fishes. Fisheries Research, 164, 312-321.
https://doi.org/10.1016/j.fishres.2014.11.009

Fernandez-Corredor, E., Albo-Puigserver, M., Pennino, M. G., Bellido, J. M., & Call,
M. (2021). Influence of environmental factors on different life stages of European
anchovy (Engraulis encrasicolus) and European sardine (Sardina pilchardus) from

196



References

the Mediterranean Sea: A literature review. Regional Studies in Marine Science,
41. Scopus. https://doi.org/10.1016/j.rsma.2020.101606

Fernandez-Corredor, E., Francotte, L., Martino, I., Fernandez-Alvarez, F. A., Garcia-
Barcelona, S., Macias, D., Coll, M., Ramirez, F., Navarro, J., & Giménez, J. (2023).
Assessing juvenile swordfish (Xiphias gladius) diet as an indicator of marine
ecosystem changes in the northwestern Mediterranean Sea. Marine Environmental
Research, 192, 106190. https://doi.org/10.1016/j.marenvres.2023.106190

Fernandez-Corredor, E., Fuster-Alonso, A., Ramirez, F., Giménez, J., Garcia-
Barcelona, S., Macias, D., Coll, M., & Navarro, J. (2025). Environmental and
human factors shape the trophic ecology of a widespread marine predator. Journal
of Animal Ecology, 94(9), 1784—-1799. https://doi.org/10.1111/1365-2656.70087

Fernandez-Corredor, E., Ouled-Cheikh, J., Navarro, J., & Coll, M. (2024). An overview
of the ecological roles of Mediterranean chondrichthyans through extinction
scenarios. Reviews in Fish Biology and Fisheries, 34, Article 34.
https://doi.org/10.1007/s11160-023-09822-2

Ferretti, F., Worm, B., Britten, G. L., Heithaus, M. R., & Lotze, H. K. (2010). Patterns
and ecosystem consequences of shark declines in the ocean. Ecology Letters,
13(8), 1055-1071. https://doi.org/10.1111/j.1461-0248.2010.01489.x

Feuilloley, G., Fromentin, J.-M., Saraux, C., Irisson, J.-O., Jalabert, L., & Stemmann,
L. (2022). Temporal fluctuations in zooplankton size, abundance, and taxonomic
composition since 1995 in the North Western Mediterranean Sea. ICES Journal of
Marine Science, 79(3), 882—900. https://doi.org/10.1093/icesjms/fsab190

Field, C. B., Behrenfeld, M. J., Randerson, J. T., & Falkowski, P. (1998). Primary
Production of the Biosphere: Integrating Terrestrial and Oceanic Components.
Science, 281(5374), 237-240. https://doi.org/10.1126/science.281.5374.237

Fortuna, C. M., Fortibuoni, T., Bueno-Pardo, J., Coll, M., Franco, A., Giménez, J.,
Stranga, Y., Peck, M. A., Claver, C., Brasseur, S., Fernandez-Corredor, E.,
Fraschetti, S., Garcia-Garin, O., van Leeuwen, A., Louzao, M., Pedrajas, A,
Raicevich, S., Ramirez, F., Ransijn, J., ... Katsanevakis, S. (2024). Top predator
status and trends: Ecological implications, monitoring and mitigation strategies to
promote ecosystem-based management. Frontiers in Marine Science, 11.
https://doi.org/10.3389/fmars.2024.1282091

Fry, B. (2006). Stable Isotope Ecology. Springer New York. https://doi.org/10.1007/0-
387-33745-8

Galindo, E., Giraldo, A., & Navia, A. (2021). Feeding habits and trophic interactions of
four sympatric hammerhead shark species reveal trophic niche partitioning. Marine
Ecology Progress Series, 665, 159-175. https://doi.org/10.3354/meps13681

Gallo, N., Beckwith, M., Wei, C., Levin, L., Kuhnz, L., & Barry, J. (2020). Dissolved
oxygen and temperature best predict deep-sea fish community structure in the Gulf
of California with climate change implications. Marine Ecology Progress Series,
637, 159-180. https://doi.org/10.3354/meps13240

Gambardella, C., Fernandez-Corredor, E., Moro, S., Echwiki, K., Jenrette, J. F., Lemsi,
C., Schallert, R. J., Shea, B. D., Zammit, M. C., Cerrano, C., Colloca, F., Romeo,
T., Navarro, J., & Ferretti, F. (2025). Trophic niche partitioning between the white
shark (Carcharodon carcharias) and the shortfin mako (Isurus oxyrinchus) in the

197



References

central Mediterranean Sea. Wildlife Research, 52(10).
https://doi.org/10.1071/WR25028

Garcia-Barcelona, S., Baez, J. C., Ortiz-de-Urbina-Gutiérrez, J. M., Gomez-Vives, M.
J., & Macias, D. (2013). By-catch of Cory’s shearwater in the commercial longline
fisheries based in the Mediterranean and operating in east Atlantic waters: First
approach to incidental catches of seabird in the area. ICCAT Collective Volume of
Scientific Papers, 64(4), 1929-1934.

Garcia-Barcelona, S., Urbina, J. M. O. de, Serna, J. M. de la, Alot, E., & Macias, D.
(2010). Seabird bycatch in Spanish Mediterranean large pelagic longline fisheries,
2000-2008. Aquatic Living Resources, 23(4), Article 4,
https://doi.org/10.1051/alr/2010022

Garibaldi, F., & Orsi Relini, L. (2000). Summer abundance, size and feeding habits of
the blue shark, Prionace glauca, in the pelagic sanctuary of the Ligurian Sea.
Biologia Marina Mediterranea, 7(1), 324—-333.

GFCM. (2022a). Report of the Working Group on Stock Assessment of Demersal
Species (WGSAD) (p. 125). https://www.fao.org/gfcm/technical-
meetings/detail/en/c/1635049/

GFCM. (2022b). Report of the Working Group on Stock Assessment of Small Pelagic
Species (WGSASP) (p. 65). https://www.fao.org/gfcm/technical-
meetings/detail/en/c/1634928/

Gilmour, M. E., Adams, J., Block, B. A., Caselle, J. E., Friedlander, A. M., Game, E. T.,
Hazen, E. L., Holmes, N. D., Lafferty, K. D., Maxwell, S. M., McCauley, D. J.,
Oleson, E. M., Pollock, K., Shaffer, S. A., Wolff, N. H., & Wegmann, A. (2022).
Evaluation of MPA designs that protect highly mobile megafauna now and under
climate change scenarios. Global Ecology and Conservation, 35, e€02070.
https://doi.org/10.1016/j.gecco.2022.e02070

Giménez, J., Cafadas, A., Ramirez, F., Afan, |., Garcia-Tiscar, S., Fernandez-
Maldonado, C., Castillo, J. J., & Stephanis, R. de. (2017). Intra- and interspecific
niche partitioning in striped and common dolphins inhabiting the southwestern
Mediterranean Sea. Marine Ecology Progress Series, 567, 199-210.
https://doi.org/10.3354/meps12046

Giménez, J., Manjabacas, A., Tuset, V. M., & Lombarte, A. (2016). Relationships
between otolith and fish size from Mediterranean and north-eastern Atlantic
species to be used in predator-prey studies: Relationships between fish otolith
sizes. Journal of Fish Biology, 89(4), 2195-2202. https://doi.org/10.1111/jfb.13115

Giménez, J., Marcalo, A., Ramirez, F., Verborgh, P., Gauffier, P., Esteban, R., Nicolau,
L., Gonzélez-Ortegén, E., Baldo, F., Vilas, C., Vingada, J., G. Forero, M., & de
Stephanis, R. (2017). Diet of bottlenose dolphins (Tursiops truncatus) from the Gulf
of Cadiz: Insights from stomach content and stable isotope analyses. PLOS ONE,
12(9), e0184673. https://doi.org/10.1371/journal.pone.0184673

Giménez, J., Puigarnau, S., Moréan, E., Lombarte, A., Gomez -Vives, M. J., Coll, M., &
Navarro, J. (2021). Interannual trophic behaviour of a pelagic fish predator in the
western Mediterranean Sea. Marine Environmental Research, 168, 105288.
https://doi.org/10.1016/j.marenvres.2021.105288

198



References

Giménez, J., Ramirez Benitez, F., Coll, M., & Navarro, J. (2022). Charismatic,
threatened and unknown: Marine predators in the Anthropocene. In The ocean we
want: Inclusive and transformative ocean science. Consejo Superior de
Investigaciones Cientificas (Espafia). https://digital.csic.es/handle/10261/255506

Gissi, E., Manea, E., Mazaris, A. D., Fraschetti, S., Alimpanidou, V., Bevilacqua, S.,
Coll, M., Guarnieri, G., Lloret-Lloret, E., Pascual, M., Petza, D., Rilov, G.,
Schonwald, M., Stelzenmidiller, V., & Katsanevakis, S. (2021). A review of the
combined effects of climate change and other local human stressors on the marine
environment. Science of The Total Environment, 755, 142564.
https://doi.org/10.1016/j.scitotenv.2020.142564

Gomez-Campos, E., Borrell, A., Cardona, L., Forcada, J., & Aguilar, A. (2011).
Overfishing of Small Pelagic Fishes Increases Trophic Overlap between Immature
and Mature Striped Dolphins in the Mediterranean Sea. PLOS ONE, 6(9), Article
9. https://doi.org/10.1371/journal.pone.0024554

Grecian, W. J., Witt, M. J., Attrill, M. J., Bearhop, S., Becker, P. H., Egevang, C.,
Furness, R. W., Godley, B. J., Gonzélez-Solis, J., Grémillet, D., Kopp, M., Lescroél,
A., Matthiopoulos, J., Patrick, S. C., Peter, H.-U., Phillips, R. A., Stenhouse, I. J., &
Votier, S. C. (2016). Seabird diversity hotspot linked to ocean productivity in the
Canary Current Large Marine Ecosystem. Biology Letters, 12(8), 20160024.
https://doi.org/10.1098/rsbl.2016.0024

Grimaldo, E., Grimsmo, L., Alvarez, P., Herrmann, B., Mgen Tveit, G., Tiller, R., Slizyte,
R., Aldanondo, N., Guldberg, T., Toldnes, B., Carvajal, A., Schei, M., & Selnes, M.
(2020). Investigating the potential for a commercial fishery in the Northeast Atlantic
utilizing mesopelagic species. ICES Journal of Marine Science, 77(7-8), 2541—
2556. https://doi.org/10.1093/icesjms/fsaall4

Guerrero, A. I, & Rogers, T. L. (2020). Evaluating the performance of the Bayesian
mixing tool MixSIAR with fatty acid data for quantitative estimation of diet. Scientific
Reports, 10(1), 20780. https://doi.org/10.1038/s41598-020-77396-1

Guerrero, E., Gili, J.-M., Griny0, J., Raya, V., & Sabatés, A. (2018). Long-term changes
in the planktonic cnidarian community in a mesoscale area of the NW
Mediterranean. PLoS ONE, 13(5), e0196431.
https://doi.org/10.1371/journal.pone.0196431

Haddock, S. H. D., & Choy, C. A. (2024). Life in the Midwater: The Ecology of Deep
Pelagic Animals. Annual Review of Marine Science, 16(Volume 16, 2024), 383—
416. https://doi.org/10.1146/annurev-marine-031623-095435

Halpern, B. S., Frazier, M., O’'Hara, C. C., Vargas-Fonseca, O. A., & Lombard, A. T.
(2025). Cumulative impacts to global marine ecosystems projected to more than
double by mid-century. Science, 389(6766), 1216-1219.
https://doi.org/10.1126/science.adv2906

Halpern, B. S., Frazier, M., Potapenko, J., Casey, K. S., Koenig, K., Longo, C.,
Lowndes, J. S., Rockwood, R. C., Selig, E. R., Selkoe, K. A., & Walbridge, S.
(2015). Spatial and temporal changes in cumulative human impacts on the world’s
ocean. Nature Communications, 6(1), Avrticle 1.
https://doi.org/10.1038/ncomms8615

Hammerschlag, N., Schmitz, O. J., Flecker, A. S., Lafferty, K. D., Sih, A., Atwood, T.
B., Gallagher, A. J., Irschick, D. J., Skubel, R., & Cooke, S. J. (2019). Ecosystem

199



References

Function and Services of Aquatic Predators in the Anthropocene. Trends in
Ecology & Evolution, 34(4), 369—383. https://doi.org/10.1016/j.tree.2019.01.005

Harrer, M., Cuijpers, P., Furukawa, T., & Ebert, D. (2021). Doing Meta-Analysis with
R: A Hands-On Guide. https://doi.org/10.1201/9781003107347

Hart, R. K., Calver, M. C., & Dickman, C. R. (2002). The index of relative importance:
An alternative approach to reducing bias in descriptive studies of animal diets.
Wildlife Research, 29, 415-421. https://doi.org/10.1071/WR02009

Hastie, T., & Tibshirani, R. (1986). Generalized Additive Models. Statistical Science,
1(3).

