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RESUMEN

En esta tesis se ha avanzado en el conocimiento del rol ecoldgico de 26 especies de
condrictios abundantes, poco comunes y en peligro de extincion presentes en el
Mediterraneo occidental, mediante el estudio de la ecologia trofica y de los principales
caracteres morfologicos. Por el numero de especies incluidas, la presente tesis
constituye el trabajo de investigacion mas completo sobre ecologia tréfica de tiburones,
rayas y quimeras en el Mar Mediterraneo. Para ello se han utilizado de manera
combinada diferentes metodologias como el andlisis del contenido estomacal, la
revision de la literatura disponible y herramientas novedosas como el analisis de
isGtopos estables. Los resultados encontrados ponen de manifiesto la importancia de los
condrictios en el Mediterrdneo occidental como mesodepredadores y depredadores
apicales. Los tiburones de pequfio tamafio como Scyliorhinus canicula, Etmopterus
spinax y Galeus melastomus actian como mesodepredadores del ecosistema y por su
abundancia pueden ser consideradas especies relevantes en el Mar Mediterraneo. S.
canicula presenta cambios intraespecificos en relacion con su ecologia trofica. Los
individuos pequefios de esta especie depredan sobre presas diferentes a los individuos
de mayor tamafio. Lo mismo sucede con los machos y las hembras, probablemente
porque se alimentan en diferentes zonas de la plataforma continental. S. canicula, E.
spinax y G. melastomus, junto a Dalatias licha, no presentan cambios en su ecologia
tréfica entre areas con diferente grado de impacto antrépico como lo son el Mar Catalan
y una zona restringida a la pesca del Golfo de Leon. Este resultado probablemente esta
relacionado con el hecho de que S. canicula, E. spinax y G. melastomus son especies
oportunistas, pudiendo explotar diferentes recursos, incluidos parte de los descartes
pesqueros. Ademas, D. licha depreda principalmente sobre estas especies de tiburones
oportunistas. Puede ser también que la zona del Golfo de Ledn no se haya recuperado
significativamente después de su declaracion como area restringida a la pesca y no
muestre caracteristicas substancialmente diferentes a la zona explotada del Mar Catalan.
Otros condrictios que tienen un rol ecoldgico similar a los pequefios tiburones
demersales son las diferentes especies de rayas del orden Rajiformes, especies que se

alimentan principalmente de crustaceos. Otras rayas mesodepredadoras, como Mobula
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mobular y Myliobatis aquila, tienen un rol trofico Gnico dentro de las especies
estudiadas: M. mobular es una especie filtradora y M. aquila se alimenta principalmente
de bivalvos. Como depredadores apicales se encuentran los tiburones Alopias vulpinus,
Galeorhinus galeus y la raya Gymnura altavela. Otros deprededaores apicales son los
Torpediniformes, Chimaeriformes y otros tiburones de tamafio medio de los dérdenes
Carcharhiniformes, Hexanchiformes y Squaliformes. En esta tesis doctoral se ha
confirmado que los condrictios del Mar Mediterraneo tienen diferentes roles ecologicos
y se ha dado un paso muy importante en el conocimiento de la ecologia trofica de estos
organismos. Ademas cabe resaltar el uso por primera vez del anélisis de is6topos
estables en sangre, una técnica no letal, para el estudio de la ecologia tréfica del tiburon
S. canicula. Esta metodologia puede ser muy util para estudiar la ecologia tréfica y el

rol ecoldgico en tiburones y rayas poco abundantes o en peligro de extincion.
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RESUM

En aquesta tesi s'ha avancat en el coneixement del rol ecologic de 26 especies de
condrictis abundants, rars i en perill presents a la Mediterrania occidental mitjancant
I'estudi de I'ecologia trofica i els principals caracters morfologics. Pel nombre d'espécies
incloses, la present tesi constitueix el treball de recerca més complet sobre ecologia
trofica de taurons, rajades i quimeres en el Mar Mediterrani. Per a aixo0 s'han utilitzat de
manera combinada diferents metodologies com I'analisi del contingut estomacal, la
revisié de la literatura disponible i eines noves com l'analisi d'isotops estables. Els
resultats posen de manifest la importancia dels condrictis a la Mediterrania occidental
com mesodepredadors i depredadors apicals. Els petits taurons Scyliorhinus canicula,
Etmopterus spinax, i Galeus melastomus actuen com mesodepredadors de I'ecosistema i
per la seva abundancia poden ser considerades espécies importants en el Mar
Mediterrani. S.canicula presenta canvis intraespecifics en relacié amb la seva ecologia
trofica i els individus petits depreden sobre preses diferents als individus més grans. El
mateix succeeix amb els mascles i les femelles, probablement perqué s‘alimenten en
diferents zones de la plataforma continental. Aquestes tres espécies, juntament amb
Dalatias licha, no presenten canvis en la seva ecologia trofica entre arees amb diferent
grau d'impacte antropic com ho sén el Mar Catala i una zona restringida a la pesca del
Golf de Lled. Aquest resultat probablement esta relacionat amb el fet que S. Canicula,
E. spinax, i G. melastomus sén espécies oportunistes, podent explotar diferents recursos
inclosos part del rebuig pesquer. A més, D. licha depreda principalment sobre aquestes
especies oportunistes. Pot ser també que la zona del Golf de Lleé no s'hagi recuperat
significativament després de la seva declaracié com a area restringida a la pesca i no
mostri caracteristiques substancialment diferents a la zona explotada del Mar Catala.
Altres condrictis que tenen un paper ecologic similar als petits taurons demersals son les
diferents espécies de rajades (Rajiformes), espécies que s'alimenten principalment de
crustacis. Altres rajades com Mobula mobular i Myliobatis aquila tenen un paper trofic
Unic dins de les espécies estudiades: M. mobular és una espécie filtradora i M. aquila
s'alimenta principalment de bivalves. Com depredadors apicals es troben els taurons

Alopias vulpinus, Galeorhinus galeus i la rajada Gymnura altavela, a més dels
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Torpediniformes, Chimaeriformes i altres taurons de mida mitjana dels ordres
Carcharhiniformes, Hexanchiformes i Squaliformes. En aquesta tesi doctoral s'ha
confirmat que els condrictis de la Mediterrania tenen diferents rols ecologics i s'’ha fet
un pas molt important en el coneixement de I'ecologia trofica d'aquests organismes. A
més cal ressaltar I'Us per primera vegada de I'analisi d'isotops estables en sang, una
teécnica no letal, per a I'estudi de I'ecologia trofica del taurd S. canicula. Aquesta pot ser
una metodologia molt util per avaluar I'ecologia trofica i el paper ecologic en taurons i

rajades poc abundants o en perill de extincio.
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ABSTRACT

In this thesis, the ecological role of 26 species of abundant, rare and endangered
chondrichthyans present in the western Mediterranean has been studied through the
study of trophic ecology and main morphological characters. Due to the number of
species included, this thesis constitutes the most complete research on the trophic
ecology of sharks, rays and chimeras in the Mediterranean Sea. For this purpose,
different methodologies such as stomach content analysis, review of available literature
and new tools such as stable isotope analysis have been combined. The results reveal
the importance of chondrichthyans in the western Mediterranean as mesopredators and
top predators. The small sharks Scyliorhinus canicula, Etmopterus spinax and Galeus
melastomus act as mesopredators of the ecosystem and, because of their abundance,
they could be considered important species in the Mediterranean Sea. S. canicula
presents intraspecific changes in relation to its trophic ecology and small individuals
feed on different prey than larger individuals. The same occurs with males and females,
probably because they feed on different areas of the continental shelf. These three
species, along with Dalatias licha, do not present changes in their trophic ecology
between areas with different degrees of human impact such as the Catalan Sea and an
area restricted to fishing in the Gulf of Lions. This result is probably related to the fact
that S. canicula, E. spinax, and G. melastomus are opportunistic species, being able to
exploit different resources including part of the fishing discards. In addition, D. licha
prey mainly on these opportunistic species. It may also be that the area of the Gulf of
Lions has not recovered significantly after its declaration as an area restricted to fishing
and does not show substantially different characteristics to the exploited area of the
Catalan Sea. Other chondrichthyans that have an ecological role similar to the small
demersal sharks are the different species of skates (Rajiformes), species that feed
mainly on crustaceans. Other mesopredator rays, such as Mobula mobular and
Myliobatis aquila, have a unique trophic role within the studied species: M. mobular is
a filter feeding species and M. aquila feeds mainly on bivalves. As top predators are the
sharks Alopias vulpinus and Galeorhinus galeus, the ray Gymnura altavela,

Torpediniformes, Chimaeriformes and other medium-sized sharks of the orders
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Carcharhiniformes, Hexanchiformes and Squaliformes. The results present in this thesis
have confirmed that the chondrichthyans of the Mediterranean Sea have different
ecological roles, being a very important step in the knowledge of the trophic ecology of
these organisms. In addition, it has to be emphasized the use of the stable isotope
analysis in blood for the first time, a non-lethal technique, for the study of the trophic
ecology of the shark S. canicula. This methodology could be very useful for
investigating the trophic ecology and the ecological role in sharks and rays that are rare

or endangered.
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CARACTERISTICAS DE LOS CONDRICTIOS Y SU SITUACION EN EL MAR
MEDITERRANEO

Los peces cartilaginosos o condrictios (Clase Chondrichthyes) son probablemente
uno de los grupos de peces mas exitosos en términos evolutivos, debido principalmente
a la ausencia de otros depredadores en los hébitats donde estan presentes y a su alta
plasticidad fenotipica (Hussey et al. 2009; Rosa et al. 2014). El origen de este grupo de
depredadores se remonta al periodo Devonico (hace 400 millones de afios) y ha
sobrevivido desde entonces a varias extinciones masivas a nivel global (Cavanagh &
Gibson 2007, Grogan et al. 2012). Hasta la fecha se han descrito 1.223 especies de
condrictios a nivel mundial (actualizado desde Weigmann 2016), de los cuales
aproximadamente al 55% corresponde a batoideos (rayas, torpedos y mantas), 40% a
tiburones y el restante 5% a quimeras. De los condrictios que habitan en el planeta, el
5% son oceanicos, el 50% se encuentra en aguas de la plataforma continental hasta los
200 metros de profundidad y el 35% se encuentra bajo los 200 metros de profundidad,
el resto de especies esté presente en ambientes dulceacuicolas o salobres (Camhi 2009).

Los tiburones y rayas son especies que presentan una baja resiliencia. Esto significa
que tienen poca capacidad para resistir alteraciones en sus habitats y para recuperar sus
poblaciones tras sufrir presiones antropicas (Garcia et al. 2008, Lucifora et al. 2011). La
baja resiliencia esta relacionada con su lento crecimiento, madurez sexual tardia, baja
fecundidad y largos periodos de gestacion (Compagno 1984). Estas caracteristicas los
hacen muy susceptibles a cambios ambientales tales como el calentamiento global, la
sobreexplotacion pesquera, la contaminacion ambiental y la degradacion de sus habitats
(p.ej. Stevens et al. 2000, Dulvy et al. 2008, Camhi 2009, Lucifora et al. 2011).

En el Mar Mediterraneo la riqueza de condrictios es considerablemente alta y
actualmente se han contabilizado alrededor de 80 especies. Este numero abarca
aproximadamente el 7% de todos los condrictios existentes en la actualidad, incluyendo
45 especies de tiburones pertenecientes a 17 familias, 34 especies de batoideos de nueve
familias y una especie de quimera (Cavanagh & Gibson 2007, Abdul Malak 2011).
Similar a lo que ocurre en otros océanos y mares del planeta (Baum & Myers 2004,

Camhi 2009, Dulvy & Reynolds 2009), en el Mar Mediterraneo las poblaciones de

11



INTRODUCCION

condrictios estan en serio declive. De las 76 especies de condrictios evaluadas en el Mar
Mediterraneo, 31 estan consideradas como amenazadas (40%) o cercanas a estar
amenazadas de extincion (13%) por la Union Internacional para la Conservacion de la
Naturaleza (UICN, Dulvy 2016). Ademas, cerca del 30% de los condrictios en el
Mediterraneo presentan deficiencia de datos bioldgicos para poder ser evaluados y
catalogados correctamente (Figura 1, Dulvy 2016), por lo que probablemente las cifras

de especies amenazadas 0 en riesgo podrian ser mas elevadas.

B En peligro critico
En peligro
Vulnerable
Cercano a laamenaza

B Preocupacion menor

Con deficiencia de datos

Figura 1. Estado de conservacion de los tiburones, rayas y quimeras en el Mar Mediterraneo, segin la

Union Internacional para la Conservacion de la Naturaleza UICN (Dulvy 2016).

La clasificacion de la UICN determina el estado de conservacion para diferentes
especies, que incluye la evaluacion de sus habitats, las amenazas (pasadas, presentes y
futuras) y las presiones a la cuales estdn sometidas (que explica como las amenazas
afectan al taxdn). De acuerdo a éstos parametros y a la informacion existente cataloga a
las especies como: en peligro critico de extincién (CR), en peligro (EN), vulnerable
(VU), cercano a la amenaza (NT), preocupacion menor (LC) y con deficiencia de datos
para ser evaluada (DD) (UICN 2017). Segun la UICN, gran parte de los condrictios
situados en niveles tréficos superiores de los ecosistemas se encuentran en peligro de
extincion. En cambio, las especies de situadas generalmente en niveles troficos medios
mantienen sus poblaciones estables o en status desconocido (Dulvy et al. 2014), como

por ejemplo los tiburones demersales Scyliorhinus canicula (pintarroja), Etmopterus
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spinax (negrito) y Galeus melastomus (olayo), los tiburones méas abundantes del Mar
Mediterraneo y que se encuentran en estatus de preocupacion menor (Dulvy 2016).

Aun asi, el Mediterraneo es considerado el mar mas peligroso para los condrictios
(Cavanagh & Gibson 2007) y aun desconocemos gran cantidad de informacion acerca
de la biologia y ecologia de una gran cantidad de especies, en especial de
elasmobranquios poco comunes, y de como pueden afectar las acciones antrdpicas en la
ecologia de este grupo.