Hatzonikolakis, Y., Tsiaras, K., Tserpes, G., Somarakis, S., St John, M., Peristeraki,
P., Raitsos, D., & Triantafyllou, G. (2021). Investigating growth and reproduction of
the Mediterranean swordfish Xiphias gladius through a full life cycle bioenergetics
model. Marine Ecology Progress Series, 680, 51-77.
https://doi.org/10.3354/meps13861

Hazen, E. L., Abrahms, B., Brodie, S., Carroll, G., Jacox, M. G., Savoca, M. S., Scales,
K. L., Sydeman, W. J., & Bograd, S. J. (2019). Marine top predators as climate and
ecosystem sentinels. Frontiers in Ecology and the Environment, 17(10), 565-574.
https://doi.org/10.1002/fee.2125

Hazen, E. L., Jorgensen, S., Rykaczewski, R. R., Bograd, S. J., Foley, D. G., Jonsen,
I. D., Shaffer, S. A., Dunne, J. P., Costa, D. P., Crowder, L. B., & Block, B. A. (2013).
Predicted habitat shifts of Pacific top predators in a changing climate. Nature
Climate Change, 3(3), 234—-238. https://doi.org/10.1038/nclimate1686

Hazen, E. L., Savoca, M. S., Clark-Wolf, T. J., Czapanskiy, M., Rabinowitz, P. M., &
Abrahms, B. (2024). Ecosystem Sentinels as Early-Warning Indicators in the
Anthropocene. Annual Review of Environment and Resources, 49(Volume 49,
2024), 573-598. https://doi.org/10.1146/annurev-environ-111522-102317

Henderson, A., Flannery, K., & Dunne, J. (2005). Observations on the biology and
ecology of the blue shark in the North-East Atlantic. Journal of Fish Biology, 58,
1347-1358. https://doi.org/10.1111/j.1095-8649.2001.tb02291.x

Hentati-Sundberg, J., Olin, A. B., Evans, T. J., Isaksson, N., Berglund, P.-A., & Olsson,
0. (2021). A mechanistic framework to inform the spatial management of conflicting
fisheries and top predators. Journal of Applied Ecology, 58(1), 125-134.
https://doi.org/10.1111/1365-2664.13759

Hernandez-Garcia, V. (1995). The diet of the swordfish Xiphias gladius Linnaeus,
1758, in the central east Atlantic, with emphasis on the role of cephalopods. Fishery
Bulletin, 93, 403-411.

Hidalgo, M., & Browman, H. |. (2019). Developing the knowledge base needed to
sustainably manage mesopelagic resources. ICES Journal of Marine Science,
76(3), Article 3. https://doi.org/10.1093/icesjms/fsz067

Higgins, J. P. T., Thompson, S. G., & Spiegelhalter, D. J. (2009). A re-evaluation of
random-effects meta-analysis. Journal of the Royal Statistical Society. Series A,
(Statistics in  Society), 172(1), 137-159. https://doi.org/10.1111/j.1467-
985X.2008.00552.x

200



References

Hijmans, R. (2023). raster: Geographic Data Analysis and Modeling. (Version R
package V. 3.6-14) [Computer software]. https://CRAN.R-
project.org/package=raster

Hilborn, R. (2018). Are MPAs effective? ICES Journal of Marine Science, 75, 1160—
1162. https://doi.org/10.1093/icesjms/fsx068

Hobday, A. J., Arrizabalaga, H., Evans, K., Nicol, S., Young, J. W., & Weng, K. C.
(2015). Impacts of climate change on marine top predators: Advances and future
challenges. Deep Sea Research Part II: Topical Studies in Oceanography, 113, 1—
8. https://doi.org/10.1016/j.dsr2.2015.01.013

Houssard, P., Lorrain, A., Tremblay-Boyer, L., Allain, V., Graham, B. S., Menkes, C.
E., Pethybridge, H., Couturier, L. I. E., Point, D., Leroy, B., Receveur, A., Hunt, B.
P. V., Vourey, E., Bonnet, S., Rodier, M., Raimbault, P., Feunteun, E., Kuhnert, P.
M., Munaron, J.-M., ... Letourneur, Y. (2017). Trophic position increases with
thermocline depth in yellowfin and bigeye tuna across the Western and Central
Pacific Ocean. Progress in Oceanography, 154, 49-63.
https://doi.org/10.1016/j.pocean.2017.04.008

Houssard, P., Point, D., Tremblay-Boyer, L., Allain, V., Pethybridge, H., Masbou, J.,
Ferriss, B. E., Baya, P. A, Lagane, C., Menkes, C. E., Letourneur, Y., & Lorrain, A.
(2019). A Model of Mercury Distribution in Tuna from the Western and Central
Pacific Ocean: Influence of Physiology, Ecology and Environmental Factors.
Environmental Science & Technology, 53(3), 1422-1431.
https://doi.org/10.1021/acs.est.8b06058

Hoving, H.-J. T., Gilly, W. F., Markaida, U., Benoit-Bird, K. J., -Brown, Z. W., Daniel,
P., Field, J. C., Parassenti, L., Liu, B., & Campos, B. (2013). Extreme plasticity in
life-history strategy allows a migratory predator (jumbo squid) to cope with a
changing climate. Global Change Biology, 19(7), 2089-2103.
https://doi.org/10.1111/gcb.12198

Hoyle, S. D., Campbell, R. A., Ducharme-Barth, N. D., Griss, A., Moore, B. R,
Thorson, J. T., Tremblay-Boyer, L., Winker, H., Zhou, S., & Maunder, M. N. (2024).
Catch per unit effort modelling for stock assessment: A summary of good practices.
Fisheries Research, 269, 106860. https://doi.org/10.1016/].fishres.2023.106860

Hyslop, E. J. (1980). Stomach contents analysis—A review of methods and their
application. Journal of Fish Biology, 17(4), 411-429. https://doi.org/10.1111/j.1095-
8649.1980.tb02775.x

ICCAT. (2020). 2020 SCRS Advice to the Commission (p. 362).
https://www.iccat.int/Documents/SCRS/SCRS_2020_Advice_ENG.pdf

ICCAT. (2023). Report for biennial period, 2022-23, Part Il (No. Vol. 2; Issue Vol. 2, p.
545).

ICCAT. (2025). Report for biennial period, 2024-25 Part | (2024) (No. Vol. 2).

Iglesias, B. (2024). Pelagic trophic interactions in the Bay of Biscay: Implications for
ecosystem-based management [Ph.D. Thesis]. Universidad del Pais Vasco.

Iglesias, B., Giménez, J., Preciado, |, Méndez-Fernandez, P., Chouvelon, T.,
Lambrechts, A., Bustamante, P., Fort, J., Gofii, N., Spitz, J., Astarloa, A., & Louzao,
M. (2024). Trophic guilds and niche segregation among marine megafauna in the

201



References

Bay of Biscay. Marine Environmental Research, 202, 106751.
https://doi.org/10.1016/j.marenvres.2024.106751

Iglesias, I. S., Santora, J. A., Fiechter, J., & Field, J. C. (2023). Mesopelagic fishes are
important prey for a diversity of predators. Frontiers in Marine Science, 10.
https://doi.org/10.3389/fmars.2023.1220088

IPCC. (2022). The Ocean and Cryosphere in a Changing Climate: Special Report of
the Intergovernmental Panel on Climate Change. Cambridge University Press.
https://doi.org/10.1017/9781009157964

IPCC-ARG. (2023). Climate Change 2023: Synthesis Report. Contribution of Working
Groups I, Il and Il to the Sixth Assessment Report of the Intergovernmental Panel
on Climate Change (First). Intergovernmental Panel on Climate Change (IPCC).
https://doi.org/10.59327/IPCC/AR6-9789291691647

Jabado, R. W., Garcia-Rodriguez, E., Kyne, P. M., Ryan Charles, Asia H Armstrong,
Bortoluzzi, J. R., Mouton, T. L., Gonzalez-Pestana, A., Battle-Morera, A., Rohner,
C., & Sciara, G. N. di. (2023). Mediterranean and Black Seas: A regional
compendium of Important Shark and Ray Areas. IUCN SSC Shark Specialist
Group. https://sharkrayareas.org/download/mediterranean-and-black-seas-
regional-compendium-of-important-shark-and-ray-areas/

Jackson, A. L., Inger, R., Parmnell, A. C., & Bearhop, S. (2011). Comparing isotopic
niche widths among and within communities: SIBER — Stable Isotope Bayesian
Ellipses in R. Journal of Animal Ecology, 80(3), 595-602.
https://doi.org/10.1111/].1365-2656.2011.01806.x

Johnson, A. F., Gorelli, G., Jenkins, S. R., Hiddink, J. G., & Hinz, H. (2015). Effects of
bottom trawling on fish foraging and feeding. Proceedings of the Royal Society B:
Biological Sciences, 282(1799), 20142336. https://doi.org/10.1098/rspb.2014.2336

Juan-Jorda, M. J., Murua, H., Arrizabalaga, H., Merino, G., Pacoureau, N., & Dulvy, N.
K. (2022). Seventy years of tunas, billfishes, and sharks as sentinels of global
ocean health. Science, 378(6620), Article 6620.
https://doi.org/10.1126/science.abj0211

Kéampf, J., & Chapman, P. (2016). The Canary/Iberia Current Upwelling System. In J.
Kéampf & P. Chapman (Eds.), Upwelling Systems of the World: A Scientific Journey
to the Most Productive Marine Ecosystems (pp. 203—-250). Springer International
Publishing. https://doi.org/10.1007/978-3-319-42524-5 6

Keck, F., Peller, T., Alther, R., Barouillet, C., Blackman, R., Capo, E., Chonova, T.,
Couton, M., Fehlinger, L., Kirschner, D., Knlsel, M., Muneret, L., Oester, R.,
Tapolczai, K., Zhang, H., & Altermatt, F. (2025). The global human impact on
biodiversity. Nature, 641(8062), 395-400. https://doi.org/10.1038/s41586-025-
08752-2

Kim, G.-U., Seo, K.-H., & Chen, D. (2019). Climate change over the Mediterranean
and current destruction of marine ecosystem. Scientific Reports, 9(1), 18813.
https://doi.org/10.1038/s41598-019-55303-7

Kim, S. L, & Koch, P. L. (2012). Methods to collect, preserve, and prepare
elasmobranch tissues for stable isotope analysis. Environmental Biology of Fishes,
95(1), 53-63. https://doi.org/10.1007/s10641-011-9860-9

202



References

Klarian, S. A., Canales-Cerro, C., Barria, P., Zarate, P., Concha, F., Hernandez, S.,
Heidemeyer, M., Sallaberry-Pincheira, P., & Meléndez, R. (2018). New insights on
the trophic ecology of blue (Prionace glauca) and shortfin mako sharks (Isurus
oxyrinchus) from the oceanic eastern South Pacific. Marine Biology Research,
14(2), 173-182. https://doi.org/10.1080/17451000.2017.1396344

Koslow, J., Davison, P., Ferrer, E., Rosenberg, A., Aceves-Medina, G., & Watson, W.
(2018). The evolving response of mesopelagic fishes to declining midwater oxygen
concentrations in the southern and central California Current. ICES Journal of
Marine Science, 76. https://doi.org/10.1093/icesjms/fsy154

Kowalczyk, N. D., Chiaradia, A., Preston, T. J., & Reina, R. D. (2014). Linking dietary
shifts and reproductive failure in seabirds: A stable isotope approach. Functional
Ecology, 28(3), 755-765. https://doi.org/10.1111/1365-2435.12216

Kroodsma, D., Mayorga, J., Hochberg, T., Miller, N., Boerder, K., Ferretti, F., Wilson,
A., Bergman, B., White, T., Block, B., Woods, P., Sullivan, B., Costello, C., & Worm,
B. (2018). Tracking the Global Footprint of Fisheries. Science, 359.
https://doi.org/10.1126/science.aa05646

Kuhnert, P. M., Duffy, L. M., Young, J. W., & Olson, R. J. (2012). Predicting fish diet
composition using a bagged classification tree approach: A case study using
yellowfin tuna (Thunnus albacares). Marine Biology, 159(1), 87-100.
https://doi.org/10.1007/s00227-011-1792-6

Lambert, C., Broderick, A. C., Beton, D., Cafadas, A., Dars, C., Di Matteo, A., Gilbert,
L., Giménez, J., Keramidas, |., Navarro, J., Palmer, J. L., Snape, R. T. E., Sparks,
L., Spitz, J., Tsikliras, A. C., Virgili, A., & Grémillet, D. (2025). Energyscapes
pinpoint marine megafauna feeding hotspots in the Mediterranean. Proceedings of
the National Academy of Sciences, 122(6), €2412845122.
https://doi.org/10.1073/pnas.2412845122

Langan, D., Higgins, J. P. T., Jackson, D., Bowden, J., Veroniki, A. A., Kontopantelis,
E., Viechtbauer, W., & Simmonds, M. (2019). A comparison of heterogeneity
variance estimators in simulated random-effects meta-analyses. Research
Synthesis Methods, 10(1), Article 1. https://doi.org/10.1002/jrsm.1316

Layman, C. A., Arrington, D. A., Montafia, C. G., & Post, D. M. (2007). Can Stable
Isotope Ratios Provide for Community-Wide Measures of Trophic Structure?
Ecology, 88(1), Article 1. https://doi.org/10.1890/0012-
9658(2007)88[42:CSIRPF]2.0.CO;2

Lazo-Andrade, J., Guzméan-Rivas, F., Barria, P., Ortega, J., Mora, S., & Urzla, A.
(2021). Seasonal dynamics of biochemical composition and fatty acids of swordfish
(Xiphias gladius) in the Southeast Pacific Ocean off the coast of Chile. Marine
Environmental Research, 169, 105388.
https://doi.org/10.1016/j.marenvres.2021.105388

Le Croizier, G., Sonke, J. E., Lorrain, A., Serre, S., Besnard, L., Schaal, G., Amezcua-
Martinez, F., & Point, D. (2022). Mercury stable isotopes suggest reduced foraging
depth in oxygen minimum zones for blue sharks. Marine Pollution Bulletin, 181,
113892. https://doi.org/10.1016/j.marpolbul.2022.113892

Lesser, J. S., James, W. R, Stallings, C. D., Wilson, R. M., & Nelson, J. A. (2020).
Trophic niche size and overlap decreases with increasing ecosystem productivity.
Oikos, 129(9), 1303-1313. https://doi.org/10.1111/0ik.07026

203



References

Letessier, T. B., Bouchet, P. J., & Meeuwig, J. J. (2017). Sampling mobile oceanic
fishes and sharks: Implications for fisheries and conservation planning. Biological
Reviews, 92(2), Article 2. https://doi.org/10.1111/brv.12246

Li, Y., Zhang, Y., & Dai, X. (2016). Trophic interactions among pelagic sharks and large
predatory teleosts in the northeast central Pacific. Journal of Experimental Marine
Biology and Ecology, 483, 97-103. https://doi.org/10.1016/j.jembe.2016.04.013

Li, Z., Chen, Z., Costa-Pereira, R., Hussey, N. E., Zhang, Y., & Li, Y. (2024). Isotopic
trajectories and interspecific niche partitioning in tropical pelagic sharks. Global
Ecology and Conservation, 49, e02772.
https://doi.org/10.1016/j.gecco.2023.e02772

Link, J. S., Thur, S., Matlock, G., & Grasso, M. (2023). Why we need weather forecast
analogues for marine ecosystems. ICES Journal of Marine Science, 80(8), 2087—-
2098. https://doi.org/10.1093/icesjms/fsad143

Lizé, A., Teichert, N., Roussel, J.-M., Acou, A., Feunteun, E., & Carpentier, A. (2023).
Isotopic niches of diadromous fishes inform on interspecific competition in an
obstructed catchment. Frontiers in Ecology and Evolution, 11, 1242452,
https://doi.org/10.3389/fev0.2023.1242452

Lloret-Lloret, E., Navarro, J., Giménez, J., Lépez, N., Albo-Puigserver, M., Pennino, M.
G., & Coll, M. (2020). The Seasonal Distribution of a Highly Commercial Fish Is
Related to Ontogenetic Changes in Its Feeding Strategy. Frontiers in Marine
Science, 7. https://www.frontiersin.org/articles/10.3389/fmars.2020.566686

Logan, J. M., Golet, W., Smith, S. C., Neilson, J., & Van Guelpen, L. (2021). Broadbill
swordfish (Xiphias gladius) foraging and vertical movements in the North-west
Atlantic. Journal of Fish Biology, 99(2), 557-568. https://doi.org/10.1111/jfb.14744

Logan, R. K., Luongo, S. M., Vaudo, J. J., Wetherbee, B. M., & Shivji, M. S. (2023).
Hunting behavior of a solitary sailfish Istiophorus platypterus and estimated energy
gain after prey capture. Scientific Reports, 13(1), 1484.
https://doi.org/10.1038/s41598-023-28748-0

Logan, R. K., Vaudo, J. J., Wetherbee, B. M., & Shivji, M. S. (2023a). Patrolling the
border: Billfish exploit the hypoxic boundary created by the world’s largest oxygen
minimum  zone. Journal of Animal Ecology, 92(8), 1658-1671.
https://doi.org/10.1111/1365-2656.13940

Logan, R. K., Vaudo, J. J., Wetherbee, B. M., & Shivji, M. S. (2023b). Seasonally
mediated niche partitioning in a vertically compressed pelagic predator guild.
Proceedings of the Royal Society B: Biological Sciences, 290(2012), 20232291.
https://doi.org/10.1098/rspb.2023.2291

Lombarte, A., Chic, O., Garcia—Ladona, E., Parisi-Baradad, V., Olivella, R., Piera, J.,
& Garcia-Ladona, E. (2006). A web-based environment for shape analysis of fish
otoliths. The AFORO database. Scientia Marina, 70, 147-152.

Longhurst, A. (1998). Ecological Geography of the Sea (2nd Edition). Academic Press.
https://shop.elsevier.com/books/ecological-geography-of-the-sea/longhurst/978-0-
12-455521-1

Lépez-Berenguer, G., Bossi, R., Eulaers, 1., Dietz, R., Pefialver, J., Schulz, R., Zubrod,
J., Sonne, C., & Martinez-Lopez, E. (2020). Stranded cetaceans warn of high
perfluoroalkyl substance pollution in the western Mediterranean Sea.

204



References

Environmental Pollution (Barking, Essex: 1987), 267, 115367.
https://doi.org/10.1016/j.envpol.2020.115367

Lépez-Pérez, C., Olivar, M. P., Tuset, V. M., Bernal, A., & Hulley, P. A. (2023). Energy
density of mesopelagic fishes from the Atlantic Ocean. Journal of Fish Biology,
102(4), 924-935. https://doi.org/10.1111/jfb.15331

Lorrain, A., Pethybridge, H., Cassar, N., Receveur, A., Allain, V., Bodin, N., Bopp, L.,
Choy, C. A, Duffy, L., Fry, B., Gofii, N., Graham, B. S., Hobday, A. J., Logan, J.
M., Ménard, F., Menkes, C. E., Olson, R. J., Pagendam, D. E., Point, D., ... Young,
J. W. (2020). Trends in tuna carbon isotopes suggest global changes in pelagic
phytoplankton communities. Global Change Biology, 26(2), 458-470.
https://doi.org/10.1111/gch.14858

Lu, C. C., & Ickeringill, R. (2002). Cephalopod beak identification and biomass
estimation techniques: Tools for dietary studies of southern Australian finfishes.
Museum Victoria Science Reports, 6, 1-65.
https://doi.org/10.24199/j.mvsr.2002.06

MacArthur, R. H., & Pianka, E. R. (1966). On Optimal Use of a Patchy Environment.
The American Naturalist, 100(916), 603-609.

Madigan, D. J., Richardson, A. J., Carlisle, A. B., Weber, S. B., Brown, J., & Hussey,
N. E. (2021). Water column structure defines vertical habitat of twelve pelagic
predators in the South Atlantic. ICES Journal of Marine Science, 78(3), Article 3.
https://doi.org/10.1093/icesjms/fsaa222

Maguire, J.-J., Sissenwine, M., Csirke, J., Grainger, R., & Garcia, S. (2006). The State
of World Highly Migratory, Straddling and Other High Seas Fishery Resources And
Associated Species. In FAO Fisheries Technical Paper (Vol. 495).

Maia, A., Queiroz, N., Correia, J. P., & Cabral, H. (2006). Food habits of the shortfin
mako, Isurus oxyrinchus, off the southwest coast of Portugal. Environmental
Biology of Fishes, 77(2), Article 2. https://doi.org/10.1007/s10641-006-9067-7

Majdi, N., Hette-Tronquart, N., Auclair, E., Bec, A., Chouvelon, T., Cognie, B., Danger,
M., Decottignies, P., Dessier, A., Desvilettes, C., Dubois, S., Dupuy, C., Fritsch, C.,
Gaucherel, C., Hedde, M., Jabot, F., Lefebvre, S., Marzloff, M. P., Pey, B., ...
Perga, M.-E. (2018). There’s no harm in having too much: A comprehensive
toolbox of methods in trophic ecology. Food Webs, 17, €00100.
https://doi.org/10.1016/j.fooweb.2018.e00100

Markaida, U., & Hochberg, F. G. (2005). Cephalopods in the Diet of Swordfish (Xiphias
gladius) Caught off the West Coast of Baja California, Mexico. Pacific Science,
59(1), 25-41. https://doi.org/10.1353/psc.2005.0011

Marsaly, B., Daugherty, D., Shipley, O., Gelpi, C., Boyd, N., Davis, J., Fisher, M., &
Matich, P. (2023). Contrasting ecological roles and flexible trophic interactions of
two estuarine apex predators in the western Gulf of Mexico. Marine Ecology
Progress Series, 709, 55—76. https://doi.org/10.3354/meps14281

Martin, A., Boyd, P., Buesseler, K., Cetinic, ., Claustre, H., Giering, S., Henson, S.,
Irigoien, X., Kriest, I., Memery, L., Robinson, C., Saba, G., Sanders, R., Siegel, D.,
Villa-Alfageme, M., & Guidi, L. (2020). The oceans’ twilight zone must be studied
now, before it is too late. Nature, 580(7801), Article 7801.
https://doi.org/10.1038/d41586-020-00915-7

205



References

Martino, J. C., Doubleday, Z. A., & Gillanders, B. M. (2019). Metabolic effects on
carbon isotope biomarkers in fish. Ecological Indicators, 97, 10-16.
https://doi.org/10.1016/j.ecolind.2018.10.010

Maureaud, A., Gascuel, D., Colléter, M., Palomares, M. L. D., Du Pontavice, H., Pauly,
D., & Cheung, W. W. L. (2017). Global change in the trophic functioning of marine
food webs. PLOS ONE, 12(8), €0182826.
https://doi.org/10.1371/journal.pone.0182826

Maxwell, S. M., Hazen, E. L., Lewison, R. L., Dunn, D. C., Bailey, H., Bograd, S. J.,
Briscoe, D. K., Fossette, S., Hobday, A. J., Bennett, M., Benson, S., Caldwell, M.
R., Costa, D. P., Dewar, H., Eguchi, T., Hazen, L., Kohin, S., Sippel, T., & Crowder,
L. B. (2015). Dynamic ocean management: Defining and conceptualizing real-time
management of the ocean. Marine Policy, 58, 42-50.
https://doi.org/10.1016/j.marpol.2015.03.014

Maya Meneses, C. |, Torres Rojas, Y. E., Galvdn Magafia, F., Aguifiiga Garcia, S., &
Trasvifia Carrillo, L. D. (2016). Trophic overlap between blue sharks (Prionace
glauca) and shortfin makos (Isurus oxyrinchus): Trophic linkages between two
shark species in the Eastern Pacific Ocean food web. Food Webs, 7, 13-19.
https://doi.org/10.1016/j.fooweb.2016.03.002

McCauley, D. J., Micheli, F., Young, H. S., Tittensor, D. P., Brumbaugh, D. R., Madin,
E. M. P., Holmes, K. E., Smith, J. E., Lotze, H. K., DeSalles, P. A., Arnold, S. N., &
Worm, B. (2010). Acute effects of removing large fish from a near-pristine coral
reef. Marine Biology, 157(12), 2739-2750. https://doi.org/10.1007/s00227-010-
1533-2

Medina, A., Gofii, N., Arrizabalaga, H., & Varela, J. L. (2015). Feeding patterns of age-
0 bluefin tuna in the western Mediterranean inferred from stomach-content and
isotope analyses. Marine Ecology Progress Series, 527, 193-204.
https://doi.org/10.3354/meps11226

Mendez-Fernandez, P., Bustamante, P., Bode, A., Chouvelon, T., Ferreira, M., Lopez,
A., Pierce, G. J., Santos, M. B., Spitz, J., Vingada, J. V., & Caurant, F. (2012).
Foraging ecology of five toothed whale species in the Northwest Iberian Peninsula,
inferred using carbon and nitrogen isotope ratios. Journal of Experimental Marine
Biology and Ecology, 413, 150-158. https://doi.org/10.1016/j.jembe.2011.12.007

Mendonca, A. (2009). Diet of the blue shark, Prionace glauca, in the Northeast Atlantic
[M.S.]. Universidade do Porto.