El conocimiento de los diferentes aspectos de la biologia y ecologia de los
condrictios en el Mar Mediterraneo se ha incrementado durante las Ultimas deécadas
(White & Last 2012). La mayoria de los estudios aportan informacién puntual sobre la
ecologia tréfica, su importancia como estructuradores de las comunidad marinas y las
repercusiones en el funcionamiento de los ecosistemas ante una disminucion en sus
poblaciones (Myers & Worm 2003, Ferretti et al. 2010, Britten et al. 2014). Estos
cambios estdn generalmente mediados por depredadores de nivel intermedio que
proveen de un vinculo importante entre los niveles troficos superiores y los niveles
basales (Myers et al. 2007, Ritchie & Johnson 2009, Ritchie et al. 2012, Grubbs et al.
2016). Por esta razon resulta muy importante conocer cual es el rol ecoldgico de las
diferentes especies de condrictios en los ecosistemas.

Ademaés, para poder gestionar y conservar las poblaciones de elasmobranquios es
fundamental conocer la biologia y ecologia de las diferentes especies (Simpfendorfer et
al. 2011), asi como también conocer el rol ecologico de cada una de ellas, su posicion
trofica y cuales son sus principales presas dentro de ese ecosistema. Sin embargo, en
comparacion con los peces teledsteos, nuestro conocimiento acerca de los habitos de
alimentacion y ecologia de los elasmobranquios es reducido (Weherbee et al.

1990,Cortés 1999, Heithaus et al. 2010).

LAS PESQUERIAS COMERCIALES Y LAS POBLACIONES DE
CONDRICTIOS
Es dificil encontrar a los tiburones y rayas dentro de las especies mas pescadas a

nivel mundial, esto se debe principalmente a que estos grupos no presentan biomasas
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excesivamente altas (FAO 2006-2017). A pesar de ello se estima que una de cada
cuatro especies de elasmobranquios estan en peligro de extincion debido principalmente
a la sobrepesca (Dulvy et al. 2014). Los tiburones y rayas de mayor tamafio y de habitos
pelagicos son los mas susceptibles a las pesquerias (Baum & Myers 2004, Jackson
2008, Heupel et al. 2014). Un problema particular y bien conocido es el comercio de
aletas de tiburdn, un recurso altamente valorado en algunos paises asiaticos y cuya
recoleccion ha provocado que mas de la mitad de los tiburones y rayas se encuentren
bajo algin grado de amenaza de extincion (Dent & Clarke 2015).

Espafia es uno de los tres paises con mas capturas de elasmobranquios a nivel
mundial (Figura 2). De hecho entre los afios 2000 al 2011 se pescaron alrededor de
61.000 toneladas, convirtiéndose en el tercer mayor exportador después de paises como
India o Indonesia y es uno de los principales paises exportadores de aletas de tiburdn a
nivel mundial (Dent & Clarke 2015). Estas pesquerias estan sustentadas principalmente
en la pesca de Prionace glauca (tintorera) (Dent & Clarke 2015, Nos-Francisco &
Cabrera 2016), una especie que se encuentra cercana a la amenaza a nivel global y
criticamente amenazada de extincion en el Mar Mediterraneo (Dulvy 2016, Sims et al.

2016).
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Figura 2. Capturas declaradas de rayas y tiburones a nivel mundial (azul oscuro) y nacional (azul claro)

(en toneladas), desde 1950 hasta el 2015. Fuente: FAO 2006-2017.
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En el Mediterraneo occidental, el impacto de las pesquerias sobre las poblaciones de
elasmobranquios es bastante elevado (Nos-Francisco & Cabrera 2016). Por ejemplo, en
la costa catalana entre los afios 2000 y el 2016 se han capturado cerca de 2.000
toneladas de tiburones y rayas (Figura 3, Direccié General de Pesca i Afers Maritims,
Generalitat de Catalunya 2017). Al contrario de lo que ocurre con las capturas totales a
nivel espafiol y europeo (FAO 2006-2017), en la zona de estudio donde se realiz6 esta
tesis se capturan mas rayas que tiburones. Segun los datos de la Generalitat de Catalufia
los tiburones méas pescados son S. canicula y G. melastomus. Mientras que las rayas
mas pescadas son las especies del género Raja spp., principalmente Raja asterias (raya
estrellada) y R. clavata (raya de clavos) (Direccié General de Pesca i Afers Maritims,
Generalitat de Catalunya 2017). A pesar de que el valor econémico de los
elasmobranquios en la zona de estudio es relativamente bajo, durante los Gltimos 16
afios el nivel de desembarco de estas especies se ha mantenido a un mismo nivel,
probablemente porque los desembarcos solo abastecen un mercado local de consumo
directo y porque estdn mal documentados y subestimados (Coll et al. 2014; Carreras et

al. 2015).
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Figura 3. Capturas declaradas de rayas (azul claro) y tiburones (azul oscuro) en Catalufia desde el afio
2000 hasta el 2016 (Fuente: Direcci6 General de Pesca i Afers Maritims, Generalitat de Catalunya

2017).
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LA IMPORTANCIA DE CONOCER EL ROL ECOLOGICO DE LOS
DEPREDADORES MARINOS

Los ecosistemas marinos son sistemas complejos mediados por una multitud de
relaciones funcionales entre sus componentes, que van desde la adquisicion de la
energia por parte de los productores primarios hasta la regulacion de poblaciones de
organismos situados en niveles troficos bajos por parte de los grandes depredadores
(Pimm 1984, Paine 1988, Levin 1998, Carpenter 2002). Estos ecosistemas estan sujetos
a cambios en su estructura, que pueden ser originados desde la base de la cadena trofica
por la produccién primaria conocidos como sistemas bottom-up o desde arriba por los
depredadores superiores conocidos como sistemas top-down (Hunter & Price 1992).

Los depredadores apicales son importantes reguladores de los ecosistemas ya que
depredan sobre los organismos situados en niveles tréficos mas bajos, modulando
directamente su abundancia y diversidad e indirectamente la produccion primaria y
secundaria del ecosistema y los ciclos biogeoquimicos (Schmitz 2006, Stief & Holker
2006, Trussell et al. 2006). Los organismos mesodepredadores, depredadores situados
en la parte media de la red tréfica (Ritchie & Johnson 2009, Heupel et al. 2014),
generalmente actGan como vinculo entre los depredadores apicales y los productores
primarios equilibrando los balances energéticos (Werner & Peacor 2003, Ritchie et al.
2012).

Cada grupo de depredadores tiene un rol ecoldgico y este rol varia de acuerdo a
varios factores ecologicos (Figura 4; Williams et al. 2004, Ritchie et al. 2012). Entre los
mas importantes destaca el tamafio poblacional, el tipo de estrategias de vida de los
depredadores (vida corta o vida larga), los factores antrépicos y el tipo de dieta,
posiblemente el principal factor que regula las relaciones entre organismos de un
ecosistema y las transferencias de energia. Es el estudio de la ecologia trofica el tema

vehicular de la presente tesis.
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Figura 4. Algunos de los principales factores que definen el rol ecolégico de una especie depredadora en

un ecosistema marino. Esquema realizado a partir de Ritchie et al. (2012) y Williams et al. (2004).

Conocer la ecologia trofica de una determinada especie es uno de los principales
aspectos basicos en su biologia, ya que las funciones vitales, y por ende el éxito
reproductivo, dependeran de la energia que ingiere a traves de su alimento (Macpherson
1977). Aunque las especies se han adaptado evolutivamente a depredar sobre
determinados recursos, existen factores que pueden determinar las estrategias tréficas,
como son la abundancia de presas y depredadores, el tipo de habitat, la zona geogréafica
o el tamafno de las presas y del consumidor, entre otros (Heupel & Hueter 2002,
Heithaus et al. 2008, Sims et al. 2008).

Entre los diferentes depredadores marinos, los condrictios cumplen un rol importante
en los ecosistemas marinos, ya que son los principales depredadores en muchos
ecosistemas marinos (Ferretti et al. 2010, Heupel et al. 2014, Roff et al. 2016). Sin
embargo el rol que ejercen las diferentes especies en diferentes ambientes no esta del
todo claro debido principalmente a la alta diversidad en sus habitos troficos (Cortés
1999, Ebert & Bizzarro 2009, Jacobsen & Bennett 2013). Por ejemplo, queda por
aclarar el rol que ejercen las especies poco comunes, cuales es su rol ecoldgico en

ecosistemas altamente explotados y como este puede variar a nivel intrapoblacional o
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espacial (Lucifora et al. 2009, Matich et al. 2011, Vaudo & Heithaus 2011). Ademas,
considerando que muchas especies de condrictios estdn en peligro de extincion (Dulvy
2016), es de suma importancia establecer el rol que cumplen estas especies en los
ecosistemas marinos. Ademas de conocer como estas especies pueden modificar sus
estrategias de alimentacion, a nivel intraespecifico y entre diferentes zonas,
especialmente en ecosistemas explotados donde la accion humana puede modificar sus
estrategias de alimentacion (Heithaus et al. 2008). Esta documentado que la ausencia o
disminucion de depredadores apicales puede causar cascadas tréficas y cambiar la

estructura de la comunidad (Paine 1980, Pinnegar et al. 2000, Worm & Myers 2003).

CONOCER LOS HABITOS TROFICOS COMO PRIMER PASO PARA
ENTENDER EL ROL ECOLOGICO DE LOS ELASMOBRANQUIOS

La ecologia trofica en elasmobranquios ha sido estudiada principalmente a través de
los estudios de Analisis de Contenido Estomacal (ACE) (Cortés 1999). El principal
impulsor de esta técnica en peces fue Pinkas (1971) quien realizO importantes
aportaciones metodoldgicas en la manera de categorizar los principales items
alimenticios mediante la combinacion de métodos ya existentes, desarrollando el indice
de Importancia Relativa (IR1). EI IRI incorpora el nimero de presas, su ocurrencia en el
depredador y el porcentaje en peso de cada presa. A través del analisis del contenido
estomacal es posible también estimar el nivel tréfico del consumidor estudiado en un
determinado ecosistema (Stergiou & Karpouzi 2002; Navarro et al. 2013b).

Aunque el uso del analisis del contenido estomacal es muy util al permitir identificar
las presas a un nivel taxondmico muy alto, tiene algunas desventajas como el alto
numero de estdbmagos necesarios para tener una muestra representativa de la dieta a
nivel poblacional, algo que para muchas especies de elasmobranquios es dificil de
obtener dada sus bajas abundancias, ademas de que a menudo las presas se encuentran
bastantes digeridas (Hyslop 1980, Stergiou & Karpouzi 2002, Pethybridge et al. 2011).
Por otro lado muchos de los estomagos de los elasmobranquios se encuentran vacios,
imposibilitando el analisis de sus contenidos (Wetherbee & Cortés 2004). Ademas,

desde un punto de vista de conservacion, para analizar los estdmagos es necesario
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sacrificar un gran nimero de individuos, lo que limita el uso del anélisis de contenido
estomacal en el caso de especies poco abundantes o con algin grado de amenazada
(Smart et al. 2013).

Como complemento al andlisis de contenido estomacal, durante los ultimos afios se
ha generalizado el uso de Anélisis de Isétopos Estables (AIE) de carbono (8°C) y
nitrogeno (8"°N) para el estudio de la ecologia tréfica de depredadores marinos
incluidos los condrictios (Shiffman et al. 2012, Caut et al. 2013, Albo-Puigserver et al.
2015, Shipley et al. 2017). Esta aproximacion se basa en que los valores isotdpicos de
§*c y 8*°N se transforman desde la presa hacia su depredador de una manera predecible

(Peterson & Fry 1987).
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Figura 5. Esquema conceptual del enriquecimiento de Carbono y Nitrégeno en los ecosistemas marinos
(Fuente: modificado de Marine Strategy Framework Directive - Marine food webs (http://www.dcsmm-

d4.fr/?lang=fr).

En animales, el N se transforma preferentemente a °N, lo que resulta en un
enriquecimiento de N de aproximadamente 3%o entre el depredador y sus presas
(Figura 5, Peterson & Fry 1987, Post 2002). Por el contrario, el **C/**C se fracciona
muy poco entre depredadores y presas (0 a 1%o) (Figura 5, Peterson & Fry 1987, France

& Peters 1997, Kelly 2000), pero puede diferenciar entre los productores primarios
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costeros 0 mas oceanicos (McConnaughey & McRoy 1979, Kline 1999) u oceéanicos y
estuarinos (Beck et al. 2001, Hoffman 2016). Esto es muy importante a la hora de
determinar los diferentes gradientes de habitat entre productores y consumidores (Reum
& Essington 2013).

Ademas, si se conocen los valores isotopicos de las presas potenciales se pueden
aplicar modelos estadisticos de mezcla isotdpica para estimar la contribucién relativa de
cada item a la dieta del depredador (Shiffman et al. 2012). Un modelo de mezcla muy
utilizado es el modelo Bayesiano SIAR (Stable Isotope Analysis in R; Parnell et al.
2010). Este modelo sigue una légica Bayesiana utilizando distribucion de Dirilichlet
(Kotz et al. 2004, Jackson et al. 2009, Jackson et al. 2011), lo que permite estimar las
proporciones de las presas potenciales que integra el tejido del depredador. EI modelo
Bayesiano simula una distribucién previa con todas las muestras y permite que un
modelo propuesto se pueda ajustar de mejor forma reduciendo la incertidumbre (Ross
2014). Cada tejido del depredador incorporara una sefial diferente que variard de
acuerdo a la tasa metabolica del tejido a analizar, de esta manera se puede determinar la
importancia de las presas en diferentes escalas de tiempo (Hussey et al. 2010b). Los
tejidos con altas tasas metabdlicas reflejan mas rapidamente los cambios de dieta (como
el higado o sangre), mientras los tejidos menos activos metabdlicamente integran la
dieta de un periodo de tiempo mucho mas largo (como masculos, huesos o cartilagos)
(Tieszen et al. 1983, MacNeil et al. 2005, MacNeil et al. 2006). En elasmobranquios, el
periodo de retencion isotdpica del musculo es de alrededor de un afio, el higado en
cambio integra un periodo de dos a tres meses, por lo que es especialmente dtil a la hora
de ver patrones estacionales (Logan & Lutcavage 2010).

Aunque los resultados de los modelos Bayesianos deben ser interpretados con
precaucion al ser una aproximacion indirecta (Shiffman et al 2012), estos modelos han
sido muy utilizado en estudios de ecologia tréfica (p.ej. Post 2002, Tilley et al. 2013,
Matich & Heithaus 2014) y han permitido obtener nuevos conocimientos acerca del rol
ecoldgico de muchos consumidores marinos (Hussey et al. 2014).