Micheli, F., Halpern, B. S., Walbridge, S., Ciriaco, S., Ferretti, F., Fraschetti, S.,
Lewison, R., Nykjaer, L., & Rosenberg, A. A. (2013). Cumulative Human Impacts
on Mediterranean and Black Sea Marine Ecosystems: Assessing Current
Pressures and Opportunities. PLOS ONE, 8(12), €79889.
https://doi.org/10.1371/journal.pone.0079889

Millot, C. (1999). Circulation in the Western Mediterranean Sea. Journal of Marine
Systems, 20(1), 423—442. https://doi.org/10.1016/S0924-7963(98)00078-5

Mir-Arguimbau, J., Balcells, M., Raventds, N., Martin, P., & Sabatés, A. (2020).
Growth, reproduction and their interplay in blue whiting (Micromesistius poutassou,
Risso, 1827) from the NW Mediterranean. Fisheries Research, 227, 105540.
https://doi.org/10.1016/j.fishres.2020.105540

206



References

Mir-Arguimbau, J., Martin, P., Balcells, M., Sala-Coromina, J., & Sabatés, A. (2022).
Fishery dynamics of blue whiting, Micromesistius poutassou, a highly discarded
bycatch species in the NW Mediterranean Sea. Scientia Marina, 86(1), €025.
https://doi.org/10.3989/scimar.05240.025

Mir-Arguimbau, J., Navarro, J., Balcells, M., Martin, P., & Sabatés, A. (2020). Feeding
ecology of blue whiting (Micromesistius poutassou) in the NW Mediterranean: The
important role of Myctophidae. Deep Sea Research Part |: Oceanographic
Research Papers, 166, 103404. https://doi.org/10.1016/j.dsr.2020.103404

Moore, S. E., Logerwell, E., Eisner, L., Farley, E. V., Harwood, L. A., Kuletz, K,
Lovvorn, J., Murphy, J. R., & Quakenbush, L. T. (2014). Marine Fishes, Birds and
Mammals as Sentinels of Ecosystem Variability and Reorganization in the Pacific
Arctic Region. In J. M. Grebmeier & W. Maslowski (Eds.), The Pacific Arctic Region:
Ecosystem Status and Trends in a Rapidly Changing Environment (pp. 337-392).
Springer Netherlands. https://doi.org/10.1007/978-94-017-8863-2_11

Morales, J. M., Mata, A. J., Rodriguez, A., & Revilla, C. J. (2005). Acuicultura, Pesca,
y Marisqueo en el Golfo de Cadiz (Consejeria de Agricultura y Pesca.). Junta de
Andalucia.

Morey, G., Moranta, J., Massuti, E., Grau, A., Linde, M., Riera, F., & Morales-Nin, B.
(2003). Weight-length relationships of littoral to lower slope fishes from the western
Mediterranean. Fisheries Research, 62(1), 89-96. https://doi.org/10.1016/S0165-
7836(02)00250-3

Morin, P. J. (2009). Community Ecology. John Wiley & Sons.

Moutopoulos, D. K., & Stergiou, K. I. (2002). Length-weight and length-length
relationships of fish species from the Aegean Sea (Greece). Journal of Applied
Ichthyology, 18(3), 200—203. https://doi.org/10.1046/].1439-0426.2002.00281.x

Muhling, B., Snyder, S., Hazen, E. L., Whitlock, R., Park, J.-Y., Stock, C. A., & Block,
B. A. (2025). Climate change impacts to foraging seascapes for a highly migratory
top predator. Movement Ecology, 13(1), 33. https://doi.org/10.1186/s40462-025-
00558-1

Narayanaswamy, B. E., Coll, M., Danovaro, R., Davidson, K., Ojaveer, H., & Renaud,
P. E. (2013). Synthesis of Knowledge on Marine Biodiversity in European Seas:
From Census to Sustainable Management. PLoS ONE, 8(3), e58909.
https://doi.org/10.1371/journal.pone.0058909

Nasby-Lucas, N., Dewar, H., Sosa-Nishizaki, O., Wilson, C., Hyde, J. R., Vetter, R. D.,
Wraith, J., Block, B. A., Kinney, M. J., Sippel, T., Holts, D. B., & Kohin, S. (2019).
Movements of electronically tagged shortfin mako sharks (Isurus oxyrinchus) in the
eastern North Pacific Ocean. Animal Biotelemetry, 7(1), Article 1.
https://doi.org/10.1186/s40317-019-0174-6

Navarro, J., Albo-Puigserver, M., Serra, P. E., Saez-Liante, R., & Coll, M. (2020).
Trophic strategies of three predatory pelagic fish coexisting in the north-western
Mediterranean Sea over different time spans. Estuarine, Coastal and Shelf
Science, 246, 107040. https://doi.org/10.1016/j.ecss.2020.107040

Navarro, J., Coll, M., Cardador, L., Fernandez, A. M., & Bellido, J. M. (2015). The
relative roles of the environment, human activities and spatial factors in the spatial

207



References

distribution of marine biodiversity in the Western Mediterranean Sea. Progress in
Oceanography, 131, 126-137. https://doi.org/10.1016/j.pocean.2014.12.004

Navarro, J., Lopez, L., Coll, M., Barria, C., & Saez-Liante, R. (2014). Short- and long-
term importance of small sharks in the diet of the rare deep-sea shark Dalatias
licha. Marine Biology, 161(7), 1697-1707. https://doi.org/10.1007/s00227-014-
2454-2

Navarro, J., Louzao, M., lgual, J., Oro, D., Delgado Huertas, A., Arcos, J., Genovart,
M., Hobson, K., & Forero, M. (2009). Seasonal changes in the diet of a critically
endangered seabird and the importance of trawling discards. Marine Biology, 156,
2571-2578. https://doi.org/10.1007/s00227-009-1281-3

Navarro, J., Rastgoo, A. R., & Giménez, J. (2024). Unravelling the trophic ecology of
poorly studied and threatened elasmobranchs inhabiting the Persian Gulf and Gulf
of Oman. Marine Biology, 171(1), 24. https://doi.org/10.1007/s00227-023-04349-3

Navarro, J., Sdez-Liante, R., Albo-Puigserver, M., Coll, M., & Palomera, I. (2017).
Feeding strategies and ecological roles of three predatory pelagic fish in the
western Mediterranean Sea. Deep Sea Research Part Il: Topical Studies in
Oceanography, 140, 9-17. https://doi.org/10.1016/j.dsr2.2016.06.009

Netburn, A. N., & Koslow, J. A. (2015). Dissolved oxygen as a constraint on daytime
deep scattering layer depth in the southern California current ecosystem. Deep Sea
Research Part [|: Oceanographic Research Papers, 104, 149-158.
https://doi.org/10.1016/j.dsr.2015.06.006

Newsome, S. D., Martinez del Rio, C., Bearhop, S., & Phillips, D. L. (2007). A niche for
isotopic ecology. Frontiers in Ecology and the Environment, 5(8), 429-436.
https://doi.org/10.1890/060150.1

Nickels, C. F., Portner, E. J., Snodgrass, O., Muhling, B., & Dewar, H. (2023). Juvenile
Albacore tuna (Thunnus alalunga) foraging ecology varies with environmental
conditions in the California Current Large Marine Ecosystem. Fisheries
Oceanography, 32(5), Article 5. https://doi.org/10.1111/fog.12638

Nicol, S. J., Allain, V., Pilling, G. M., Polovina, J., Coll, M., Bell, J., Dalzell, P., Sharples,
P., Olson, R., Griffiths, S., Dambacher, J. M., Young, J., Lewis, A., Hampton, J.,
Jurado Molina, J., Hoyle, S., Briand, K., Bax, N., Lehodey, P., & Williams, P. (2013).
An ocean observation system for monitoring the affects of climate change on the
ecology and sustainability of pelagic fisheries in the Pacific Ocean. Climatic
Change, 119(1), 131-145. https://doi.org/10.1007/s10584-012-0598-y

Nielsen, J. M., Clare, E. L., Hayden, B., Brett, M. T., & Kratina, P. (2018). Diet tracing
in ecology: Method comparison and selection. Methods in Ecology and Evolution,
9(2), 278-291. https://doi.org/10.1111/2041-210X.12869

NOAA. (2022). Shortfin Mako Shark | NOAA Fisheries. NOAA.
https://www.fisheries.noaa.gov/species/shortfin-mako-shark
NOAA. (2025). North Atlantic Swordfish | NOAA Fisheries.

https://www.fisheries.noaa.gov/species/north-atlantic-swordfish

Nobrega, M. F., Franga, L. H., dos Santos Junior, A. R., & Oliveira, J. E. L. (2025).
Large pelagic fish exploitation by longliners in the Atlantic Ocean and
Mediterranean Sea: A contribution to spatial planning and sustainable fisheries.
Fisheries Research, 281, 107178. https://doi.org/10.1016/j.fishres.2024.107178

208



References

Ndébrega, M. F., Oliveira, M. A,, Lira, M. G., Rocha, S. de S., & Lins Oliveira, J. E.
(2023). Sustainability of tunas and swordfish exploitation in the equatorial tropical
Atlantic Ocean. Marine Policy, 155, 105755.
https://doi.org/10.1016/j.marpol.2023.105755

Nuez, |., Gazo, M., Borrell, A., Aguilar, A., Barria, C., Navarro, J., & Cardona, L. (2024).
Filling the gap: The unique isotopic niche of medium-sized and large sharks in the
northwestern Mediterranean Sea. Estuarine, Coastal and Shelf Science, 299,
108698. https://doi.org/10.1016/j.ecss.2024.108698

Olin, J. A, Urakawa, H., Frisk, M. G., Newton, A. L., Manz, M., Fogg, M., McMullen,
C., Crawford, L., & Shipley, O. N. (2023). DNA metabarcoding of cloacal swabs
provides insight into diets of highly migratory sharks in the Mid-Atlantic Bight.
Journal of Fish Biology, 103(6), Article 6. https://doi.org/10.1111/jfb.15543

Olivar, M. P., Moli, B., & Bernal, A. (2013). Length-weight relationships of mesopelagic
fishes in the north-western Mediterranean. Rapp. Comm. Int. Mer Médit., 40.

Olson, R., Duffy, L., Kuhnert, P., Galvdn-Magafa, F., Bocanegra-Castillo, N., &
Alatorre-Ramirez, V. (2014). Decadal diet shift in yellowfin tuna Thunnus albacares
suggests broad-scale food web changes in the eastern tropical Pacific Ocean.
Marine Ecology Progress Series, 497, 157-178.
https://doi.org/10.3354/meps10609

Ortufio Crespo, G., & Dunn, D. C. (2017). A review of the impacts of fisheries on open-
ocean ecosystems. ICES Journal of Marine Science, 74(9), 2283-2297.
https://doi.org/10.1093/icesjms/fsx084

Ortufio Crespo, G., Dunn, D. C., Reygondeau, G., Boerder, K., Worm, B., Cheung, W.,
Tittensor, D. P., & Halpin, P. N. (2018). The environmental niche of the global high
seas pelagic longline fleet. Science Advances, 4(8), eaat3681.
https://doi.org/10.1126/sciadv.aat3681

Ouled-Cheikh, J. (2025). Global change effects on the habitat availability and
distribution of marine species. Universitat de Barcelona.

Ouled-Cheikh, J., Coll, M., Cardona, L., Steenbeek, J., & Ramirez, F. (2022).
Fisheries-enhanced pressure on Mediterranean regions and pelagic species
already impacted by climate change. Elementa: Science of the Anthropocene,
10(1), Article 1. https://doi.org/10.1525/elementa.2022.00028

Ouled-Cheikh, J., Giménez, J., Albo-Puigserver, M., Navarro, J., Fernandez-Corredor,
E., Bellido, J., Pennino, M., & Coll, M. (2022). Trophic importance of small pelagic
fish to marine predators of the Mediterranean Sea. Marine Ecology Progress
Series, 696, 169-184. https://doi.org/10.3354/meps14125

Pacoureau, N., Rigby, C. L., Kyne, P. M., Sherley, R. B., Winker, H., Carlson, J. K.,
Fordham, S. V., Barreto, R., Fernando, D., Francis, M. P., Jabado, R. W., Herman,
K. B., Liu, K.-M., Marshall, A. D., Pollom, R. A., Romanov, E. V., Simpfendorfer, C.
A., Yin, J. S., Kindsvater, H. K., & Dulvy, N. K. (2021). Half a century of global
decline in oceanic sharks and rays. Nature, 589(7843), 567-571.
https://doi.org/10.1038/s41586-020-03173-9

Pagniello, C. M. L. S., Castleton, M. R, Carlisle, A. B., Chapple, T. K., Schallert, R. J.,
Fedak, M., & Block, B. A. (2024). Novel CTD tag establishes shark fins as ocean

209



References

observing platforms. Scientific Reports, 14(1), Article 1.
https://doi.org/10.1038/s41598-024-63543-5

Palko, B. J., Beardsley, G. L., & Richards, W. J. (1981). Synopsis of the Biology of the
Swordfish, Xiphias gladius Linnaeus. FAO Fisheries Synopsis, 127, 21 pp.

Palomera, 1., Olivar, M. P., Salat, J., Sabatés, A., Coll, M., Garcia, A., & Morales-Nin,
B. (2007). Small pelagic fish in the NW Mediterranean Sea: An ecological review.
Progress in Oceanography, 74(2), 377-396.
https://doi.org/10.1016/j.pocean.2007.04.012

Papiol, V., Cartes, J. E., Fanelli, E., & Rumolo, P. (2013). Food web structure and
seasonality of slope megafauna in the NW Mediterranean elucidated by stable
isotopes: Relationship with available food sources. Journal of Sea Research, 77,
53-69. https://doi.org/10.1016/j.seares.2012.10.002

Papiol, V., Fanelli, E., Cartes, J. E., Rumolo, P., & Lépez-Pérez, C. (2017). A multi-
tissue approach to assess the effects of lipid extraction on the isotopic composition
of deep-sea fauna. Journal of Experimental Marine Biology and Ecology, 497, 230—
242. https://doi.org/10.1016/j.jembe.2017.10.001

Pardo, M., Fernandez-Alvarez, F. A., Varela, J. L., Navarro, J., Medina, A., Gémez-
Vives, M. J., Sbragaglia, V., Bellido, J. M., Coll, M., & Giménez, J. (2025). Long-
term trophic ecology of juvenile Atlantic bluefin tuna in the western mediterranean
sea. Estuarine, Coastal and Shelf Science, 325, 109471.
https://doi.org/10.1016/j.ecss.2025.109471

Pauly, D., Christensen, V., Dalsgaard, J., Froese, R., & Torres, F. (1998). Fishing down
marine food webs. Science (New York, N.Y.), 279(5352), Article 5352.
https://doi.org/10.1126/science.279.5352.860

Pecl, G. T., Araljo, M. B., Bell, J. D., Blanchard, J., Bonebrake, T. C., Chen, I.-C.,
Clark, T. D., Colwell, R. K., Danielsen, F., Evengard, B., Falconi, L., Ferrier, S.,
Frusher, S., Garcia, R. A., Griffis, R. B., Hobday, A. J., Janion-Scheepers, C.,
Jarzyna, M. A,, Jennings, S., ... Williams, S. E. (2017). Biodiversity redistribution
under climate change: Impacts on ecosystems and human well-being. Science,
355(6332), Article 6332. https://doi.org/10.1126/science.aai9214

Peda, C., Battaglia, P., Romeo, T., Stipa, M., Longo, F., Malara, D., Consoli, P., &
Andaloro, F. (2022). Photographic atlas of cephalopod beaks from the
Mediterranean Sea. ETA BETA.

Pelage, L., Lucena-Frédou, F., Eduardo, L. N., Le Loc’h, F., Bertrand, A,, Lira, A. S,
& Frédou, T. (2022). Competing with each other: Fish isotopic niche in two resource
availability contexts. Frontiers in Marine Science, 9.
https://doi.org/10.3389/fmars.2022.975091

Pennino, M. G., Coll, M., Albo Puigserver, M., Fernandez Corredor, E., Steenbeek, J.,
Giraldez, A., Gonzalez, M., Esteban, A., & Bellido, J. M. (2020). Current and Future
Influence of Environmental Factors on Small Pelagic Fish Distributions in the
Northwestern Mediterranean Sea. https://doi.org/10.13039/501100011033

Pereira, A. C., Mancuso, C. J., Newsome, S. D., Nardoto, G. B., & Colli, G. R. (2023).
Agricultural input modifies trophic niche and basal energy source of a top predator
across human-modified landscapes. Frontiers in Ecology and Evolution, 11.
https://www.frontiersin.org/articles/10.3389/fevo.2023.1053535

210



References

Peristeraki, P., Tserpes, G., & Lefkaditou, E. (2005). What cephalopod remains from
Xiphias gladius stomachs can imply about predator-prey interactions in the
Mediterranean  Sea? Journal of Fish Biology, 67(2), 549-554.
https://doi.org/10.1111/j.0022-1112.2005.00742.x

Perry, R. I, Cury, P., Brander, K., Jennings, S., Méllmann, C., & Planque, B. (2010).
Sensitivity of marine systems to climate and fishing: Concepts, issues and
management responses. Journal of Marine Systems, 79(3), 427-435.
https://doi.org/10.1016/j.jmarsys.2008.12.017

Phillips, D. L. (2012). Converting isotope values to diet composition: The use of mixing
models. Journal of Mammalogy, 93(2), Article 2. https://doi.org/10.1644/11-MAMM-
S-158.1

Phillips, D. L., Inger, R., Bearhop, S., Jackson, A. L., Moore, J. W., Parnell, A. C.,
Semmens, B. X., & Ward, E. J. (2014). Best practices for use of stable isotope
mixing models in food-web studies. Canadian Journal of Zoology, 92(10), 823-835.
https://doi.org/10.1139/cjz-2014-0127

Phillips, D. L., Newsome, S. D., & Gregg, J. W. (2005). Combining sources in stable
isotope mixing models: Alternative methods. Oecologia, 144(4), 520-527.
https://doi.org/10.1007/s00442-004-1816-8

Pianka, E. R. (1974). Niche Overlap and Diffuse Competition. Proceedings of the
National Academy of Sciences, 71(5), 2141-2145.
https://doi.org/10.1073/pnas.71.5.2141

Pikitch, E. K., Santora, C., Babcock, E. A., Bakun, A., Bonfil, R., Conover, D. O.,
Dayton, P., Doukakis, P., Fluharty, D., Heneman, B., Houde, E. D., Link, J.,
Livingston, P. A., Mangel, M., McAllister, M. K., Pope, J., & Sainsbury, K. J. (2004).
Ecology. Ecosystem-based fishery management. Science (New York, N.Y.),
305(5682), 346—347. https://doi.org/10.1126/science.1098222

Pinsky, M. L., Selden, R. L., & Kitchel, Z. J. (2020). Climate-Driven Shifts in Marine
Species Ranges: Scaling from Organisms to Communities. Annual Review of
Marine Science, 12(Volume 12, 2020), 153-179. https://doi.org/10.1146/annurev-
marine-010419-010916

Pintado-Herrera, M. G., L6pez-Lépez, J. A., Lara-Martin, P. A., Medina, A., Cadenas,
l., Giansiracusa, S., Corada-Fernandez, C., & Varela, J. L. (2024). Assessment of
metal and organic pollutants in combination with stable isotope analysis in tunas
from the Gulf of Cadiz (east Atlantic). Marine Environmental Research, 196,
106432. https://doi.org/10.1016/j.marenvres.2024.106432

Pinti, J., Carlisle, A. B., Huntley, H. S., Shatley, M., Block, B. A., & Oliver, M. J. (2025).
The role of oceanographic scales in shaping highly mobile marine predator
distributions. Scientific Reports, 15(1), 23235. https://doi.org/10.1038/s41598-025-
06486-9

Piroddi, C., Coll, M., Liquete, C., Macias, D., Greer, K., Buszowski, J., Steenbeek, J.,
Danovaro, R., & Christensen, V. (2017). Historical changes of the Mediterranean
Sea ecosystem: Modelling the role and impact of primary productivity and fisheries
changes over time. Scientific Reports, 7(2), Article 1.
https://doi.org/10.1038/srep44491

211



References

Poisson, F., Demarcq, H., Coudray, S., Bohn, J., Camifias, J. A., Groul, J.-M., & March,
D. (2024). Movement pathways and habitat use of blue sharks (Prionace glauca)
in the Western Mediterranean Sea: Distribution in relation to environmental factors,
reproductive biology, and conservation issues. Fisheries Research, 270, 106900.
https://doi.org/10.1016/j.fishres.2023.106900

Politi, E. (1997). Analisi dei contenuti gastrici di Prionace glauca nell’alto e medio
Adriatico (Stomach content analysis of Prionace glauca in the northern and central
Adriatic Sea).

Poloczanska, E. S., Brown, C. J., Sydeman, W. J., Kiessling, W., Schoeman, D. S.,
Moore, P. J., Brander, K., Bruno, J. F., Buckley, L. B., Burrows, M. T., Duarte, C.
M., Halpern, B. S., Holding, J., Kappel, C. V., O’'Connor, M. I., Pandolfi, J. M.,
Parmesan, C., Schwing, F., Thompson, S. A., & Richardson, A. J. (2013). Global
imprint of climate change on marine life. Nature Climate Change, 3(10), Article 10.
https://doi.org/10.1038/nclimate1958

Portner, E. J., Muhling, B. A., Preti, A., Snodgrass, O. E., Richards, T. M., Nickels, C.
F., Dewar, H., Hazen, E. L., & Choy, C. A. (2025). Resource partitioning among
pelagic predators remains stable despite annual variability in diet composition.
Journal of Animal Ecology, 94(5), 1014-1030. https://doi.org/10.1111/1365-
2656.70032

Preti, A., Muhling, B. A., DiNardo, G. T., Pierce, G. J., Lyons, K., & Stohs, S. M. (2025).
Foraging ecology of swordfish in the California Current Large Marine Ecosystem
during an ecosystem regime shift. ICES Journal of Marine Science, 82(8).
https://doi.org/10.1093/icesjms/fsaf139

Preti, A., Stohs, S. M., DiNardo, G. T., Saavedra, C., MacKenzie, K., Noble, L. R.,
Jones, C. S, & Pierce, G. J. (2023). Feeding ecology of broadbill swordfish (Xiphias
gladius) in the California current. PLOS ONE, 18(2), e0258011.
https://doi.org/10.1371/journal.pone.0258011

Prieto, L., Navarro, G., Rodriguez-Galvez, S., Huertas, I. E., Naranjo, J. M., & Ruiz, J.
(2009). Oceanographic and meteorological forcing of the pelagic ecosystem on the
Gulf of Cadiz shelf (SW Iberian Peninsula). Continental Shelf Research, 29(17),
2122-2137. https://doi.org/10.1016/j.csr.2009.08.007

Proud, R., Cox, M. J., & Brierley, A. S. (2017). Biogeography of the Global Ocean’s
Mesopelagic Zone. Current Biology, 27(2), 113-119.
https://doi.org/10.1016/j.cub.2016.11.003

Pusineri, C., Chancollon, O., Ringelstein, J., & Ridoux, V. (2008). Feeding niche
segregation among the Northeast Atlantic community of oceanic top predators.
Marine Ecology Progress Series, 361, 21-34. https://doi.org/10.3354/meps07318

Queiros, Q., McKenzie, D. J., Dutto, G., Killen, S., Saraux, C., & Schull, Q. (2024). Fish
shrinking, energy balance and climate change. Science of The Total Environment,
906, 167310. https://doi.org/10.1016/j.scitotenv.2023.167310

Queiroz, N., Humphries, N. E., Couto, A., Vedor, M., da Costa, |., Sequeira, A. M. M.,
Mucientes, G., Santos, A. M., Abascal, F. J., Abercrombie, D. L., Abrantes, K.,
Acufia-Marrero, D., Afonso, A. S., Afonso, P., Anders, D., Araujo, G., Arauz, R.,
Bach, P., Barnett, A, ... Sims, D. W. (2019). Global spatial risk assessment of
sharks under the footprint of fisheries. Nature, 572(7770), Article 7770.
https://doi.org/10.1038/s41586-019-1444-4

212



References

Queiroz, N., Humphries, N. E., Mucientes, G., Hammerschlag, N., Lima, F. P., Scales,
K. L., Miller, P. I., Sousa, L. L., Seabra, R., & Sims, D. W. (2016). Ocean-wide
tracking of pelagic sharks reveals extent of overlap with longline fishing hotspots.
Proceedings of the National Academy of Sciences of the United States of America,
113(6), 1582-1587. https://doi.org/10.1073/pnas.1510090113

Queiroz, N., Humphries, N. E., Noble, L. R., Santos, A. M., & Sims, D. W. (2012).
Spatial Dynamics and Expanded Vertical Niche of Blue Sharks in Oceanographic
Fronts Reveal Habitat Targets for Conservation. PLoS ONE, 7(2), Article 2.
https://doi.org/10.1371/journal.pone.0032374