El anélisis de isotopos estables puede tener limitaciones también (Newsome et al.

2006, Layman et al. 2007). Dentro de estas limitaciones podemos mencionar que no
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existen valores de fraccionamiento para todas las especies, por lo que generalmente se
utilizan valores de fraccionamiento de especies similares. Ademas, en ocasiones no se
puedan obtener todas las presas importantes de los depredadores (Shiffman et al. 2012).

A través de la combinacion de analisis de contenido estomacal que entrega una sefal
préxima en el tiempo y de is6topos estables que incorporan un periodo de tiempo mas
prolongado (Hussey et al. 2010b) se puede conocer de mejor manera la ecologia tréfica
de los tiburones y rayas, y observar posibles cambios en el tiempo, en el espacio o entre
especies (Hussey et al. 2010b; Shiffman et al 2012). Los resultados de isotopos estables
complementados con el andlisis de contenido estomacal proporciona una idea robusta
sobre el rol ecoldgico que ejercen los depredadores en los ecosistemas (Navarro et al.
2011, Coll et al. 2013b).

Dado que el isétopo estable de nitrégeno se enriquece desde la presa al depredador
de una manera predecible y con un valor cercano a 3%o por cada nivel trofico (Layman
et al. 2012) este fraccionamiento se utiliza para estimar la posicion trofica de las
especies en las redes troficas (Navarro et al. 2013b). Al analizar conjuntamente los
datos de 5N y 5'°C es posible estimar la amplitud del nicho tréfico de las especies,
poblaciones o ecosistemas calculando el area isotopica (Layman et al. 2007, Jackson et
al. 2011). Ademas recientemente se han incorporado nuevos estimadores cuantitativos
de comunidad que permiten conocer la estructura de la comunidad a partir de los datos
de is6topos estables (Layman et al 2011), lo que es muy Util a la hora de comparar
comunidades entre diferentes areas.

El analisis de isétopos estables puede ser una herramienta especialmente til a la
hora de conocer la ecologia tréfica de especies amenazadas ya que puede ser utilizada
sin necesidad de sacrificar animales (Creed Jr & Thigpen 111 2007). Uno de los posibles
usos de los is6topos estables es intentar conocer el rol ecoldgico de una especie a través
de analisis de sangre o muestras de aletas, de esta manera el animal puede ser liberado

vivo.
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ZONA DE ESTUDIO

El Mar Mediterraneo es un mar semicerrado situado en la zona subtropical del
Hemisferio Norte. Se caracteriza por presentar fuertes variaciones estacionales, alta
insolacion y elevada evaporacion lo que lo convierte en un mar con salinidades
bastantes elevadas (Figura 6, Garrett et al. 1993, Poulain et al. 2007). La temperatura
disminuye desde la superficie al fondo, pero no de manera gradual. En superficie, en las
épocas frias, ronda los 12 °C mientras en la época calurosa puede alcanzar los 28 °C.
Por esta razén, en profundidad se puede producir un cambio importante con respecto a
la superficie segun la época del afio, ya que cerca de los 200 metros de profundidad, la
temperatura suele mantenerse alrededor de los 13 °C durante todo el afio. Las aguas
fluviales que llegan al Mar Mediterraneo juegan un papel muy importante aportando
nutrientes y fertilizando los ecosistemas (Lloret et al. 2004; Barale & Gade 2008), lo
que estimula la productividad y a su vez actia como barrera biolégica disminuyendo la
salinidad y participando en la distribucion de algunos organismos (Lloris 2016).

La circulacion general de las masas se puede describir como una serie de capas que
se desplazan por toda la cuenca, estas capas no son continuas y uniformes pero se puede
establecer un patron general (Hecht et al. 1988; Pinnardi et al. 2015). Este patrén consta
de una capa superficial situada entre los 160 y 200 metros de profundidad formada por
agua Atlantica que entra por el Mediterraneo a través del Estrecho de Gibraltar. Otra
capa proveniente del Mediterraneo oriental, el agua Levantina intermedia, situada entre
los 200 y 600 metros de profundidad que se desplaza hacia el Mediterraneo occidental
y que se junta con el agua Occidental intermedia para luego salir por el Estrecho de
Gibraltar. Finalmente estd el agua profunda del Mediterraneo occidental, muy fria y
salada que una vez se hunde sale junto al agua Levantina intermedia a través del
Estrecho de Gibraltar. A lo largo del Mediterrdneo también existen grandes remolinos
de mesoescala (Millot 1999) que pueden jugar un papel fundamental en la circulacion y

la distribucién de los animales marinos.
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Figura 6. Mapa del Mar Mediterraneo con el perfil de batimetria. En el recuadro se indica la zona de

estudio situada en el oeste del Mediterraneo y que comprende el Mar Catalan y el Golfo de Ledn.

Los trabajos realizados en la presente tesis doctoral se han desarrollado en el area
noroccidental del Mar Mediterraneo. Las muestras de esta tesis provienen de descartes
pesqueros y lonjas de la zona de estudio, ademas de camparias cientificas de pesca de
los proyectos ECOTRANS y DOS-MARES (proyectos de investigacion financiados por
el Ministerio de Economia y Competitividad del Gobierno Espafiol) en dos zonas
diferentes: el Mar Catalan (aguas proximas a la Comunidad Catalana, dentro del Mar
Balear) y el Golfo de Leon (Figura 7). EI Mar Catalan (Figuras 6 y 7) se caracteriza por
ser una zona oligotréfica con una plataforma continental extensa donde el
enriquecimiento con nutrientes se produce por acontecimientos ambientales
relacionados con episodios de vientos regionales, condiciones de termoclina estacional
y la descarga de rios importantes como el Ebro (Estrada 1996, Salat 1996, Danovaro et
al. 1999). Estas entradas de aguas desde el Delta del Ebro inciden en que las capas méas
superficiales reciban aguas menos saladas y mas frias que aumentan la productividad
primaria y subvencionan la produccién pesquera (Font et al. 1987). EI Mar Catalan es
un ecosistema altamente explotado con pesquerias de bajo nivel tréfico centradas
principalmente en peces pelagicos pequefios, ademas de peces y crustaceos demersales

(Lleonart 1990, Palomera 1992, Coll et al. 2006, Navarro et al. 2016). Los principales
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recursos pesqueros de la zona en biomasa son Sardina pilchardus (sardina) y Engraulis
encrasicolus (boqueron).

El Golfo de Ledn (Figura 7) es una de las zonas mas productivas del Mediterraneo
noroccidental (Salat 1996), con una fuerte influencia de las descargas de rios,
principalmente del Rio Rodano. La plataforma continental se puede extender sobre los
70 km y termina en una red de al menos doce cafiones submarinos que inciden en el
transporte de sedimentos y nutrientes a las zonas mas profundas beneficiando a los
organismos que alli habitan (Canals et al. 2006, Salvado et al. 2012). Las pesquerias de
esta zona estan constituidas por stocks compartidos explotados por flotas espafiolas y
francesas. Sin embargo en esta zona la flota de arrastre de los puertos franceses mas
préximos no se dirige a la explotacion de especies de profundidad. En el afio 2009 la
Comisién General de Pesqueria del Mediterraneo (General Fisheries Commission for
the Mediterranean Sea, GFMC) cre6 un Area Restringida a la Pesca (FRA); ésta zona
se ubica frente a las costas espafiolas y francesas y también incluye una Zona de
Proteccion Ecologica francesa (Lleonart et al. 2008; UNEP-MAP-RAC/SPA 2013).
Segln el BOE-A-2012-11221 s6lo pueden faenar en pesquerias de especies demersales
aquellas embarcaciones espariolas con derechos historicos, cerrando la entrada a nuevas
embarcaciones. Ademas, los barcos de arrastre de la costa norte catalana disponen de
horario especial para trabajar en aguas internacionales del Golfo de Ledn y no suelen
alcanzar estos caladeros tan alejados por lo que explotan principalmente los situados
entre 50 y 60 millas de sus puertos (Massuti et al. 2008). Consecuentemente, estos
caladeros del Golfo de Leon y por ende los organismos marinos que alli habitan

deberian estar menos explotados que los de la zona del Mar Catalan.
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Figura 7. Mapa de la zona de estudio (noroeste del Mediterraneo) con el perfil de batimetria, y FRA-

Area Restringida a la Pesca (sombreado).

En relacion a la diversidad de elasmobranquios, en el Mediterraneo noroccidental se
han citado 26 especies de tiburones (Barrull et al. 1999). En ultimos afios, los estudios
de estas especies de tiburones en aguas del Mediterraneo han aumentado,
incrementando el escaso conocimiento que se tiene de este grupo (p.ej. Bradai et al.
2012, Finotto et al. 2015, Navarro et al. 2015, Damalas & Megalofonou 2016, Navarro
et al. 2016, Saidi et al. 2016, Valls et al. 2016).

En relacion con las rayas la informacion es ain mas deficitaria, y aunque también los
estudios han aumentado en los Gltimos afios (p.ej. Coll et al. 2013b, Bustamante et al.
2016, Frodella et al. 2016, Navarro et al. 2016, Nos et al. 2017), desconocemos gran
parte de la biologia y ecologia de las especies que componen este grupo. En la zona de
estudio se ha documentado la presencia de al menos 29 especies de rayas (Lloris et al
1984). Sin embargo los pocos estudios realizados generalmente estan enfocados a las
especies mas capturadas por las pesquerias de la zona, como por ejemplo R. asterias
(p-ej. Coll et al. 2013b, Navarro et al. 2013a), desconociéndose las caracteristicas
bioldgicas y ecoldgicas de otras rayas, probablemente relacionado con su reducido valor
comercial, la dificultad de muestrearlas y por los problemas de identificacion que

generan las especies de este grupo (Ebert & Sulikowski 2008).
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1.1 OBJETIVOS DE LA TESISY ESPECIES ESTUDIADAS

El objetivo general de esta tesis es aportar nuevos datos sobre la ecologia tréfica y
parametros morfométricos de la comunidad de elasmobranquios en el Mediterraneo
occidental (especies indicadas en la Tabla 1) que contribuyan a aumentar el
conocimiento sobre su rol ecolégico.

En concreto, se han incluido un total de 26 especies de condrictios (Tabla 1): 13
tiburones pertenecientes a los Ordenes Carcharhiniformes (Scyliorhinus canicula,
Galeorhinus galeus, Galeus melastomus y Prionace glauca), Hexanchiformes
(Hexanchus griseus), Lamniformes (Alopias vulpinus) y Squaliformes (Centrophorus
granulosus, Centroscymnus coelolepis, Dalatias licha, Etmopterus spinax, Oxynotus
centrina, Squalus acanthias y Somniosus rostratus), 12 rayas pertenecientes a los
Ordenes Rajiformes (Dipturus oxyrinchus, Leucoraja naevus, Raja asterias, R. clavata,
R. montagui y R. polystigma), Myliobatiformes (Gymnura altavela, Myliobatis aquila,
Mobula mobular) y Torpediniformes (Torpedo marmorata, T. torpedo y Tetronarce
nobiliana) y una quimera perteneciente al Orden Chimaeriformes (Chimaera

monstrosa).

Tablal. Especies estudiadas y estatus de amenaza segin la UICN en el Mar Mediterraneo y a nivel
global. CR: En peligro critico de extincion, EN: En peligro de Extincion, VU: Vulnerable, NT: Cercano
a la amenaza, LC: Preocupacién menor, DD: Deficiencia de datos (Dulvy et al 2016). Mas informacion

de las especies en seccion anexos.

Estado Estado

ORDEN FAMILIA ESPECIE Nc%me UICN  UICN
Medit. Global
Carcharhiniformes  Carcharhinidae Prionace glauca Tintorera CR NT
Carcharhiniformes  Scyliorhinidae Galeus melastomus Olayo LC LC
Carcharhiniformes  Scyliorhinidae Scyliorhinus canicula Pintarroja LC LC
Carcharhiniformes Triakidae Galeorhinus galeus Cazon VU VU
Chimaeriformes Chimaeridae Chimaera monstrosa Quimera NT NT
Hexanchiformes Hexanchidae Hexanchus griseus Cafiabota LC NT
Lamniformes Alopiidae Alopias vulpinus Zorro EN VU
Myliobatiformes Gymnuridae Gymnura altavela Mantellina CR VU
Myliobatiformes Mobulidae Mobula mobular Manta EN EN
_— N o . Aguila
Myliobatiformes Myliobatidae Myliobatis aquila marina VU DD
.. .. . . Raya
Rajiformes Rajidae Dipturus oxyrinchus picuda NT NT
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. . . Raja
Rajiformes Rajidae Leucoraja naevus santiguesa NT LC
.. . . . Raja
Rajiformes Rajidae Raja asterias estrellada NT LC
.. . . Raya de
Rajiformes Rajidae Raja clavata clavos NT NT
.. . . . Raja
Rajiformes Rajidae Raja montagui pintada LC LC
Rajiformes Rajidae Raja polystigma Raya
manchada LC NT
Squaliformes Centrophoridae  Centrophorus granulosus  Quevalcho VU VU
Squaliformes Dalatiidae Dalatias licha Carocho DD NT
Squaliformes Etmopteridae Etmopterus spinax Negrito LC LC
. . . Tiburoén
Squaliformes Oxynotidae Oxynotus centrina Cerdo CR VU
Squaliformes Somniosidae  Centroscymnus coelolepis Pailona LC NT
Squaliformes Somniosidae Somniosus rostratus Dormil6n DD DD
Squaliformes Squalidae Squalus acanthias Mielga EN VU
Torpediniformes Torpedinidae Torpedo marmorata Tembladera LC DD
- - . Tremielga
Torpediniformes Torpedinidae Tetronarce nobiliana negra LC DD
- - Tembladera
Torpediniformes Torpedinidae Torpedo torpedo de ojos LC DD

Para el estudio de estas especies se ha utilizado un enfoque multidisciplinar que
combina el andlisis de contenidos estomacales y el andlisis de is6topos estables en
diferentes tejidos para entender cudl es el rol trofico de los condrictios en diferentes
escalas temporales y si ese rol puede cambiar entre especies, en tamafios de una misma
especie o entre sexos, y de forma espacial.

Para lograr el objetivo general, esta tesis se ha organizado en torno a dos bloques
tematicos dirigidos a las especies mas abundantes y a las especies poco comunes 0 en
peligro, respectivamente. En el Capitulo 2.1, centrado en las especies mas abundantes,
se evalua por un lado si existen diferencias en los habitos tréficos y rol ecologico entre
sexos Yy tallas en el tiburon demersal S. canicula (Subcapitulo 1) y las estrategias de
alimentacion en cuatro especies de tiburones abundantes (S. canicula, G. melastomus,
E. spinax y D. licha) entre dos &reas de diferente grado de impacto humano
(Subcapitulo 2). En el Capitulo 2.2, centrado en las especies poco comunes y
amenazadas, se estudia la ecologia trofica y rol ecoldgico de un total de 22 especies de
tiburones y rayas (Subcapitulo 3), los parametros morfolégicos principales de esas
especies raras y otras comunes con la finalidad de contribuir a su caracterizacion

poblacional (Subcapitulo 4), y los habitos tréficos a corto y largo plazo de D. licha
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(carocho) (Subcapitulo 5), una especie de tiburén de profundidad que se considera
vulnerable en el Mar Mediterréneo.

Obijetivos especificos por cada capitulo:

CAPITULO 2.1: Condrictios abundantes en el Mediterraneo noroccidental

SUBCAPITULO 1: Ecologia tréfica del tiburon demersal Scyliorhinus canicula a
través de una aproximacion no letal: comparacion entre sexos y entre edades

Determinar la ecologia de los depredadores marinos es fundamental para establecer
su rol ecoldgico en los ecosistemas. A pesar de que la dieta de la pintarroja,
Scyliorhinus canicula ha sido muy estudiada, estos trabajos se han llevado a cabo
mediante técnicas muy invasivas, como el andlisis del contenido estomacal a partir de
individuos muertos. Ademas, la informacién relativa a las posibles diferencias tréficas
entre sexos Yy tallas en esta especie es muy reducida. El objetivo de este primer capitulo
es evaluar si existen diferencias en los hébitos tréficos y el rol ecoldgico entre sexos y
entre edades en la pintarroja mediante el analisis de is6topos estables en muestras de
sangre tomada en individuos Vvivos.

Este capitulo de tesis se encuentra actualmente en revision:
Barria C., Navarro J., Coll M. (2017). Quantifying the trophic habits of an abundant
shark in the northwestern Mediterranean Sea using an isotopic non-lethal approach.

Estuarine, Coastal and Shelf Science, en revision.

SUBCAPITULO 2: Consistencia en las estrategias troficas de cuatro tiburones
entre dos zonas del Mediterraneo noroccidental: el Golfo de Ledn y el Mar Catalan

Determinar el rol ecoldgico y las relaciones tréficas de los depredadores abundantes
en areas con diferente grado de impacto antrépico nos puede informar del efecto de la
accion del hombre en las comunidades marinas. El objetivo de este capitulo es
investigar los hébitos alimentarios y las relaciones troficas entre cuatro tiburones que
coexisten en los mismos habitats (el negrito Etmopterus spinax, el olayo Galeus

melastomus, la pintarroja Scyliorhinus canicula y el carocho Dalatias licha) en dos
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areas con diferente grado de proteccion ante el impacto antrépico. Para este capitulo se
combina el uso del contenido estomacal e is6topos estables con el objetivo de comparar
la alimentacion de estas especies a dos escalas temporales: en un periodo préximo en el
tiempo utilizando contenido estomacal (~ 1-7 dias) y un periodo mas largo analizando
los valores de is6topos estables en masculo (~ 1 afio). Ademas, para examinar el papel
trofico de estas cuatro especies en el Mediterraneo occidental, comparamos el nicho
trofico de cada especie con la informacion trofica publicada de otras especies de
condrictios en la zona de estudio.
Este capitulo de tesis se encuentra actualmente en revision:

Barria C., Navarro J., Coll M. (2017). Consistency in the feeding strategies of four
sympatric sharks in two areas of the western Mediterranean Sea. Marine Biology, en

revision.

CAPITULO 2.2: Condrictios poco comunes y amenazados en el Mediterraneo

noroccidental

SUBCAPITULO 3: Analisis del rol ecoldgico de la comunidad de elasmobranquios
poco comunes y amenazados del Mediterraneo occidental

La existencia de deficiencias en los datos sobre la ecologia basica de especies de
elasmobranquios poco comunes y amenazados es un condicionante para poder evaluar
su rol ecologico en los ecosistemas marinos. En este tercer capitulo se describe la
ecologia trofica y rol ecologico (composicion de la dieta y nivel tréfico) de un total de
22 elasmobranquios poco comunes y amenazados (2 Carcharhiniformes, 1
Hexanchiformes, 1 Lamniformes, 3 Myliobatiformes, 6 Rajiformes, 6 Squaliformes y 3
Torpediniformes) en el oeste del Mar Mediterraneo. Para obtener una vision general de
la ecologia tréfica de estas especies se combinaron los resultados de tres metodologias
complementarias: andlisis de contenido estomacal, analisis de isdtopos estables y una
revision bibliogréfica de toda la informacion trofica de estas especies en el Mar
Mediterraneo.

Este tercer capitulo se encuentra publicado:
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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.

SUBCAPITULO 4: Descripcion morfologica de condrictios abundantes y
amenazados del noroeste del Mar Mediterraneo

La riqueza de condrictios en el Mediterraneo es muy elevada. Sin embargo,
actualmente este grupo de depredadores marinos se encuentra en peligro, con muchas
especies con claras regresiones poblacionales y otras consideraras muy raras y
amenazadas. Como resultado, la necesidad de incrementar la informacion basica de la
biologia y ecologia de estas especies es vital para poder evaluar su estado actual y poder
predecir el futuro de las mismas. El objetivo de este cuarto capitulo es describir los
parametros morfoldgicos basicos en el maximo numero de condrictios en el noroeste del
Mar Mediterraneo. Esta informacion es basica para describir la taxonomia, la dinamica
poblacional de estas especies y para poder evaluar el rol ecoldgico y tendencias futuras
de los condrictios en la zona de estudio.

Este cuarto capitulo se encuentra publicado:
Barria C., Navarro J., Coll M., Fernandez-Arcaya U., Séez-Liante R. (2015).
Morphological parameters of abundant and threatened chondrichthyans of the

northwestern Mediterranean Sea. Journal of Applied Ichthyology 31, 114-119.

SUBCAPITULO 5: Habitos tréficos a corto y largo plazo en Dalatias licha, una
especie de tiburdn de profundidad casi amenazada en el Mar Mediterraneo.

El nimero de trabajos realizados con especies de tiburones de profundidad es muy
reducido. Sin embargo su rol ecoldgico puede ser muy importante debido a que muchos
de ellos son depredadores. En este capitulo el objetivo es investigar los habitos troficos
y nivel tréfico del tiburdn carocho o Dalatias licha en el Mediterraneo occidental, en
diferentes escalas temporales y a través de dos técnicas analiticas complementarias: el
andlisis de contenido estomacal y el anélisis de is6topos estables en dos tejidos

diferentes.
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Este quinto capitulo se encuentra publicado:
Navarro J., Lopez L., Coll M., Barria C., Sdez-Liante R. (2014). Short- and long-term
importance of small sharks in the diet of the rare deep-sea shark Dalatias licha. Marine

Biology 161,1697-1707.

En el Anexo 2 se recopilan los articulos originales que ya han sido publicados fruto
de la presente tesis doctoral (3 articulos publicados). Ademaés, en el Anexo 3 se
presentan otras publicaciones en revistas cientificas en las que el autor de la presente

tesis doctoral particip6 como autor y que muestran relacién con la tematica estudiada.
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Quantifying the trophic habits of an abundant shark

Abstract

Studying the feeding ecology of an organism is essential to understanding its ecological
role in the ecosystem. Although the small-spotted catshark (Scyliorhinus canicula) is
widely studied, most feeding studies have been conducted using invasive techniques,
such as the analysis of stomach contents. Moreover, information from the
Mediterranean Sea is surprisingly scarce and not up to date. Here, we studied the
feeding ecology of the small-spotted catshark in the northwestern Mediterranean Sea
using stable isotopes (nitrogen and carbon isotopic values) from blood samples, with
individuals released alive in the area of capture after sampling. Results reveal a diet
mainly composed of euphausiids, with sex and size variations. Results confirm the
ecological role of the small-spotted catshark as a mesopredator, which holds a trophic
position similar to skates and rays in the study area, but lower than the other demersal
and pelagic sharks analysed. The trophic behaviour of the small-spotted catshark
indicates its high trophic plasticity, which could allow this species to thrive in highly
exploited environments. Our methodological approach, which did not damage the target
species, presents new possibilities for conducting ecological studies with other
elasmobranchs in the Mediterranean Sea, a highly exploited area that hosts many

threatened and rare species.
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Resumen

El estudio de la ecologia alimentaria de un organismo es esencial para comprender su
papel ecoldgico en el ecosistema. A pesar de que la pintarroja (Scyliorhinus canicula)
ha sido ampliamente estudiada, la mayoria de los estudios de alimentacion se han
realizado utilizando técnicas invasivas, como el analisis del contenido estomacal.
Ademas, la informacion del Mar Mediterraneo es sorprendentemente escasa y no se
encuentra actualizada. En este estudio se investigo la ecologia tréfica de la pintarroja en
el noroeste del Mediterraneo usando is6topos estables de muestras de sangre (valores
isotépicos de nitrégeno y carbono) en individuos capturados y liberados vivos. Los
resultados revelaron una dieta compuesta principalmente de eufausidos, que vario segun
el sexo y el tamafio de los animales. Los resultados confirman el papel ecolégico de la
pintarroja como un mesopredador, con una posicion trofica similar a las rayas
bentdnicas del area de estudio, pero menor que los demas tiburones demersales y
pelagicos analizados. ElI comportamiento trofico de la pintarroja indica su alta
plasticidad, lo que le podria permitir mantener sus abundancias en zonas altamente
explotadas. Nuestro enfoque metodoldgico no letal abre nuevas posibilidades para
realizar estudios ecologicos con otros elasmobranquios en el Mar Mediterraneo, un area
altamente explotada que alberga muchas especies poco comunes y amenazadas de

extincion.
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Introduction

Investigating the trophic ecology of an organism is essential to understanding its
ecological role in the ecosystem. Among marine predators, sharks are an important
component of marine ecosystems (Heithaus et al. 2008, Ferretti et al. 2010). They
frequently play a predatory role and their removal affects the structure and functioning
of marine ecosystems (Stevens et al. 2000, Baum et al. 2003). Sharks present a large
variety of ecological strategies and feeding behaviour and their ecological roles vary
between species and regions (Cortés 1999, Simpfendorfer et al. 2001). The
Mediterranean Sea is an area of great diversity for these marine predators (Coll et al.
2010). However, many Mediterranean shark species have declined as a consequence of
the degradation and loss of habitats or due to the direct impacts of fishing (Aldebert
1997, Ferretti et al. 2008, Coll et al. 2010, Navarro et al. 2016). Currently, around 49%
of the Mediterranean sharks are considered threatened by the regional assessment of the
International Union for the Conservation of Nature (Abdul Malak 2011).

Despite these declines, there are shark species in the Mediterranean Sea that are more
resilient to the impact of human activities and that persist in highly impacted areas
(Aldebert 1997, Navarro et al. 2016). This is the case of the small-spotted catshark
(Scyliorhinus canicula), probably one of the most abundant sharks in the Mediterranean
Sea and Eastern North Atlantic (Compagno 1984). However, recent stock assessments
from the Ligurian and Tyrrhenian Seas have indicated that the fishing mortality of this
species is currently greater than the mortality ensuring a maximum sustainable yield
(Serena et al. 2014, GFCM 2015). Therefore, a shift in its conservation status may be
underway.

Despite the relatively high abundance of the small-spotted catshark, accurate
information about the feeding ecology of this species, and in some areas in particular
such as the western Mediterranean Sea, is relatively scarce (Macpherson 1981, Valls et
al. 2011). Previous information from diet studies conducted in the Mediterranean Sea
and the Atlantic Ocean indicates that this species is an opportunistic predator that
exploits a wide range of benthic crustaceans and demersal fish (Lyle 1983, Olaso et al.

1998, Valls et al. 2011, Mnasri et al. 2012). Although the small-spotted catshark also
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preys on fin-fish, the importance of crustaceans in its diet appears to vary spatially and
ontogenetically (Lyle 1983, Valls et al. 2011). The small-spotted catshark is a mid-level
predator and can be preyed upon by other sharks, such as the kitefin shark Dalatias
licha (Navarro et al. 2014b, Barria et al. 2015a). It generally has a low commercial
value and is marginally marketed for human consumption in some areas of the
Mediterranean Sea, including Turkey and Spain (Basusta et al. 2005). Because the
small-spotted catshark is the most abundant demersal shark in the Mediterranean Sea, it
is fundamental to advance our understanding of its ecological role.

The trophic ecology of elasmobranchs has traditionally relied on stomach content
analysis (Cortés 1999, Stergiou & Karpouzi 2002). Although this type of analysis
provides high levels of taxonomic resolution, it requires dead individuals. Sacrificing
individuals of an abundant species will not have a strong effect on a population (Creed
Jr & Thigpen 111 2007). However, for species that are rare, endangered or threatened,
lethal techniques are not recommended, as is the case for many elasmobranchs. As an
alternative, non-lethal methodologies based on stable isotopes of nitrogen (6 *N) and
carbon (6 *C) performed on particular animal tissues, such as blood or fins, have been
powerful tools to study different aspects of the feeding ecology of marine predators
(Layman et al. 2012, Shiffman et al. 2012, Tilley et al. 2013). 6 °N and ¢ *C values are
indicators of the consumers' trophic positions and dietary sources of carbon,
respectively (Layman et al. 2012). This is based on the fact that § *°N and 6 *C values
are transformed from dietary sources to consumers in a predictable manner and integrate
the diet of the consumer over a longer time period (Shiffman et al. 2012, Caut et al.
2013). In addition, by combining stable isotope values for consumers with those of their
potential prey, isotopic mixing models can be applied to interpreting isotopic values by
estimating the relative contribution of each prey item to the diet of the consumer
(Parnell et al. 2010).