Queiroz, N., Vila-Pouca, C., Couto, A., Southall, E. J., Mucientes, G., Humphries, N.
E., & Sims, D. W. (2017). Convergent Foraging Tactics of Marine Predators with
Different Feeding Strategies across Heterogeneous Ocean Environments.
Frontiers in Marine Science, 4, 239. https://doi.org/10.3389/fmars.2017.00239

Quetglas, A., Valls, M., Capezzuto, F., Casciaro, L., Cuccu, D., Gonzalez, M., Ikica, Z.,
Krstulovi¢ Sifner, S., Lauria, V., Lefkaditou, E., Peristeraki, P., Piccinetti, C.,
Vidoris, P., & Keller, S. (2019). Long-term spatiotemporal dynamics of cephalopod
assemblages in the Mediterranean Sea. Scientia Marina, 83(S1), 33.
https://doi.org/10.3989/scimar.04841.20A

R Core Team. (2024). R: A Language and Environment for Statistical Computing.
[Computer software]. R Foundation for Statistical Computing, Vienna, Austria.
https://www.R-project.org/

Ramirez, F., Shannon, L. J., van der Lingen, C. D., Julia, L., Steenbeek, J., & Coll, M.
(2022). Climate and fishing simultaneously impact small pelagic fish in the oceans
around the southernmost tip of Africa. Frontiers in Marine Science, 9.
https://www.frontiersin.org/articles/10.3389/fmars.2022.1031784

Requena, S., Oppel, S., Bond, A. L., Hall, J., Cleeland, J., Crawford, R. J. M., Davies,
D., Dilley, B. J., Glass, T., Makhado, A., Ratcliffe, N., Reid, T. A., Ronconi, R. A,
Schofield, A., Steinfurth, A., Wege, M., Bester, M., & Ryan, P. G. (2020). Marine
hotspots of activity inform protection of a threatened community of pelagic species
in a large oceanic jurisdiction. Animal Conservation, 23(5), 585-596.
https://doi.org/10.1111/acv.12572

Revelles, M., Cardona, L., Aguilar, A., & Fernandez, G. (2007). The diet of pelagic
loggerhead sea turtles (Caretta caretta) off the Balearic archipelago (western
Mediterranean): Relevance of long-line baits. Journal of the Marine Biological
Association of the United Kingdom, 87(3), 805-813.
https://doi.org/10.1017/S0025315407054707

Rigby, C. L., Barreto, R., Carlson, J., Fernando, D., Fordham, S., Francis, M. P.,
Herman, K., Jabado, R., Liu, K.-M., Marshall, A., Pacoureau, N., Romanov, E.,
Sherley, R., & Winker, H. (2019). Prionace glauca. The IUCN Red List of
Threatened Species. http://dx.doi.org/10.2305/IUCN.UK.2019-
3.RLTS.T39381A2915850.en

Rigby, C. L., Barreto, R., Carlson, J., Fernando, D., Fordham, S., Francis, M. P.,
Jabado, R. W., Liu, K.-M., Marshall, A., Pacoureau, N., Romanov, E., Sherley, R.,
& Winker, H. (2019). Isurus oxyrinchus. IUCN Red List of Threatened Species.
https://dx.doi.org/10.2305/IUCN.UK.2019-1.RLTS.T39341A2903170.en

213



References

Roberge, J.-M., & Angelstam, P. (2004). Usefulness of the Umbrella Species Concept
as a Conservation Tool. Conservation Biology, 18(1), 76-85.
https://doi.org/10.1111/j.1523-1739.2004.00450.x

Rodhouse, P. G. K., Pierce, G. J., Nichols, O. C., Sauer, W. H. H., Arkhipkin, A. I.,
Laptikhovsky, V. V., Lipinski, M. R., Ramos, J. E., Gras, M., Kidokoro, H.,
Sadayasu, K., Pereira, J., Lefkaditou, E., Pita, C., Gasalla, M., Haimovici, M.,
Sakai, M., & Downey, N. (2014). Environmental Effects on Cephalopod Population
Dynamics. In Advances in Marine Biology (Vol. 67, pp. 99-233). Elsevier.
https://doi.org/10.1016/B978-0-12-800287-2.00002-0

Rohner, C. A., Richardson, A. J., Garcia-Rodriguez, E., Charles, R., Batlle-Morera, A.,
Bortoluzzi, J. R., Mouton, T. L., Sciara, G. N. di, Armstrong, A. O., Everett, J. D.,
Bakiu, R., Barash, A., Bariche, M., Basusta, N., Bousquet, C., Cetkovig, |., Giovos,
l., Guallart, J., Milazzo, M., ... Jabado, R. W. (2025). Important Shark and Ray
Areas can inform conservation planning in the Mediterranean and Black Seas.
iScience, 0(0). https://doi.org/10.1016/j.isci.2025.113192

Romeo, T., Battaglia, P., Peda, C., Perzia, P., Consoli, P., Esposito, V., & Andaloro, F.
(2011). Pelagic cephalopods of the central Mediterranean Sea determined by the
analysis of the stomach content of large fish predators. Helgoland Marine
Research, 66(3), 295-306. https://doi.org/10.1007/s10152-011-0270-3

Romeo, T., Battaglia, P., Peda, C., Perzia, P., Consali, P., Esposito, V., & Andaloro, F.
(2012). Pelagic cephalopods of the central Mediterranean Sea determined by the
analysis of the stomach content of large fish predators. Helgoland Marine
Research, 66(3), 295-306. https://doi.org/10.1007/s10152-011-0270-3

Romeo, T., Consoli, P., Castriota, L., & Andaloro, F. (2009). An evaluation of resource
partitioning between two billfish, Tetrapturus belone and Xiphias gladius , in the
central Mediterranean Sea. Journal of the Marine Biological Association of the
United Kingdom, 89(4), 849-857. https://doi.org/10.1017/S0025315408002087

Romero, J., Vieira, C., Garrido, S., Hermida, M., Catry, P., Faria, G., & Granadeiro, J.
P. (2021). Diet and trophic position of two mackerel species in the archipelago of
Madeira, Portugal. Journal of Fish Biology, 99(3), Article 3.
https://doi.org/10.1111/jfb.14766

Rosas-Luis, R., Navarro, J., Loor-Andrade, P., & Forero, M. (2017). Feeding ecology
and trophic relationships of pelagic sharks and billfishes coexisting in the central
eastern Pacific Ocean. Marine Ecology Progress Series, 573, 191-201.
https://doi.org/10.3354/meps12186

Roughgarden, J. (1976). Resource partitioning among competing species—A
coevolutionary approach. Theoretical Population Biology, 9(3), 388-424.
https://doi.org/10.1016/0040-5809(76)90054-X

Rousseau, Y., Blanchard, J. L., Novaglio, C., Pinnell, K. A., Tittensor, D. P., Watson,
R. A., & Ye, Y. (2024). A database of mapped global fishing activity 1950—2017.
Scientific Data, 11(1), 48. https://doi.org/10.1038/s41597-023-02824-6

Sabatés, A., Martin, P., Lloret, J., & Raya, V. (2006). Sea warming and fish distribution:
The case of the small pelagic fish, Sardinella aurita, in the western Mediterranean.
Global Change Biology, 11(12), 2209-2219. https://doi.org/10.1111/j.1365-
2486.2006.01246.x

214



References

Salat, J., Pascual, J., Flexas, M., Chin, T. M., & Vazquez-Cuervo, J. (2019). Forty-five
years of oceanographic and meteorological observations at a coastal station in the
NW Mediterranean: A ground truth for satellite observations. Ocean Dynamics,
69(9), 1067-1084. https://doi.org/10.1007/s10236-019-01285-z

Sale, P. F. (1974). Overlap in resource use, and interspecific competition. Oecologia,
17(3), 245-256. https://doi.org/10.1007/BF00344924

Salman, A. (2004). The role of cephalopods in the diet of swordfish (Xiphias gladius
Linnaeus, 1758) in the Aegean Sea (eastern Mediterranean). Bulletin of Marine
Science, 74(1), 10.

Sambe, B., Tandstad, M., Caramelo, A. M., & Brown, B. E. (2016). Variations in
productivity of the Canary Current Large Marine Ecosystem and their effects on
small pelagic fish stocks. Environmental Development, 17, 105-117.
https://doi.org/10.1016/j.envdev.2015.11.012

Sanchez-Marquez, A., Navarro, J., Kaliontzopoulou, A., Farré, M., Taite, M., Escolar,
0., Villanueva, R., Allcock, A. L., & Fernandez-Alvarez, F. A. (2023). Unravelling
the phylogenetic and ecological drivers of beak shape variability in cephalopods.
Reviews in Fish Biology and Fisheries, 33(1), 221-239.
https://doi.org/10.1007/s11160-022-09744-5

Santos, C. C., Domingo, A., Carlson, J., Natanson, L. J., Travassos, P., Macias, D.,
Cortés, E., Miller, P., Hazin, F., Mas, F., Ortiz de Urbina, J., Lino, P. G., & Coelho,
R. (2021). Movements, Habitat Use, and Diving Behavior of Shortfin Mako in the
Atlantic Ocean. Frontiers in Marine Science, 8.
https://www.frontiersin.org/articles/10.3389/fmars.2021.686 343

Schirripa, M. J., Forrestal, F., Goodyear, C. P., Abascal, F., Bubley, W., & Hanke, A.
(2021). A preliminary analysis of spatiotemporal patterns in swordfish habitat
distributions. Collect. Vol. Sci. Pap. ICCAT, 78, 171-178.

Schoener, T. W. (1974). Resource Partitioning in Ecological Communities: Research
on how similar species divide resources helps reveal the natural regulation of
species diversity. Science, 185(4145), 27-39.
https://doi.org/10.1126/science.185.4145.27

Schoombie, S., Jeantet, L., Chimienti, M., Sutton, G. J., Pistorius, P. A., Dufourq, E.,
Lowther, A. D., & Oosthuizen, W. C. (2024). Identifying prey capture events of a
free-ranging marine predator using bio-logger data and deep learning. Royal
Society Open Science, 11(6), 240271. https://doi.org/10.1098/rs0s.240271

Sepulveda, C. A., Aalbers, S. A., Heberer, C., Kohin, S., & Dewar, H. (2018).
Movements and behaviors of swordfish Xiphias gladius in the United States Pacific
Leatherback Conservation Area. Fisheries Oceanography, 27(4), 381-394.
https://doi.org/10.1111/fog.12261

Sequeira, A. M. M., Rodriguez, J. P., Marley, S. A., Calich, H. J., van der Mheen, M.,
VanCompernolle, M., Arrowsmith, L. M., Peel, L. R., Queiroz, N., Vedor, M., da
Costa, I., Mucientes, G., Couto, A., Humphries, N. E., Abalo-Morla, S., Abascal, F.
J., Abercrombie, D. L., Abrantes, K., Abreu-Grobois, F. A, ... Eguiluz, V. M. (2025).
Global tracking of marine megafauna space use reveals how to achieve
conservation targets. Science, 388(6751), 1086-1097.
https://doi.org/10.1126/science.adl0239

215



References

Sergio, F., Caro, T., Brown, D., Clucas, B., Hunter, J., Ketchum, J., McHugh, K., &
Hiraldo, F. (2008). Top Predators as Conservation Tools: Ecological Rationale,
Assumptions, and Efficacy. Annual Review of Ecology, Evolution, and Systematics,
39(Volume 39, 2008), Article Volume 39, 2008.
https://doi.org/10.1146/annurev.ecolsys.39.110707.173545

Seto, K. L., Miller, N. A., Kroodsma, D., Hanich, Q., Miyahara, M., Saito, R., Boerder,
K., Tsuda, M., Oozeki, Y., & Urrutia S., O. (2023). Fishing through the cracks: The
unregulated nature of global squid fisheries. Science Advances, 9(10), eadd8125.
https://doi.org/10.1126/sciadv.add8125

Sexton, J. P., Montiel, J., Shay, J. E., Stephens, M. R., & Slatyer, R. A. (2017).
Evolution of Ecological Niche Breadth. Annual Review of Ecology, Evolution, and
Systematics, 48(1), 183-206. https://doi.org/10.1146/annurev-ecolsys-110316-
023003

Sharma, R. (ed ), Barange, M. (ed ), Agostini, V. (ed ), Barros, P. (ed ), Gutierrez, N.
L. (ed ), Vasconcellos, M. (ed ), Fernandez Reguera, D. (ed ), Tiffay, C. (ed ), &
Levontin, P. (ed ). (2025). Review of the state of world marine fishery resources —
2025. FAO. https://lopenknowledge.fao.org/handle/20.500.14283/cd5538en