In this study, the main objective was to examine the trophic ecology of the small-
spotted catshark in the north-western Mediterranean Sea using stable isotope analyses
on blood samples obtained from free-living individuals. Specifically, we investigated

whether small-spotted catsharks showed age- (juveniles vs. adults) and sex- (male-

47



Quantifying the trophic habits of an abundant shark

female) related diet differences. To evaluate the ecological role of this species in
relation to other elasmobranchs living in the area, we compared the isotopic values of

the small-spotted catshark to published isotopic information in other species.

Materials and methods
Study area and sampling procedure

The present study was conducted in the northwestern Mediterranean Sea (Catalan
Sea; Fig. 1). This is a relatively high productive area in the Mediterranean due to the
combination of the organic matter contributions from the Ebro River and the effect of
the Liguro-Provecal-Catalan current along the continental slope (Salat 1996). This area
is also highly impacted by habitat degradation and human activities, such as fishing

(Coll et al. 2012, Navarro et al. 2015).
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Figure 1. Map of the study area (northwestern Mediterranean Sea) indicating the sampling area.
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During July of 2013, a total of 62 small-spotted catshark (Scyliorhinus canicula)
individuals were caught in the study area during an experimental demersal fishing cruise
(held under the ECOTRANS project; Institute of Marine Sciences ICM-CSIC, Spain).
Once caught, the individuals were kept in tanks with a continuous flow of seawater and
were sampled within 1 hour after capture. The body length (= 0.1 cm), body mass (£ 0.1
g) and sex (visually examining external reproductive organs) were recorded for each
individual. The age of each sampled small-spotted catshark was classified based on their
total body length (TL) as juveniles (TL < 37 cm) and adults (TL > 37 cm) (Leloup &
Olivereau 1951). For each individual, we extracted 0.3 ml of blood from the caudal
region using 0.5 ml syringes and immediately we separated the red cells from the
plasma fraction by centrifugation. The red cells were frozen at -70° C until isotopic
determination. After blood sampling and body size measurements, each individual was
returned to the water tank for 30 minutes and released alive in the area of capture. The
total length of the small-spotted catsharks sampled ranged from 17 cm to 50.5 cm; 32 of

them were males and 30 were females (Table 1).

Table 1. Number of individuals sampled, mean and standard deviation of total body length (cm)

and isotopic values of small-spotted catshark from the northwestern Mediterranean Sea.

Size BOd&’: r'r?)”gth 55N (%) 523C (%o)
Juvenile male 18 31.79+6.29 7.73+0.47 -19.44 + 1.67
Adult male 14 46.21+1.99 8.73+0.58 -18.38 +0.78
Juvenile female 16 30.13+3.28 7.63+0.33 -19.07 £ 0.67
Adult female 14 41.05+3.24 8.19+0.34 -19.01 +£ 0.67

Stable isotope analyses and isotopic mixing model

Blood samples were subsequently freeze-dried and powdered and 0.28 to 0.33 mg of
each sample was packed into tin capsules. Isotopic analyses were performed at the
Laboratorio de Isétopos Estables of the Estacion Biologica de Dofiana at CSIC (Spain).

Samples were combusted at 1020°C using a continuous flow isotope ratio mass
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spectrometry system by means of a Flash HT Plus elemental analyser coupled to a
Delta-V Advantage isotope ratio mass spectrometer via a CONFLO IV interface
(Thermo Fisher Scientific). The isotopic composition was reported in the conventional
delta () per mil notation (%), relative to Vienna Pee Dee Belemnite (5°C) and
atmospheric N, (6"°N). Replicate assays of standards routinely inserted within the
sampling sequence indicated analytical measurement errors of £0.1%o and +0.2%o for
0"C 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 were previously calibrated with
international standards supplied by the International Atomic Energy Agency (IAEA,
Vienna). To avoid potential interference from the chemical treatment to remove urea
content, we did not remove the urea from the tissues. Because all samples showed a C:N
ratio lower than 3.5%. we did not correct the 5**C values to account for the presence of
lipids in muscle samples (Logan et al. 2008).

To interpret the isotopic values of each species from a trophic point of view, we
applied the SIAR Bayesian isotopic mixing model (Stable Isotope Analysis in R, 4.1.3;
Parnell et al. 2010). The SIAR model estimates the potential contribution of each prey
in the diet of the consumer, in our case based on the blood isotopic values of small-

spotted catshark and its potential prey grouped taxonomically (Table 2).

Table 2. Sample size (n), mean and standard deviation of ¢**C and 6"°N values of the

potential prey of small-spotted catshark sampled in the northwestern Mediterranean Sea.

Species n o 63C (%) 5N (%o)

REPTANTIA

Dardanus arrosor
Munida intermedia
Munida rutllanti
Pagurus prideaux
Goneplax rhomboides
Liocarcinus depurator
Macropipus tuberculatus
Macropodia longipes

-17.89+0.33 9.66+0.25
-18.31+0.54 6.38+0.83
-18.48+0.31 6.59+0.24
-17.38+0.33 8.56+0.23
-18.34+1.32 8.29+0.48
-18.32+0.16 8.30+0.48
-18.49+0.69 7.44+0.16
-17.81+0.57 6.47+0.26

W W wwwwwow
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Medorippe lanata 3 -17.77x0.27 9.12+0.20
Monodaeus couchii 1 -21.4 6.44
EUPHAUSIACEA

Meganyctiphanes norvegica 3  -20.55%0.24 -5.01+0.31
CEPHALOPODA

Sepietta oweniana 3 -19.41+0.25 8.32+0.43
Rossia macrosoma 3  -18.95%+0.89 7.98+1.78
Sepiola affinis 3  -19.43%0.26 8.82+1.00
FISHES

Capros aper 3 -20.15+0.26 8.46+0.39
Cepola macrophthalma 3  -20.42%0.05 8.14+0.04
Engraulis encrasicolus 10 -18.97+0.17 8.09+0.33
Gadiculus argenteus 3  -19.43+0.13 8.85+0.69
Lepidorhombus boscii 3 -19.11+0.39 8.10+0.71
Lepidorhombus whiffiagonis 1 -20.13 8.86
Spicara smaris 3  -19.15+0.57 9.58+1.04
Symphurus nigrescens 2  -18.74%+0.30 10.00+0.59
Trachurus trachurus 10 -19.12+0.11 9.13+0.19
NATANTIA

Alpheus glaber 3 -17.97+0.84 7.82+0.24
Chlorotocus crassicornis 3 -19.71+0.63 6.99+0.47
Pasiphaea sivado 3 -19.47+0.27 6.63+£0.63
Plesionika antigai 3  -19.34%0.37 7.20£0.27
Processa canaliculata 3 -19.14+0.14 7.75+£0.36
Solenocera membranacea 4  -18.35+0.64 8.46x0.74
POLYCHAETA

Aphrodita aculeata 3  -17.03+0.55 8.38t£1.74

This model runs in the free software R (R Development Core Team 2009) and allows
the inclusion of sources of uncertainty in the data, in particular the variability in the
stable isotope ratios of the predator and the potential prey (Parnell et al. 2010). To
develop the SIAR model, values of the potential prey were taken from a reference
isotopic library (corrected mathematically for lipid content) that contains up to 128
species collected in the same study area during the same experimental demersal fishing
cruise (ECOTRANS project; Barria et al. 2015). The main potential prey (Table 2) were
selected according to the information gathered from studies conducted previously by

Valls et al. (2011) and Macpherson (1981) in the northwestern Mediterranean (Table 3).
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Table 3. Main prey species from the diet of small-spotted catshark reported in previous studies

conducted in the northwestern Mediterranean Sea.

Index Main prey species References

Euphausiacea unid., Meganyctiphanes
norvegica, Teleostea unid., Pleuronectidae,

R, BV Cepola macrophtalma, Polychaeta unid vallsetal., 2011
0, ) o .
#IRI Paguridae, Brachyura unid., Processa sp., (Balearic Islands)
Natantia sp., Cephalopoda unid.
Micromesistius poutassou, Alpheus glaber, Macoherson
Gadiculus argenteus, Meganyctiphanes P '
%W 1981 (NW

norvegica, Pasiphaea sivado, Engraulis

i . . Mediterranean)
encrasicolus, Sepietta oweniana

We used different tissue discrimination factors from each prey type experimentally
estimated for the nursery catshark (Scyliorhinus stellaris), a closely related species
(Caut et al. 2013). Specifically, the tissue discrimination factors (mean + standard
deviation) used were: Annelida 1, 3"*C = 2.74 % 0.02%o and 3"°N = 1.38 + 0.21%o for
Polychaeta; Mollusca, 8"3C = 2.62 + 0.04%o and 8"°N = 2.12 + 0.13%o for Cephalopoda;
Caridea, §°C =2.75 + 0.02%o and 6N = 1.01 + 0.08%o for Euphausiacea and Natantia;
Teleostei, §*3C = 2.89 + 0.01%o and 8"°N = 1.79 + 0.07%o for Fishes; and for Reptantia
an average between Anomura and Brachyura (6"°C = 2.79 + 0.05%o and 8"°N = 2.14 +
0.18%0) was used.

As a measure of trophic width, we calculated the Bayesian isotopic ellipse area based
on the individual isotopic values (Jackson et al. 2011). This metric represents a measure
of the total amount of isotopic niche exploited by a particular predator and is thus a
proxy for the extent of trophic diversity (or trophic width) exploited by the species
considered (high values of isotopic standard ellipse areas indicate high trophic width).
Isotopic standard ellipse areas and their overlap were calculated using the routine Stable
Isotope Bayesian Ellipses (SIBER; Jackson et al., 2011) incorporated in the SIAR
library (Stable Isotope Analysis in R, Parnell et al., 2010).
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Statistical analyses

We tested the effect of sex (female vs. male) and age (juveniles vs. adults) on stable
isotope values of the small-spotted catshark using ANOVA tests. The interaction
between sex and age was also tested in the model. The assumptions of ANOVA were
checked with a Kolmogorov-Smirnov test for normality and a Levene test for
homogeneity of variances. All analyses were performed with IBM-SPSS Statistics

version 23 statistical software. A significance level of p < 0.05 was used for all tests.

Comparison of the trophic niche of small-spotted catshark with other sympatric
elasmobranchs

To understand the ecological role of the small-spotted catshark in relation to other
elasmobranchs, we compared our results with information of sharks and rays coexisting
in the same area. Specifically, we compared their trophic position (based on the isotopic
values) with published muscle isotopic information of the Selachiformes: Common
thresher shark (Alopias vulpinus), gulper shark (Centrophorus granulosus), Portuguese
dogfish (Centroscymnus coelolepis), kitefin shark (Dalatias licha), tope shark
(Galeorhinus galeus), bluntnose sixgill shark (Hexanchus griseus), angular roughshark
(Oxynotus centrina), blue shark (Prionace glauca), little sleeper shark (Somniosus
rostratus) and spiny dogfish (Squalus acanthias); and the Batoids: Lognosed skate
(Dipturus oxyrinchus), spiny butterfly ray (Gymnura altavela), cuckoo skate (Leucoraja
naevus), giant devil ray (Mobula mobular), common eagle ray (Myliobatis Aquila),
starry ray (Raja asterias), thornback ray (Raja clavata), spotted ray (Raja montagui),
speckled ray (Raja polystigma), marbled electric ray (Torpedo marmorata), electric ray
(Torpedo nobiliana) and common torpedo (Torpedo torpedo) (Barria et al. 2015a). To
standardise the comparison between blood and muscle tissues, the isotopic values of
small-spotted catshark were corrected for the difference between blood and muscle

isotopic values experimentally estimated by Caut et al. (2013).

53



Quantifying the trophic habits of an abundant shark

Results

Isotopic differences
8N values differed significantly between sexes and ages, whereas §*3C values only

differed significantly between ages (Tables 1 and 4; Fig. 2A). Adults showed higher

8N isotopic values than juveniles (Tables 1 and 4; Fig. 2).

Adult male

9.0 4

Adult male

Adult female E

8.0 1
Juvenile male }—{—{

Juvenile female

Adult female

5""N (%o)

Juvenile male Juvenile female

7.0 1 b
T T T T T T
-20.0 -18.0 -18.0 -21.0 -20.0

-21.0
5"°C (%o)

Figure 2. Mean and standard error of "°N and &'°C values (A) and the standard ellipse areas (B) of

small-spotted catshark sampled in the northwestern Mediterranean Sea.

Males showed higher 8*°N values than females (Tables 1 and 4; Fig. 2A). Moreover,

we found that both 8*°N and §"3C values showed a positive relationship to body length

(P <0.01; Fig. 3).
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Figure 3. Relationships between §°N, §**C and total length values in small-spotted catshark sampled in

the northwestern Mediterranean Sea.

Regarding the standard ellipse areas (SEA; a proxy of the trophic width) and similar
to the isotopic values, we found differences between sexes and ages (Fig. 2B). Juvenile
(SEA=2.46 %o°) and adult males (1.41 %o°) showed the widest isotopic niche; whereas

the isotopic niche was smaller in juvenile (0.72 %o°) and adult females (0.70 %0°) (Fig.

2).
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Table 4. Summary of the ANOVA tests examining the
variation in blood stable isotopes between sexes (males and
females) and ages (juveniles and adults) for small-spotted

catsharks sampled in the northwestern Mediterranean Sea.

Parameter  Effect F [an p
N (%)  Sex 6.74p10ep  0.01
Age 39.06[1607  <0.001
Sex xage  2.061,60] 0.16
o8C (o) Sex 0.141 607 0.71
Age 4.631,60] 0.04

Sex xage  3.13[160 0.10

Isotopic mixing model results
The feasible contribution of each potential prey estimated by SIAR models clearly
revealed that crustaceans are the most important assimilated prey for the small-spotted

catshark, independent of sex and age, followed by cephalopods and fish (Table 5, Fig.
4A).

E? A B Crustaceans [] Cephalopods B B Euphausiacea ] Natantia
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Figure 4. Mean proportional contribution of different prey groups (A) and different crustaceans groups
(B) to the diet of small-spotted catshark in the northwestern Mediterranean Sea based on the results of the

SIAR model.

56



Quantifying the trophic habits of an abundant shark

Within crustaceans, SIAR outputs indicated that the Euphausiacea group is the most
important prey for males and females, and juveniles and adults (Table 5, Fig. 4),

followed by the Natantia and Reptantia groups (Table 5, Fig.4B).

Table 5. The relative contribution (%) of the potential prey to the diet
of small-spotted catshark from the northwestern Mediterranean Sea
estimated with SIAR isotopic mixing models. Contributions are
designated as estimated in the low 95% highest density region (hdr),
the mean contribution, and the high 95% hdr.