Siddig, A. A. H., Ellison, A. M., Ochs, A., Villar-Leeman, C., & Lau, M. K. (2016). How
do ecologists select and use indicator species to monitor ecological change?
Insights from 14 years of publication in Ecological Indicators. Ecological Indicators,
60, 223-230. https://doi.org/10.1016/j.ecolind.2015.06.036

Sifner, S., Bo$njak, D., & Petri¢, M. (2018). New Information on Deep-Sea Cephalopod
Ancistroteuthis lichtensteinii (Cephalopoda: Onychoteuthidae) in the Adriatic Sea.
Turkish Journal of Fisheries and Aquatic Sciences, 18.
https://doi.org/10.4194/1303-2712-v18_7_01

Sims, D., Fowler, S., Ferretti F., & Stevens, J. D. (2016). Prionace glauca
(Mediterranean assessment). IUCN Red List of Threatened Species.
https://doi.org/e. T39381A16553182

Sion, L., Zupa, W., Calculli, C., Garofalo, G., Hidalgo, M., Jadaud, A., Lefkaditou, E.,
Ligas, A., Peristeraki, P., Bitetto, I., Capezzuto, F., Carlucci, R., Esteban, A.,
Follesa, M., Guijarro, B., lkica, Z., Isajlovic, I., Lembo, G., Manfredi, C., &
Carbonara, P. (2019). Spatial distribution pattern of European hake, Merluccius
merluccius (Pisces: Merlucciidae), in the Mediterranean Sea. Scientia Marina,
Mediterranean demersal resources and ecosystems: 25 years of MEDITS trawl
surveys M.T. Spedicato, G. Tserpes, B. Mérigot and E. Massuti (eds), 21000.
https://doi.org/10.3989/scimar.04988.12A

Smale, M. J., Clarke, M. R., Klages, N. T. W., & Roeleveld, M. A. C. (1993). Octopod
beak identification — resolution at a regional level (Cephalopoda, Octopoda:
Southern Africa). South African Journal of Marine Science, 13(1), 269-293.
https://doi.org/10.2989/025776193784287338

Smith, J. A., Mazumder, D., Suthers, I. M., & Taylor, M. D. (2013). To fit or not to fit:
Evaluating stable isotope mixing models using simulated mixing polygons.
Methods in Ecology and Evolution, 4(7), 612—618. https://doi.org/10.1111/2041-
210X.12048

Somes, C. J., Schmittner, A., Galbraith, E. D., Lehmann, M. F., Altabet, M. A., Montoya,
J. P., Letelier, R. M., Mix, A. C., Bourbonnais, A., & Eby, M. (2010). Simulating the

216



References

global distribution of nitrogen isotopes in the ocean. Global Biogeochemical Cycles,
24(4). https://doi.org/10.1029/2009GB003767

Song, Y., Wang, C., & Sun, D. (2022). Both Dissolved Oxygen and Chlorophyll Explain
the Large-Scale Longitudinal Variation of Deep Scattering Layers in the Tropical
Pacific Ocean. Frontiers in Marine Science, 9.
https://www.frontiersin.org/articles/10.3389/fmars.2022.782032

Sorell, J. M., Varela, J. L., Gofii, N., Macias, D., Arrizabalaga, H., & Medina, A. (2017).
Diet and consumption rate of Atlantic bluefin tuna (Thunnus thynnus) in the Strait
of Gibraltar. Fisheries Research, 118, 112-120.
https://doi.org/10.1016/j.fishres.2016.12.012

St. John, M. A., Borja, A., Chust, G., Heath, M., Grigorov, ., Mariani, P., Martin, A. P.,
& Santos, R. S. (2016). A Dark Hole in Our Understanding of Marine Ecosystems
and Their Services: Perspectives from the Mesopelagic Community. Frontiers in
Marine Science, 3. https://doi.org/10.3389/fmars.2016.00031

Stephens, D. W., & Krebs, J. R. (1986). Foraging Theory. Princeton University Press.

Stock, B. C., Jackson, A. L., Ward, E. J., Parnell, A. C., Phillips, D. L., & Semmens, B.
X. (2018). Analyzing mixing systems using a new generation of Bayesian tracer
mixing models. PeerJ, 6, e5096. https://doi.org/10.7717/peerj.5096

Stock, B. C., & Semmens, B. X. (2016). Unifying error structures in commonly used
biotracer mixing models. Ecology, 97(10), 2562-2569.
https://doi.org/10.1002/ecy.1517

Storai, T., Zuffa, M., & Gioia, R. (2001). Evidenze di predazione su odontoceti da parte
di Isurus oxyrinchus (Rafinesque, 1810) nel Tirreno meridionale e mar lonio
(Mediterraneo). 108, 71-75.

Sutton, T. T. (2013). Vertical ecology of the pelagic ocean: Classical patterns and new
perspectives. Journal of Fish Biology, 83(6), 1508-1527.
https://doi.org/10.1111/jfb.12263

Swartz, W., Sala, E., Tracey, S., Watson, R., & Pauly, D. (2010). The Spatial
Expansion and Ecological Footprint of Fisheries (1950 to Present). PLOS ONE,
5(12), e15143. https://doi.org/10.1371/journal.pone.0015143

Tecchio, S., Oevelen, D. van, Soetaert, K., Navarro, J., & Ramirez-Llodra, E. (2013).
Trophic Dynamics of Deep-Sea Megabenthos Are Mediated by Surface
Productivity. PLOS ONE, 8(5), e63796.
https://doi.org/10.1371/journal.pone.0063796

Teichert, N., Lizé, A., Lepage, M., Cabral, H., Trancart, T., Acou, A., Larregieu, M.,
Feunteun, E., & Carpentier, A. (2024). Hydro-morphological features and functional
structure of fish assemblages mediate species isotopic niches in estuaries.
Estuarine, Coastal and Shelf Science, 299. Scopus.
https://doi.org/10.1016/j.ecss.2024.108686

Thiebot, J.-B., & Mclnnes, J. C. (2020). Why do marine endotherms eat gelatinous
prey? ICES Journal of Marine Science, 77(2), 58-71.
https://doi.org/10.1093/icesjms/fsz208

Tickler, D. M., Carlisle, A. B., Meeuwig, J. J., Chapple, T. K., Curnick, D. J., Dale, J. J.,
Castleton, M. J., Schallert, R. J., & Block, B. A. (2023). Pop-up archival tags reveal

217



References

environmental influences on the vertical movements of silvertip sharks
Carcharhinus albimarginatus. Marine Ecology Progress Series, 717, 85-105.
https://doi.org/10.3354/meps14376

Tilves, U., Fuentes, V., Milisenda, G., Parrish, C., Vizzini, S., & Sabatés, A. (2018).
Trophic interactions of the jellyfish Pelagia noctiluca in the NW Mediterranean:
Evidence from stable isotope signatures and fatty acid composition. Marine
Ecology Progress Series, 591, 101-116. https://doi.org/10.3354/meps12332

Tilves, U., Sabatés, A., Blazquez, M., Raya, V., & Fuentes, V. L. (2018). Associations
between fish and jellyfish in the NW Mediterranean. Marine Biology, 165, 127.
https://doi.org/10.1007/s00227-018-3381-4

Tittensor, D. P., Novaglio, C., Harrison, C. S., Heneghan, R. F., Barrier, N., Bianchi,
D., Bopp, L., Bryndum-Buchholz, A., Britten, G. L., Biichner, M., Cheung, W. W. L.,
Christensen, V., Coll, M., Dunne, J. P., Eddy, T. D., Everett, J. D., Fernandes-
Salvador, J. A,, Fulton, E. A., Galbraith, E. D., ... Blanchard, J. L. (2021). Next-
generation ensemble projections reveal higher climate risks for marine
ecosystems. Nature Climate Change, 11(11), 973-981.
https://doi.org/10.1038/s41558-021-01173-9

Torres Leal, M. A. (2013). Modelizacién ecoldgica del Golfo de Cadiz: Relaciones
troficas, andlisis de la estructura de la comunidad e impacto de la pesca en el
ecosistema.

Torres, M. A., Ramos, F., & Sobrino, I. (2012). Length—weight relationships of 76 fish
species from the Gulf of Cadiz (SW Spain). Fisheries Research, 127-128, 171—
175. https://doi.org/10.1016/j.fishres.2012.02.001

Tracey, S. R., Wolfe, B. W., Hartmann, K., Pepperell, J., & Williams, S. M. (2023).
Movement behavior of swordfish provisions connectivity between the temperate
and tropical southwest Pacific Ocean. Scientific Reports, 13(1), 11812.
https://doi.org/10.1038/s41598-023-38744-z

Tremblay-Boyer, L., Gascuel, D., Watson, R., Christensen, V., & Pauly, D. (2011).
Modelling the effects of fishing on the biomass of the world’s oceans from 1950 to
2006. Marine Ecology Progress Series, 442, 169-185.
https://doi.org/10.3354/meps09375

Trevail, A. M., Dunn, R. E., Carr, P., Esteban, N., Freeman, R., Harris, J. L., Nicoll, M.
A. C., Stephens, N., Stevens, G. M. W., Votier, S. C., Wood, H., & Hays, G. C.
(2025). Large marine protected areas can encompass movements of diverse
megafauna. Journal of Applied Ecology, n/a(n/a). https://doi.org/10.1111/1365-
2664.70117

Tuel, A., & Eltahir, E. (2020). Why Is the Mediterranean a Climate Change Hot Spot?
Journal of Climate, 33. https://doi.org/10.1175/JCLI-D-19-0910.1

Valle, C., Bayle, J. T., & Ramos, A. A. (2003). Weight-length relationships for selected
fish species of the western Mediterranean Sea. Journal of Applied Ichthyology,
19(4), 261-262. https://doi.org/10.1046/j.1439-0426.2003.00492.x

Valls, M., Olivar, M. P., Fernandez De Puelles, M. L., Moli, B., Bernal, A., & Sweeting,
C. J. (2014). Trophic structure of mesopelagic fishes in the western Mediterranean
based on stable isotopes of carbon and nitrogen. Journal of Marine Systems, 138,
160-170. https://doi.org/10.1016/j.jmarsys.2014.04.007

218



References

Valls, M., Rueda, L., & Quetglas, A. (2017). Feeding strategies and resource
partitioning among elasmobranchs and cephalopods in Mediterranean deep-sea
ecosystems. Deep Sea Research Part I: Oceanographic Research, 128, 28—41.
https://doi.org/10.1016/j.dsr.2017.09.002

Valls, M., Sweeting, C. J., Olivar, M. P., Fernandez de Puelles, M. L., Pasqual, C.,
Polunin, N. V. C., & Quetglas, A. (2014). Structure and dynamics of food webs in
the water column on shelf and slope grounds of the western Mediterranean.
https://doi.org/10.1016/j.jmarsys.2014.04.002

Varela, J. L., Abascal, F. J., & Medina, A. (2023). Foraging patterns and trophic
interactions of sympatric populations of young-of-the-year bluefin and skipjack
tunas in the East Atlantic (Gulf of Cadiz). Regional Studies in Marine Science, 62,
102961. https://doi.org/10.1016/j.rsma.2023.102961

Varela, J. L., la Gandara, F. de, Ortega, A., & Medina, A. (2012). 13C and 15N analysis
in muscle and liver of wild and reared young-of-the-year (YOY) Atlantic bluefin tuna.
Aquaculture, 354-355, 17-21. https://doi.org/10.1016/j.aquaculture.2012.04.040

Varela, J. L., Larrafiaga, A., & Medina, A. (2011). Prey-muscle carbon and nitrogen
stable-isotope discrimination factors in Atlantic bluefin tuna (Thunnus thynnus).
Journal of Experimental Marine Biology and Ecology, 406(1), 21-28.
https://doi.org/10.1016/j.jembe.2011.06.010

Varela, J. L., Rodriguez-Marin, E., & Medina, A. (2013). Estimating diets of pre-
spawning Atlantic bluefin tuna from stomach content and stable isotope analyses.
Journal of Sea Research, 76, 187-192.
https://doi.org/10.1016/j.seares.2012.09.002

Varela, J. L., Rojo-Nieto, E., Sorell, J. M., & Medina, A. (2018). Using stable isotope
analysis to assess trophic relationships between Atlantic bluefin tuna (Thunnus
thynnus) and striped dolphin (Stenella coeruleoalba) in the Strait of Gibraltar.
Marine Environmental Research, 139, 57-63.
https://doi.org/10.1016/j.marenvres.2018.04.016

Varela, J. L., Sorell, J. M., Macias, D., Goili, N., Arrizabalaga, H., & Medina, A. (2018).
New insight into the trophic biology of age-0 Atlantic bluefin tuna in the western
Mediterranean using stomach content and stable isotope analyses. Fisheries
Research, 208, 274-285. https://doi.org/10.1016/j.fishres.2018.08.004

Varela, J., Medina, A., Déniz, S., & Abascal, F. (2022). Feeding of Atlantic bluefin tuna
Thunnus thynnus around the Canary Islands assessed from stomach content and
stable isotope analyses. Marine Ecology Progress Series, 686, 177-186.
https://doi.org/10.3354/meps13997

Vedor, M., Queiroz, N., Mucientes, G., Couto, A., Costa, |. da, Santos, A. dos,
Vandeperre, F., Fontes, J., Afonso, P., Rosa, R., Humphries, N. E., & Sims, D. W.
(2021). Climate-driven deoxygenation elevates fishing vulnerability for the ocean’s
widest ranging shark. eLife, 10, e62508. https://doi.org/10.7554/eLife.62508

Velarde, E., Anderson, D. W., & Ezcurra, E. (2019). Seabird clues to ecosystem health.
Science, 365(6449), 116-117. https://doi.org/10.1126/science.aaw9999

Veloy, C., Coll, M., Pennino, M. G., Garcia, E., Esteban, A., Ruiz, C. G.-, Certain, G.,
Vaz, S., Jadaud, A., Gonzélez, M., & Hidalgo, M. (2024). Understanding the
response of the Western Mediterranean cephalopods to environment and fishing

219



References

in a context of alleged winners of change. Marine Environmental Research,
106478. https://doi.org/10.1016/j.marenvres.2024.106478

Veloy, C., Hidalgo, M., Pennino, M. G., Garcia, E., Esteban, A., Garcia-Ruiz, C.,
Certain, G., Vaz, S., Jadaud, A., & Coll, M. (2022). Spatial-temporal variation of the
Western Mediterranean Sea biodiversity along a latitudinal gradient. Ecological
Indicators, 136, 108674. https://doi.org/10.1016/j.ecolind.2022.108674

Vidal, A., Cardador, L., Garcia-Barcelona, S., Macias, D., Druon, J.-N., Coll, M., &
Navarro, J. (2023). The relative importance of biological and environmental factors
on the trophodynamics of a pelagic marine predator, the blue shark (Prionace
glauca). Marine Environmental Research, 183, 105808.
https://doi.org/10.1016/j.marenvres.2022.105808

Viechtbauer, W. (2005). Bias and Efficiency of Meta-Analytic Variance Estimators in
the Random-Effects Model. Journal of Educational and Behavioral Statistics, 30(3),
261-293. https://doi.org/10.3102/10769986030003261

Viechtbauer, W. (2010). Conducting Meta-Analyses in R with the metafor Package.
Journal of Statistical Software, 36(3). https://doi.org/10.18637/jss.v036.i03

Virgili, A., Aradjo, H., Astarloa Diaz, A., Dorémus, G., Garcia-Baron, |., Eira, C., Louzao
Arsuaga, M., Laran, S., Saavedra, C., Van Canneyt, O., & Ridoux, V. (2024).
Seasonal distribution of cetaceans in the European Atlantic and Mediterranean
waters. Frontiers in Marine Science, 11, 1319791.
https://doi.org/10.3389/fmars.2024.1319791

Visser, M. E., & Gienapp, P. (2019). Evolutionary and demographic consequences of
phenological mismatches. Nature Ecology & Evolution, 3(6), 879-885.
https://doi.org/10.1038/s41559-019-0880-8

Vollrath, S. R., Possamai, B., Schneck, F., Hoeinghaus, D. J., Albertoni, E. F., &
Garcia, A. M. (2021). Trophic niches and diet shifts of juvenile mullet species
coexisting in marine and estuarine habitats. Journal of the Marine Biological
Association of the United Kingdom, 101(2), Article 2.
https://doi.org/10.1017/S0025315421000242

Waller, M. J., Humphries, N. E., Womersley, F. C., Loveridge, A., Jeffries, A. L.,
Watanabe, Y., Payne, N., Semmens, J., Queiroz, N., Southall, E. J., & Sims, D. W.
(2024). The vulnerability of sharks, skates, and rays to ocean deoxygenation:
Physiological mechanisms, behavioral responses, and ecological impacts. Journal
of Fish Biology, 105(2), 482-511. https://doi.org/10.1111/jfb.15830

Walls, R. H. L., & Soldo, A. (2016). Isurus oxyrinchus (Mediterranean assessment).
IUCN Red List of Threatened Species. https://doi.org/e.T39341A16527941

Walters, A., Kopp, D., Cresson, P., & Robert, M. (2025). Cross-ecosystem trophic
structure and benthic—pelagic coupling: Effects of depth, body size, and feeding
guild. Limnology and Oceanography, 70(3), 617-633.
https://doi.org/10.1002/In0.12794

Webb, T. J., Vanden Berghe, E., & O’Dor, R. (2010). Biodiversity’s Big Wet Secret:
The Global Distribution of Marine Biological Records Reveals Chronic Under-
Exploration of the Deep Pelagic Ocean. PLoS ONE, 5(8), €10223.
https://doi.org/10.1371/journal.pone.0010223

220



References

Weideli, O. C., Daly, R., Peel, L. R., Heithaus, M. R., Shivji, M. S., Planes, S., &
Papastamatiou, Y. P. (2023). Elucidating the role of competition in driving spatial
and trophic niche patterns in sympatric juvenile sharks. Oecologia, 201(3), 673—
688. https://doi.org/10.1007/s00442-023-05355-4

Wiernicki, C. J., Curtis, T. H., Block, B. A., Shivji, M. S., Vaudo, J. J., Wetherbee, B.
M., Holland, K. N., Pinti, J., Oliver, M. J., & Carlisle, A. B. (2025). Considerations
for using sharks as ocean observing platforms. ICES Journal of Marine Science,
82(2), fsaf011. https://doi.org/10.1093/icesjms/fsaf011

Willis, C. (2025). Movement and trophic ecology of large pelagic fishes connecting
surface waters with the ocean’s twilight zone [Ph.D. Thesis]. Massachusetts
Institute of Technology.

Willis, C., Gardner, K. G., Arostegui, M. C., Braun, C. D., Golet, W., Houghton, L.,
Llopiz, J. K., Govindarajan, A. F., & Thorrold, S. R. (2025). Evaluating the
importance of mesopelagic prey to three top teleost predators in the northwest
Atlantic Ocean. ICES Journal of Marine Science, 82(3), fsaf028.
https://doi.org/10.1093/icesjms/fsaf028

Wood, S. N. (2017). Generalized Additive Models: An Introduction with R, Second
Edition (2nd ed.). Chapman and Hall/CRC.
https://doi.org/10.1201/9781315370279

Wootton, T. P., Sepulveda, C. A., & Wegner, N. C. (2015). Gill morphometrics of the
thresher sharks (Genus Alopias): Correlation of gill dimensions with aerobic
demand and environmental oxygen. Journal of Morphology, 276(5), 589—600.
https://doi.org/10.1002/jmor.20369

Worm, B., & Lotze, H. K. (2021). Chapter 21—Marine biodiversity and climate change.
In T. M. Letcher (Ed.), Climate Change (Third Edition) (pp. 445-464). Elsevier.
https://doi.org/10.1016/B978-0-12-821575-3.00021-9

Worm, B., Sandow, M., Oschlies, A., Lotze, H. K., & Myers, R. A. (2005). Global
Patterns of Predator Diversity in the Open Oceans. Science, 309(5739), 1365—
1369. https://doi.org/10.1126/science.1113399

Worm, B., & Tittensor, D. P. (2011). Range contraction in large pelagic predators.
Proceedings of the National Academy of Sciences, 108(29), 11942-11947.
https://doi.org/10.1073/pnas.1102353108

Wiurtz, M., Poggi, R., & Clarke, M. R. (1992). Cephalopods from the stomachs of a
Risso’s dolphin ( Grampus griseus ) from the Mediterranean. Journal of the Marine
Biological Association of the United Kingdom, 72(4), 861-867.
https://doi.org/10.1017/S0025315400060094

Yapici, S., Karachle, P. K., & Filiz, H. (2015). First length-weight relationships of 11 fish
species in the Aegean Sea. Journal of Applied Ichthyology, 31(2), 398-402.
https://doi.org/10.1111/jai.12459

Young, J. W., Guest, M. A, Lansdell, M., Phleger, C., & Nichols, P. D. (2010).
Discrimination of prey species of juvenile swordfish Xiphias gladius (Linnaeus,
1758) using signature fatty acid analyses. Progress in Oceanography, 86, 139—
151. https://doi.org/10.1016/j.pocean.2010.04.028

Young, J. W., Hunt, B. P. V., Cook, T. R., Llopiz, J. K., Hazen, E. L., Pethybridge, H.
R., Ceccarelli, D., Lorrain, A., Olson, R. J., Allain, V., Menkes, C., Patterson, T.,

221



References

Nicol, S., Lehodey, P., Kloser, R. J., Arrizabalaga, H., & Anela Choy, C. (2015).
The trophodynamics of marine top predators: Current knowledge, recent advances
and challenges. Deep Sea Research Part II: Topical Studies in Oceanography,
113, 170-187. https://doi.org/10.1016/j.dsr2.2014.05.015

Young, J. W., Lansdell, M., Riddoch, S., & Revill, A. (2006). Feeding ecology of
broadbill swordfish, Xiphias gladius, off eastern Australia in relation to physical and
environmental variables. Bulletin of Marine Science, 79, 793-809.

222



	EJEMPLAR_TESIS_0 2.pdf
	List of Abbreviations 
	Introduction
	Disease Progress Monitoring for Stroke
	Monitoring Stroke Patients: Human Action Recognition and Movement Smoothness
	Challenges With Stroke Patient Monitoring
	Data Scarcity
	Non-repetitive Action Recognition
	Movements’ Smoothness Analysis
	Privacy, Cost and Setup


	Neurodegenerative Diseases Early Screening
	Neurodegenerative Diseases
	Early Screening via Handwriting Analysis
	Challenges With Disease Early Screening
	Few data
	Synthetic Data Generation


	Thesis Objectives and Contributions
	Objectives
	Contributions

	Thesis Organization

	State of the Art
	Human Action Recognition
	Wearable Sensing for HAR
	HAR Model Selection
	Movement Smoothness
	The Kinematic Theory of Rapid Human Movements
	Kinematic Theory Application


	Handwriting Analysis for Neurodegenerative Diseases
	Synthetic Handwriting Generation

	I Comprehensive Monitoring Framework
	Non-invasive Stroke Patient Monitoring via 3D Kinematics and Supervised Learning
	Introduction
	Data Acquisition Protocol
	Methodology
	Data Capturing
	Human Action Recognition: Spotting and Classification
	Support Vector Machines
	Convolutional Neural Networks

	Kinematic Model in 3D

	Experiments
	Segmentation and Classification Results
	Scenario L1
	Scenario L2
	Scenario L2 (Clustering)

	Kinematic Analysis Results
	Scenario L1
	Scenario L2


	Patients' Clinical Assessment 
	Patients’ Clinical vs Kinematic Assessment Discussion
	Conclusion and Future Work 

	Jerk as a Smoothness Measure: Easing Automatic Neurorehabilitation via Classification and Smoothness Analysis
	Introduction
	Movement Classification
	Architecture

	Movement Smoothness
	Setup
	Dataset
	Pipeline

	Results
	Classification
	Smoothness

	Conclusion


	II Synthetic Data Generation
	Recovering and Classifying Upper Limb Impairment Trajectories After Stroke
	Fitting Trajectories and Generation
	Experimental Evaluation
	Conclusion

	GANs: In-air Movement For Alzheimer Handwriting Synthetic Generation
	Introduction
	Methodology
	Generator
	Discriminator

	Dataset
	Experiments
	Results
	Discussion
	Conclusion

	HS-Gen: Human-Like Handwriting Synthetic Generation—A Preliminary Investigation
	Introduction
	Related Work and Background
	 Biologically Inspired Approach for Recovering the Trajectory of Offline Handwriting
	Time-Optimal Trajectory Planning

	Methodology
	Trajectory Recovery
	Human-Like Time Law Generation
	Phase Plane Analysis
	Human-Likeness Index

	Kinematic Parameter Extraction
	Kinematic Parameter Variation
	Trajectory Reconstruction

	Dataset
	Results
	Metrics
	Visual and Semantic Aspects
	Amount of Kinematic Variation

	Discussion
	Does this synthetic generation method produce plausible data?
	Is the visual resemblance of synthetically generated data guaranteed?
	Could we consider this generation method as a controlled generation method?


	Conclusion

	Conclusion
	Summary of the Contributions
	Discussion
	Future Research 

	List of Contributions
	Bibliography



	Títol de la tesi: Drivers of trophic ecology in large predatory fishes:
Environmental and anthropogenic influences within a changing pelagic realm
	Nom autor/a: Elena Fernández Corredor