0, 0, i 0,
Group  Resources Low 95% Mean % High 95%

hdr contribution hdr
Male juvenile
Cephalopoda 0 0.10 0.24
Euphausiacea 0.44 0.54 0.63
Fishes 0 0.09 0.22
Natantia 0 0.13 0.33
Polychaeta 0 0.06 0.18
Reptantia 0 0.08 0.21
Male adult
Cephalopoda 0 0.20 0.40
Euphausiacea 0.20 0.31 0.42
Fishes 0 0.16 0.34
Natantia 0 0.14 0.32
Polychaeta 0 0.07 0.19
Reptantia 0 0.11 0.28
Female juvenile
Cephalopoda 0 0.11 0.23
Euphausiacea 0.50 0.58 0.65
Fishes 0 0.09 0.21
Natantia 0 0.11 0.27
Polychaeta 0 0.04 0.12
Reptantia 0 0.07 0.19
Female adult
Cephalopoda 0 0.14 0.29
Euphausiacea 0.34 0.44 0.52
Fishes 0 0.13 0.29
Natantia 0 0.14 0.33
Polychaeta 0 0.05 0.15
Reptantia 0 0.10 0.25
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Isotopic comparison in other sympatric elasmobranch species

montagui and 14.31 + 1.73%o in the Selachiforme G. galeus (Fig. 5A and Fig. 5B). 6°C
values ranged between -20.46 + 0.75%o in the Selachiforme S. rostratus and -15.59%o in
the Batoid G. altavela (Fig. 5A and Fig. 5B). Regarding small-spotted catshark all of
the different sub-groups analysed in this study (males and females, juveniles and adults)
were placed in an isotopic niche lower than Selachiformes and similar to the Batoids

(Fig. 5A and Fig. 5B).

Figure 5. Mean and standard error of "°N and 5"°C values of small-spotted catshark from the present

study (shaded area) and other sharks (A) and skates and rays (B) from a published study conducted in the

5"°N (%)
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northwestern Mediterranean Sea (Barria et al. 2015).
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Discussion

In this study, we present information on the feeding ecology of the small-spotted
catshark, for the first time gathered through the analysis of stable isotopes in blood from
free-living individuals. Although isotopic methodology in the study of the feeding
ecology of sharks is increasing (Hussey et al. 2010b, Shiffman et al. 2012), the use of
non-lethal methods such as the analysis of isotopic values in blood is very scarce
(Malpica-Cruz et al. 2013, Matich & Heithaus 2014). However, this approach may be
very useful for the study of the trophic ecology of threatened or rare elasmobranch
species.

In a previous study of the diet of small-spotted catsharks from the western
Mediterranean Sea, Macpherson (1981) found that the most important prey were the
teleosts, followed by Natantia and euphasusiids (Table 3). Three decades later, Valls et
al (2011) found that euphausiids were the most important prey followed by Reptantia,
polychaetes and teleosts (Table 3). Our isotopic results confirm that the small-spotted
catshark is a carnivorous predator and that crustaceans, in particular euphausiids, are
especially important in its diet (in agreement with Valls et al., 2011), although fin-fish,
cephalopods and polychaetes were also estimated with the SIAR outputs. In the western
Mediterranean, crustaceans are generally an important food resource for elasmobranch
species present in the continental shelf and slope waters, where the availability of this
resource is high. This is the case for the starry ray (Raja asterias) and the thornback ray
(Raja clavata) (Navarro et al. 2013a, Barria et al. 2015a). However, the importance of
crustaceans reported in our study contrasts with the results of the study conducted in the
western Mediterranean 30 years ago using stomach content analyses, which indicated
that fish were the main prey for small-spotted catshark (Macpherson 1981). This
difference in the importance of fish in the diet of the species in the past could be due to
a decrease in fish abundance in the western Mediterranean as a result of high fishing
pressure in recent decades (Coll et al. 2006, Cartes et al. 2013). Moreover, the
abundance of crustaceans may explain the current spatial distribution of small-spotted

catshark in the western Mediterranean (Navarro et al. 2016).
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The diet of small-spotted catshark seems to differ between areas according to prey
availability. For example, in the North Sea the small-spotted shark feeds on hermit
crabs, cockles and whelks, and in the North Atlantic their main prey are decapod
crustaceans (Martinho et al. 2012). In the Mediterranean Sea, according to the results of
the present study and Valls et al. (2011), they mainly feed on euphausiids. Small-
spotted catsharks have also been described to have the ability to exploit some species
present in discards from bottom trawling fishing operations (Olaso et al. 1998, Olaso et
al. 2002). Therefore, by showing a wider adaptability of their niche, small-spotted
catsharks are probably able to exploit the most abundant resources. This trophic
adaptability, in addition to other factors such as their high survivorship when discarded
from bottom trawl fisheries (Revill et al. 2005, Rodriguez-Cabello et al. 2005) or their
high fecundity (Capapé et al. 2008b), may explain the presence of this species in areas
that are highly impacted by fisheries (Navarro et al. 2016). On the contrary, more
sensitive sharks may have disappeared from these areas (Revill et al. 2005, Heithaus et
al. 2008). One clear example is the reduction of the nursehound (Scyliorhinus stellaris),
a species closely related to the small-spotted catshark which has virtually disappeared
from some highly exploited areas of the western Mediterranean Sea (Maynou et al.
2011, Coll et al. 2014), probably because of its lower trophic plasticity, as well as its
larger size and patchy distribution (Ellis et al. 2009).

Despite the fact that the outputs of the isotopic mixing models revealed similar
trophic habits for all the sub-groups analysed, we found some isotopic differences
between sexes and ages. Specifically, males and adults showed higher 6*°N values than
females and juveniles, respectively. These sexual and age-related isotopic differences
could be related to the differences in the size of the sampled individuals. In fact, we
found a clear correlation between isotopic values and body size. This pattern is common
in other sharks, such as in the sandbar shark (Carcharhinus plumbeus) in the North
Atlantic Ocean (Shiffman et al. 2014) and the blue shark in the Indian Ocean
(Rabehagasoa et al. 2012).

We also found isotopic differences between males and females, probably due to

differences in the reproductive requirements in females during the sampling period
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(summer) (Wearmouth & Sims 2008), when this species has one of its reproductive
peaks in the Mediterranean Sea (Jardas 1972). Differences in the diet between sexes of
small-spotted catsharks may also be related to a sexual spatial segregation as previously
found in other sharks, such as the spiny dogfish, the kitefin shark and the tiger shark
(Galeocerdo cuvier) (Matallanas 1982, Hanchet 1991, Simpfendorfer et al. 2001).

We found a significant relationship between §'*C and size. This could be because
larger individuals were feeding in different habitats than small individuals (Heithaus et
al. 2013). Juvenile and adult individuals live on different bathymetric strata in the
Mediterranean Sea; juveniles inhabit areas below 100-200 m, while in shallower waters
the population is composed mainly of adults (D'Onghia et al. 1995, Massuti & Moranta
2003). Ontogenetic shifts in the diet were also observed in our study, where juveniles
had a wider trophic spectrum than adults, indicating a more diverse diet. Juveniles
probably have a greater range of movement or they tend to be more generalist, feeding
on available resources. On the contrary, adult individuals could be staying in the same
areas because they need to remain with other adults to reproduce (Sims et al. 2001,
Whitney et al. 2004). Furthermore, larger individuals have a greater ability to select
high-energy prey, which could explain this ontogenetic change (Cortes et al. 1996,
Webber & Cech 1998).

When comparing the trophic niche of small-spotted catshark with other sympatric
elasmobranchs, we found that the small-spotted catshark was much closer to Rajiformes
skates than to other Selachiformes sharks. The similarity between the small-spotted
catshark and skates, such as the starry ray or the thornback ray, could be due to the fact
that most mesopredators are generalist species that feed primarily on crustaceans
(Navarro et al. 2013a, Barria et al. 2015a). The clear differences between the small-
spotted catshark and the other sharks from the western Mediterranean Sea analysed in
this study is that these species feed on prey of higher trophic levels (Barria et al. 2015a)
and they show highly specialised diets. This is evident in the kitefin shark, which
consumes small-sized sharks including small-spotted catshark (Navarro et al. 2014b,
Barria et al. 2015a), and the angular roughshark that feeds on egg cases of

elasmobranchs (Barrull & Mate 2001, Guallart et al. 2015). Therefore, the small-spotted
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catshark and most of the skate species, such as the cuckoo skate, the starry ray or the
thornback ray, can be considered mesopredators in our ecosystem; that is, medium-sized
and middle-trophic level predators which both is predated upon and predates. Other
demersal sharks (e.g., the gulper shark, the Portuguese dogfish, the kitefin shark and the
tope shark) and the pelagic sharks (e.g., the common thresher shark, the blue shark from
the Western Mediterranean Sea) could be considered top predators (Barria et al. 2015a).

In conclusion, the present study provides, for the first time, information on the diet of
the small-spotted catshark in the western Mediterranean Sea using the analysis of stable
isotopes in blood, a non-lethal methodology. Results reveal that the small-spotted
catshark diet is mainly composed of euphausiids, with subtle sex and size variations.
They showed a large trophic plasticity, which may allow this species to live in highly
exploited environments. The study confirms the ecological role of the species as a
mesopredator in the Western Mediterranean Sea, a role similar to that played by skates
and rays. The methodological approach used here to sample the studied individuals
without damaging them presents new possibilities for future ecologic studies with

threatened or rare elasmobranchs in the Mediterranean Sea.
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Abstract

The study of the feeding ecology of marine predators is crucial to understand their
ecological roles and advance our knowledge of marine ecosystem functioning,
especially in highly human-impacted areas. Here, we examined the trophic ecology of
three abundant demersal sharks, the velvet belly lantern shark Etmopterus spinax, the
blackmouth catshark Galeus melastomus and the small-spotted catshark Scyliorhinus
canicula, and the rare kitefin shark Dalatias licha of the western Mediterranean Sea.
Data was obtained from two areas with different degree of human impact: in a fishery
restricted area (FRA) of the Gulf of Lions and in a highly human-impacted area of the
Catalan Sea (non-FRA). We combined analyses of individual stomach contents and
stable isotope values from different individuals of each shark species. Specifically our
results revealed that D. licha is a predator located higher up of the food web, while G.
melastomus, E. spinax and S. canicula are located in lower trophic positions. These
results confirm that shark species play important and most likely complementary roles
as predators in the western Mediterranean Sea. Results also revealed that despite some
differences in the diet of the shark species found in the stomach contents, in the long
term (isotopic results) the four species showed similar diet habits and similar trophic
relationships in both FRA and non-FRA areas. This may be due to the fact that despite
efforts to protect the FRA area, the protected area is insufficient to recover the
ecosystem. Alternatively, the species chosen in the study may not be good indicators of
ecosystem change because they are opportunistic and generalist species, with the
exception of D. licha which feeds on G. melastomus and E. spinax. Overall, this study
provides new insights into the way in which these sharks exploits trophic resources and

contributes to an understanding of their ecological roles within the community.
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Resumen

El estudio de la ecologia trofica de los depredadores marinos es crucial para comprender
su rol ecoldgico y avanzar en el conocimiento del funcionamiento de los ecosistemas
marinos, en especial en zonas altamente explotadas. En este trabajo se analizd la
consistencia de la ecologia trofica y relaciones interespecificas de cuatro tiburones
abundantes, el carocho Dalatias licha, el negrito Etmopterus spinax, el olayo Galeus
melastomus y la pintarroja Scyliorhinus canicula, en dos areas con diferentes grados de
impacto humano en el oeste del Mar Mediterraneo: un éarea con restriccion a la pesca
dentro del Golfo de Ledn (menor grado de impacto humano) y el Mar Catalan (mayor
grado de impacto humano). Los resultados revelaron que a pesar de algunos cambios en
la dieta de las especies a partir del analisis del contenido estomacal, a largo plazo
(resultados isotdpicos) estas especies tienen una dieta similar y sus relaciones tréficas
son similares en ambas areas. D. licha es un depredador situado en la parte alta de la red
trofica, y tiene una posicion trofica similar a otros tiburones demersales del Mar
Mediterrdneo, mientras que G. melastomus, E. spinax y S. canicula se encuentran en
una posicion trofica més baja compartiendo este sitio con otros mesopredadores. Estos
resultados confirman que las especies de tiburones juegan un papel importante como
depredadores en el Mediterraneo occidental y que el manejo de sus poblaciones debe ser

una prioridad para la conservacion de estas especies.
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Introduction

Sharks are facing declines across many of the world’s marine ecosystems, principally
due to fishing activity, pollution and habitat degradation (Ferretti et al. 2010). As
predators exerting top-down influences on communities, sharks have become the focus
of marine ecology research (Myers et al. 2007, Field et al. 2009, Shipley et al. 2017).
An important step in the conservation and management of shark populations is to obtain
key information about their ecological role, which can be done by studying their feeding
habits and trophic interactions. Understanding the trophic relationships of coexisting
sharks can indicate whether they share similar ecological niches in the ecosystem and
whether they can be considered as a functional unit or should be managed separately
(Matich et al. 2011). Although sharks are often classified as top predators, there are
important differences in the feeding habits between species (Cortés 1999, Heupel et al.
2014, Barria et al. 2015). While some sharks are considered “generalist species” (wide
trophic niche) other sharks are considered “specialists” (narrow trophic niche).
Specialist species should be able to access a single resource more effectively, at the
expense of accessing a wider range of resources (Gallagher et al. 2015). However, the
evolutionary principle of specializing can be a disadvantage given rapid anthropogenic
changes in marine ecosystems, especially if the specialist’s main prey becomes less
abundant in the environment. Conversely, “generalist” species are likely to be less
vulnerable to anthropogenic pressures because they have a wider trophic niche (Matich
etal. 2011, Gallagher et al. 2015).

The Mediterranean Sea hosts around 76 elasmobranch species and is considered a
global hotspot of marine biodiversity (Coll et al. 2010, Abdul Malak 2011). However,
many elasmobranchs have declined in abundance across the Mediterranean waters and
50% of them are considered threatened or close to threatened according to the
International Union for the Conservation of Nature (Dulvy 2016). Despite this
situation, some sharks that are considered relatively abundant could play an important
role in structuring ecosystems, such as the velvet belly lantern shark Etmopterus spinax,

blackmouth catshark Galeus melastomus and small-spotted catshark Scyliorhinus
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canicula. Less abundant, but still important, are the kitefin shark Dalatias licha. E.
spinax, G. melastomus and S. canicula, which are small-sized demersal sharks with a
diet based on prey with a low trophic level such as small teleosts, small cephalopods
and demersal crustaceans (Carrasson 1992, Neiva et al. 2006, Fanelli et al. 2009, Valls
et al. 2011). In contrast, D. licha principally exploits other sharks, such as E. spinax, G.
melastomus and S. canicula (Macpherson 1980, Navarro et al. 2014b, Barria et al.
2015).

Most of the diet studies available for these species have been conducted in single
areas (Fanelli et al. 2009, Valls et al. 2011, Albo-Puigserver et al. 2015, Kousteni et al.
2017) and there are no studies investigating whether the trophic niches and trophic
relationships of these four sharks can change due to anthropic impacts, such as fishing
pressure. Within the western Mediterranean Sea, the Catalan Sea is characterized by
high levels of exploitation with low trophic level fisheries (Coll et al 2006; Lleonart,
1990). Although the Gulf of Lions is one of the most exploited areas in the northwestern
Mediterranean Sea (Coll et al. 2012, Micheli et al. 2013), a fishery restricted area (FRA)
was created in 2009 in part of the Gulf to reduce human impact and recover the
demersal ecosystem (Lleonart et al. 2008). Consequently, the marine ecosystem in this
FRA should have a better environmental status than the ecosystem of the Catalan Sea,
which has an extensive history of exploitation (Coll et al. 2006, Coll et al. 2008).
Comparing the trophic ecology of these species in areas with different degrees of
impacts may enable us to describe changes in the community structure.

Most of the diet studies on sharks have been based on stomach content analyses, a
method that captures short-term diet information (usually between 1-7 days, Hyslop
1980). Although such data permit high levels of taxonomic resolution, sharks often have
empty stomachs and prey that are recovered with this methodology are often skewed
towards those that are difficult to digest (Hyslop 1980). For this reason, the use of stable
isotopes of carbon (8*3C) and nitrogen (8*°N) and the application of isotopic mixing

models have been used as tools complementary to stomach content analysis for a more
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integrative study of the feeding ecology of sharks (Shiffman et al. 2012, Hernandez-
Aguilar et al. 2016, Matich et al. 2017).

In the present study, we aimed to investigate the feeding habits and trophic
relationships (diet overlap/segregation) of four demersal shark species (E. spinax, G.
melastomus, S. canicula and D. licha) living in sympatry (species cohabiting in the
same area) in two different areas of contrasting levels of human impact in the western
Mediterranean Sea. Specifically, by combining the use of stomach contents and stable
isotopic approaches, we aimed to examine the consistency of the feeding ecology of
these four sharks at different temporal scales: in a short-term time frame (~1— 7 days)
by using stomach content analysis and in a long-term time frame (~1 year) by analyzing
the stable isotope values in muscle (MacNeil et al. 2005). Based on previous diet
information of these species and the potential differences in the ecosystem between the
two areas (Stergiou & Karpouzi 2002), we expected differences in the trophic habits of
species between areas. Trophic specialist species such as D. licha should maintain their
diet, and generalist species (E. spinax, G. melastomus and S. canicula) should modify
their feeding patterns adapting to differences in the available prey between the FRA of
the Gulf of Lion and the non-FRA of the Catalan Sea. Finally, to examine the trophic
role of these four species in the western Mediterranean, we compared the trophic niche

of each species with published trophic information of other sympatric chondrichthyans.

Material and Methods

Study area and sampling procedures

The present study was conducted in the Catalan Sea and in a FRA located in the Gulf of
Lions (western Mediterranean Sea; Fig. 1). Both the Catalan Sea and Gulf of Lions are
relatively high productive marine areas in the Mediterranean Sea due to the combination
of the Ebro River and the Rhdne River discharges, respectively, and the effect of the
Liguro-Provencal-Catalan current along the continental slope (Estrada 1996, Salat
1996). Although these two areas are notably impacted by human activities (Coll et al.

2012, Micheli et al. 2013), the sampling locations within the Gulf of Lions were
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conducted in a FRA declared by the General Fisheries Commission for the
Mediterranean in the year 2009 (Lleonart et al. 2008). This area is located off the
Spanish coasts and within the French Ecological Protection Zone and only those
Spanish vessels with historical privileges are allowed to fish in this area. Thus, fishing
effort has maintained a constant level since 2009 (Massuti et al. 2008, UNEP-MAP-
RAC/SPA 2013). The FRA covers an area of 2,051 km? and its main objective is to
protect very important spawning stocks of several species of fishes that are of

paramount importance in the northwestern Mediterranean fisheries.

France

)
Depth (m) Gulfof Lions
0

-3000 Catalonia
(Spain)

Ebro Delta 4

Catalan Sea Mediterranean Sea

-

Figure 1. Map of the study area (western Mediterranean Sea) indicating the two sampling area, Catalan

Sea and Gulf of Lions (shaded area). FRA area of the Gulf of Lions in dashed line.

Sampling procedure
Adult specimens were captured accidentally by commercial trawlers in the two areas

from June to August of 2011 at similar depths (mean + standard deviation=489 +74 m
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depth; see Albo et al., 2015). In total, 37 D. licha (Gulf of Lions=19; Catalan Sea=18),
58 E. spinax (Gulf of Lions=39; Catalan Sea=19), 63 G. melastomus (Gulf of Lions=43;
Catalan Sea=20) and 40 S. canicula (Gulf of Lions=20; Catalan Sea=20) were collected
(Table 1). After collection, each individual was immediately frozen on board and stored
at —20°C. From each individual, a sample of muscle was collected for isotopic
determination. Total body length (cm) and body mass (g) of each individual were
recorded using a fish measuring board (£0.1 cm) and a digital weighing scale (£0.001 g)

(Table 1).
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Table 1. Sampling area, sample size (n), total length, body mass, 8**C and §'°N of Dalatias licha, Etmopterus spinax Galeus melastomus and

Scyliorhinus canicula captured in the Western Mediterranean Sea(Catalan Sea=CS and Gulf of Lion=GL).

Species Area n Total length (cm) Body mass (q) §3C (%o) 8" N(%o)
Dalatias licha CS 18 55.84 £ 27.05 1643.01 £ 2402.22 -18.45+1.51 10.33+0.62
GL 19 37.30 £ 3.72 209.21 £ 93.91 -18.39+0.64 10.03+0.50
Etmopterus spinax CS 19 19.51 +4.50 38.56 + 27.44 -18.79+ 0.33 8.97+0.36
GL 39 23.95+6.04 57.86 £ 58.83 -18.90+ 0.79 8.38+0.71
Galeus melastomus CS 20 39.11 +£17.18 266.03+ 225.57 -18.02+ 0.36 8.86 +0.74
GL 43 51.46 £4.91 367.22 £110.88 -18.03+ 0.50 8.97+£0.38
Scyliorhinus canicula CS 20 3791+7.75 201.25+ 128.62 -18.15+ 0.25 8.97£0.27
GL 20 43.27 £ 3.55 256.40+ 63.27 -18.00 + 0.34 8.97+0.39
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Stomach content determination

After dissection, each stomach was extracted and weighed with a digital scale (x0.01
g). Each prey found in the stomach was weighed and identified to the lowest taxonomic
level possible. Whenever fragments of prey were found, the number of counted
individuals was the lowest possible. To avoid potential biases associated with
opportunistic feeding while the organisms were being captured, we only considered
prey items with some evidence of digestion and we removed all prey found in the teeth
and mouth of the studied specimens.

To assess the importance of different prey in the diet, the combined index of relative
importance (IRI) of species i (Pinkas 1971) was calculated as follows:
IRl = (Nj + W) x FO; (1)
where FO; is the frequency of occurrence of prey species i in relation to the total
number of stomachs, N; is the contribution by number of prey species i in relation to the
whole contents of the stomach and Wi is the wet weight of prey species i in relation to
the whole contents of the stomach. The %IRI for each species was divided by the total
IRI for all items to obtain the IRI on a percent basis (Cortés 1997). Unidentified preys
within each functional group were also included in the estimation of these trophic
metrics. A functional group was defined as a collection of organisms with similar suites
of co-occurring functional attributes with similar responses to external factors and/or
effects on ecosystem processes (De Bello et al. 2010). The vacuity index (%V) was
calculated as the percentage of empty stomachs. Diet information of G. melastomus and
E. spinax from the Gulf of Lions had already been quantified by Albo-Puigserver et al.
(2015), and in this study the authors classified this information at the functional group

level since there was no information at the species level.

Stable isotope analyses
All muscle samples were subsequently freeze-dried and powdered, and 0.28-0.33 mg
of each sample was packed into tin capsules. Isotopic analyses were performed at the

Laboratorio de IsOtopos Estables of the Estacion Bioldgica de Dofiana
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(www.ebd.csic.es/lie/index.html). Capsules were combusted at 1020°C using a
continuous flow isotope-ratio mass spectrometry system by means of a Flash HT Plus
elemental analyzer coupled to a Delta-V Advantage isotope ratio mass spectrometer via
a CONFLO 1V interface (Thermo Fisher Scientific, Bremen, Germany). The isotopic
composition was reported in the conventional delta (8) per mil notation (%), relative to
atmospheric N? (8 °N) and Vienna Pee Dee Belemnite (8 *C). Replicate assays of
standards routinely inserted within the sampling sequence indicated analytical
measurement errors of 0.2 and + 0.1 for 8 N and & *C, 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
were previously calibrated with international standards supplied by the International
Atomic Energy Agency (IAEA, Vienna). Because all samples showed a C:N ratio lower
than 3.5% we did not correct the 8 **C values to account for the presence of lipids in

muscle samples (Logan et al. 2008).

Isotopic mixing models

To estimate the potential contribution of each potential prey group in the diet of
sharks we used SIAR Bayesian isotopic mixing models (Stable Isotope Analysis in R,
SIAR 4.2; Parnell et al. (2010)) based on their muscle isotopic values and those of their
potential prey. The potential prey species were selected according to the dietary
importance of the prey species found in the stomach contents and from previously
published information from the western Mediterranean Sea (Macpherson 1980,
Macpherson 1981, Matallanas 1982, Valls et al. 2011, Navarro et al. 2014b, Barria et al.
2015). We used the isotopic values of the potential prey (see Table 2) from an isotopic
library containing 128 demersal and pelagic species collected in the study area (Barria
et al. 2015). The diet-tissue discrimination factors used were 1.95 + 0.26%o for 8*°N and
0.49 + 0.32%o for 8*3C that have been experimentally estimated for sharks (Hussey et
al., 2010) and used previously for the studied species (Navarro et al. 2014b, Albo-
Puigserver et al. 2015, Barria et al. 2015).
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Table 2. Sample size (n), mean and standard deviation of §**C and "N values of the potential prey

of Dalatias licha (Dlic), Etmopterus spinax (Espi), Galeus melastomus (Gmel) and Scyliorhinus

canicula (Scan) from the northwestern Mediterranean Sea.

Species n 8%C (%)  8"N(%o) Target shark
CEPHALOPODA

Abralia veranyi 3 -19.40+0.23 8.93+0.73 Espi;Gmel
Alloteuthis media 3 -19.72+0.25 9.89+0.44 Scan

Illex coindetti 5 -19.28+0.12 7.70+0.26 Gmel
Octopus vulgaris 3 -18.04+1.37 8.62+0.46 Espi
Rossia macrosoma 3 -18.95+0.89 7.98+1.78 Espi;Gmel
Sepietta oweniana 3 -19.41+0.25 8.32+0.43  Dlic;Espi;Gmel;Scan
Sepiola affinis 3 -19.43+0.26 8.82+1.00 Espi;Scan
SHRIMPS

Aegaeon cataphractus 3 -16.98+0.72 8.94+0.30 Espi;Scan
Aegaeon lacazei 3 -17.30+0.22 8.48+0.34 Espi;Gmel;Scan
Alpheus glaber 3 -17.97+0.84 7.82+0.24  Dlic;Espi;Gmel;Scan
Chlorotocus crassicornis 3 -19.71+0.63 6.99+0.47 Scan
Eusergestes arcticus 3 -19.44+0.46 7.62+0.31 Dlic,Espi;Gmel
Meganyctiphanes norvegica 1 -20.32 4.65 Espi;Gmel;Scan
Pasiphaea sivado 3 -19.47+0.27 6.63+0.63  Dlic;Espi;Gmel;Scan
Plesionika antigai 3 -19.34+0.37 7.20+0.27 Scan
Plesionika edwardsii 3 -18.48+0.34 7.16%0.44 Scan
Plesionika heterocarpus 3 -18.57+0.14 8.09+0.38 Scan
Plesionika gigliolii 3 -18.20+0.03 6.53+0.10 Scan
Processa canaliculata 3 -19.14+0.14 7.75%0.36 Scan
Sergia robusta 3 18.81+0.55 7.43+0.55 Gmel; Scan
Solenocera membranacea 5 -18.35+0.64 8.46+0.74 Scan
TELEOSTEI

Aphia minuta 3 -19.52+0.15 8.51+0.54 Scan
Arnoglossus rueppelii 3 -19.52+0.33 7.58%0.06 Gmel
Callionymus maculatus 3 -18.84+0.10 8.49+0.31 Scan
Callionymus reticulatus 2 -19.86+0.11 8.43x0.10 Scan
Callionymus reticulatus 2 -19.86+0.11 8.43+0.10 Scan
Capros aper 3 -20.15+0.26 8.46+0.39 Scan
Cepola macrophthalma 3 -20.42+0.05 8.14+0.04 Scan
Chelidonichthys cuculus 3 -19.57+0.16 9.10+0.28 Scan
Conger conger 1 -19.03 9.78 Scan
Deltentosteus quadrimaculatus 3 -17.65+0.92 10.38+0.55 Gmel; Scan
Diplodus vulgaris 3 -17.92+0.62 11.91+0.04 Scan
Engraulis encrasicolus 5 -18.98+0.06 7.84+0.19 Espi;Gmel;Scan
Gadiculus argenteus 3 -19.43+0.13 8.85+0.69 Espi;Gmel;Scan
Gobius niger 2 -18.16+0.02 10.31+0.08 Scan
Lepidorhombus boscii 3 -19.11+0.39 8.10+0.71 Scan
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Lepidorhombus whiffiagonis 1 -20.13 8.86 Scan
Lesueurigobius friesii 3 -18-98+0.47 10.13+0.49 Scan
Micromesistius poutassou 3 -19.45+0.10 8.75x0.22 Dlic;Scan
Notoscopelus elongatus 2 -20.62+0.83 8.41+0.20 Dlic;Espi;Gmel
Phycis blennoides 3 -19.72+0.13 9.08+0.17 Dlic;Gmel
Spicara smaris 3 -19.15+0.57 9.58+1.04 Scan
Symphurus nigrescens 2 -18.74+0.30 10.00+0.59 Scan
Trachurus trachurus 5 -19.05+0.06 9.24+0.07 Scan
POLYCHAETA

Aphrodita aculeata -17.03+0.55 8.38%£1.74 Scan
REPTANTIA

Dardanus arrosor 3 -17.89+0.33 9.66+0.25 Scan
Goneplax rhomboides 3 -18.34+1.32 8.29+0.48 Espi;Gmel;Scan
Liocarcinus depurator 3 -18.32+0.16 8.30+0.48 Espi
Macropipus tuberculatus 3 -18.49+0.69 7.44+0.16 Espi;Scan
Monodaeus couchii 1 -21.4 6.44 Espi;Gmel;Scan
Munida intermedia 3 -18.31+0.54 6.38+0.83 Scan
Munida rutllanti 3 -18.48+0.31 6.80x0.24 Espi;Scan
Munida tenuimana 1 18.7 6.9+ Espi
Pagurus cuanensis 1 -20.02 7.5 Espi;Gmel
Pagurus excavatus 2 -17.96+0.07 8.94+0.01 Espi;Gmel
Pagurus prideaux 3 -17.38+0.33 8.56+0.23 Espi;Gmel;Scan
SELACHII

Etmopterus spinax 58 -18.86+0.67 8.57+0.68 Dlic
Galeus melastomus 63 -18.03+0.46 8.93+0.51 Dlic

Trophic niche and trophic structure of the community

As a measure of trophic width, we calculated the Bayesian isotopic ellipse area
(SEAC) and the convex hull area for each species (Jackson et al. 2011). These metrics
represent two complementary measures of the total amount of isotopic niche exploited
by a predator and are considered to be two proxies for the extent of trophic diversity (or
trophic width) exploited by a species (high SEAc or convex hull values indicate high
trophic width). SEAc uses multivariate ellipse-based Bayesian metrics, which allow for
robust statistical comparisons between data sets with different sample sizes. SEAc and
convex hull area were calculated using the routine Stable Isotope Bayesian Ellipses in

V.R 4.1.3 (SIBER, Jackson et al. 2011).
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For a general approach to the structure of the community in both areas, Layman’s
metrics were used (Layman et al. 2007): (i) 5°N Range (NR), the distance between the
species with the most enriched and most depleted 8N values; (ii) d**C range (CR), the
distance between the species with the most enriched and most depleted d**C values; (iii)
mean distance to centroid (CD), the average Euclidean distance of each species to the
8"3C—8"N centroid, where the centroid is the mean &*3C and &'°N value for all species
in the food web; this metric provides a measure of the average degree of trophic
diversity within a food web; (iv) Mean nearest neighbor distance (NND), the mean of
the Euclidean distances to each species’ nearest neighbor in bi-plot space, and thus a
measure of the overall density of species packing; and (v) Standard deviation of nearest
neighbor distance (SDNND), a measure of the evenness of species packing in bi-plot
space that is less influenced by sample size than NND (Layman et al. 2007). Layman’s

metrics were estimated using the SIBER routine in R v.4.1.3 (Jackson et al. 2011).

Statistical analyses

Differences in diet based on %W among species were tested using two-way semi-
parametric permutation multivariate analyses of variance tests (PERMANOVA tests) on
the Bray-Curtis dissimilarity matrix (Anderson et al. 2008). PERMANOVA allows for
the analysis of complex designs (multiple factors and their interaction) without the
constraints of multivariate normality, homoscedasticity and having a greater number of
variables than sampling units than traditional ANOVA tests. The method calculates a
pseudo-F-statistic directly analogous to the traditional F-statistic for multifactorial
univariate ANOVA models, using permutation procedures to obtain p values for each
term in the model (Anderson et al., 2008). PERMANOVA tests were carried out with
PRIMER-E v6 software (Anderson et al., 2008). The isotopic values were compared
between species and between areas in each species by using multivariate ANOVA tests,
after checking for normality with the Kolmogorov-Smirnov test. The analyses were
performed with IBM-SPSS Statistics 181 v23 statistical software. The significance level

used for all tests was p < 0.05.
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Comparison of the trophic niche with other chondrichthyans

We compared our results with information from sharks, rays and chimaeras
coexisting in the same area. Specifically, we compared their trophic position (based on
the isotopic values) with published muscle isotopic information of the Selachiformes,

Batoids and Chimaeras (Albo-Puigserver et al. 2015, Barria et al. 2015).

Results
Stomach content results

Stomach contents differed between the four shark species (PERMANOVA tests,
pseudo-F3 125 = 4.34, p <0.001) and between areas (pseudo-Fj 125 = 3.64, p = 0.01; Table
3, Fig. 2), with the interaction species-area being statistically significant (pseudo-F 125

= 8.02, p <0.001) (Table 3, Fig. 2).
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Figure 2. Proportion of principal prey groups of each shark species based on stomach content analysis
(SCA, index of relative importance) and the proportion of importance of each prey estimated with stable
isotope analysis (SIA) mixing models in two areas of study, the Catalan Sea and the Gulf of Lions. (A)

Dalatias licha, (B) Etmopterus spinax, (C) Galeus melastomus and (D) Scyliorhinus canicula.
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The diet of D. licha was composed principally of small sharks in both areas, but in
the Catalan Sea the second-most common prey was teleosts and in Gulf of Lions it was
shrimps (pseudo-t= 2.38 p <0.001, Table 3, Fig. 2). The diet of E. spinax and G.
melastomus was mainly composed of teleosts and shrimps in both areas, however in the
Catalan Sea cephalopods were also important (E. spinax, pseudo-t = 2.38, p < 0.001. G.
melastomus pseudo-t = 3.35, p < 0.001, Table 3, Fig. 2). S. canicula fed principally on
shrimps and teleosts and no differences between the Catalan Sea and the Gulf of Lions

were found (pseudo-t = 0.98, P = 0.39, Table 3, Fig. 2).
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Table 3. Diet composition of Dalatias licha, Etmopterus spinax, Galeus melastomus and Scyliorhinus canicula from two areas (Catalan Sea=CS; Gulf of Lion=GL) of

the Northwestern Mediterranean Sea. The sample size (n), the vacuity index (%V) and the mean and standard deviation of the total length length (TL) are also indicated

for each species and sampling area. Frequency of occurrence (%F) is the percentage of stomachs with a specific type of prey in relation to the total number of stomachs

containing food; weight composition (%W), expressed as the percentage contribution of each prey in weight to the whole content; standardized index of relative

importance (%IRI=(IRI/ZIR1)x100), where IRI=%F(%N+%W) and %N is the numeric composition or the percentage of each prey in number to the whole content.

D. licha (CS)
n=16; %V =31.2

D. licha (GL)

n=14; %V =57.1

E. spinax (CS)
n=19; %V =26.3

E. spinax (GL)
n=36; %V =47.22

G.melastomus
(GL)
n=34;%V=0 n=20; %V =10 n=20;%V=0

G.melastomus (CS) S. canicula (CS) S. canicula (GL)

n=20;%V=0

T.L =558+271 T.L.=37.30+£3.72 T.L.=19.51+450 T.L. =228+3.1 T.L.=39.11+17.18 T.L.=529+27 T.L.=37.91+£7.75 T.L.=43.27+3.55

%IRI %IRI %IRI %IRI %IRI %IRI %IRI %IRI
POLYCHAETA 0.75 111
Aphrodita aculeata
Unidentified Polychaeta 0.75 111
CEPHALOPODA 17.29 0.24 24.41 47.26 6.93
Sepietta sp. 2.99
Unidentified Cephalopoda 17.29 24.41 3.94
SHRIMPS (see albo et al 2015) 45.60 30.43
NATANTIA 10.51 16.51 46.56 46.77 57.81 71.67
Alpheus glaber 18.13 3.49
Aristeus antennatus 1.42 0.61
Pasiphaea sivado 18.40 10.18
Pasiphaea multidentata 0.49
Pasiphaea sp. 1.44 24.25 0.81 2.29 2.30
Unidentified Natantia 9.07 16.51 2231 23.36 27.20 65.28
REPTANTIA 0.62 791 4.00
Liocarcinus depurator 0.25 0.69
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Liocarcinus sp.

Monodaeus couchii

Munida sp.

Brachyura indet.

OTHER CRUSTACEA 1.45
Meganyctiphanes norvegica

Nephrops norvegicus 2.73
TELEOSTEI 34.33
Ceratoscopelus maderensis

Echiodon dentatus 0.77
Engraulis encrasicolus

Gadiculus argenteus

Lepidion lepidion 7.87
Macrouridae spp.

Micromesistius poutassou

Phycis blennoides

Myctophidae spp.

Sardinella aurita

Unidentified Teleostei 25.68
CHONDRICTHYANS 42.46
Etmopterus spinax 30.98
Galeus melastomus 9.06
Unidentified Chondrichthyans 2.42
OTHERS 9.23
Unidentified Foraminifera 4.47
Passeriforme 0.85
Pyrosoma atlanticum 391
CRABS*

82

12.14

12.14
61.34
12.99
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27.93

11.83

16.10

0.24
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0.58

0.58

27.63

0.23
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0.20
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6.80

10.51
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1.37
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FISH* 17.79 12.10

* Based on Albo et al. 2015 results for G. melastomus and E. spinax from the Gulf of Lions
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Stable isotopic results
83C values differed between species (pseudo-Fs 190 = 15.33, p < 0.001; Fig. 3, Table
4) and 8N values differed between species and between areas (between species,

pseudo-F3 190 = 65.12, p < 0.001; between areas, pseudo-F3 190 = 6.26, p < 0.014 ; Fig. 3,

Table 4).
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Figure 3. 8'°N and 8**C values, the standard ellipse and convex hull areas of Dalatias licha, Etmopterus
spinax, Galeus melastomus and Scyliorhinus canicula from the western Mediterranean Sea in two areas

(A) Catalan Sea and (B) Gulf of Lions.
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Between species, we found that D. licha showed higher "°C values than E. spinax
(pseudo-t = 2.19, p = 0.03) and lower values than G. melastomus in both areas (pseudo-t
= 2.36, p = 0.02), whereas E. spinax showed lower values than D licha, G. melastomus
and S. canicula (pseudo-t = 2.19, p = 0.03; t = 7.32, p <0.001; t = 6.59, p <0.001) in
both areas. Regarding 8"°N values, D. licha showed higher values than E. spinax, G.
melastomus and S. canicula in both areas (pairwise tests, always p <0.001). In the Gulf
of Lions, E. spinax showed the lowest 5°N values (pairwise tests, p <0.001, Fig. 3,

Table 4).

Table 4. PERMANOVA results showing the significant isotopic differences

between species and sampling areas based on pairwise tests between species.

83C between species

E. spinax G. melastomus S. canicula
D. licha 0.03 0.02
E. spinax <0.001 <0.001

8N between species Catalan Sea

E. spinax G. melastomus S. canicula
D. licha <0.001 <0.001 <0.001

8N between species Gulf of Lions

E. spinax G. melastomus S. canicula
D. licha <0.001 <0.001 <0.001
E. spinax <0.001 0.001

The isotopic areas estimated with Bayesian procedures (SEAs and convex hull)
differed among D. licha and E. spinax between regions (Fig. 4, Table 5), whereas G.
melastomus and S. canicula overlapped in their isotopic areas in both regions (Fig. 4,

Table 5).
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Figure 4. Isotopic community metrics of four sharks from the western Mediterranean Sea, in two areas:
Catalan Sea (CS) and Gulf of Lions (GL). Where (NR) is "°N Range, (CR) is d**C range, (CD) is the
Mean distance to centroid, (NND) is the Mean nearest neighbor distance and (SDNND) is the Standard

deviation of nearest neighbor distance (Layman et al. 2007).

Table 5. Isotopic areas estimated with Bayesian procedures (SEAc and convex hull) of
Dalatias licha, Etmopterus spinax, Galeus melastomus and Scyliorhinus canicula from

two areas, Catalan Sea and Gulf of Lions.

Catalan Sea Gulf of Lions

SEAC Convex hull SEAC Convex hull
D. licha 2.98 6.94 1.05 2.77
E. spinax 0.38 0.89 1.77 5.06
G. melastomus 0.64 1.84 0.49 2.25
S. canicula 0.21 0.62 0.41 1.11

Isotopic mixing model outputs
SIAR outputs revealed that small sharks were the main prey for D. licha, followed by

cephalopods, teleosts and shrimps in both areas (Fig. 2, Table 6). The diet of E. spinax
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was composed mainly of teleosts and cephalopods, followed by shrimps and Reptantia
(Fig. 2, Table 6). SIAR outputs indicated that the diet of G. melastomus was composed
mainly of shrimps, cephalopods and crabs followed by teleosts (Fig. 2, Table 6). The
diet of S. canicula diet was composed mainly of shrimps followed by crabs,

cephalopods, polychaetes and teleosts (Fig. 2, Table 6).

Table 6. Relative contribution of potential prey to the diet of Dalatias licha, Etmopterus spinax, Galeus
melastomus and Scyliorhinus canicula from Catalan Sea (CS) and Gulf of Lion (GL) estimated with SIAR
isotopic mixing models. Contributions are designated as the estimated low 95% highest density region

(hdr), mean contribution and high 95% hdr.

Species Resources  Low 95% hdr Mean % contribution High 95% hdr
D. licha (CS)
Cephalopod 0 0.25 0.49
Teleostei 0 0.23 0.43
Shrimps 0.03 0.22 0.39
Selachii 0 0.30 0.54
D. licha (GL)
Cephalopod 0 0.17 0.38
Teleostei 0 0.12 0.28
Shrimps 0.24 0.40 0.57
Selachii 0.11 0.31 0.50
E. spinax (CS)
Cephalopod 0.00 0.21 0.41
Teleostei 0.26 0.47 0.68
Shrimps 0 0.15 0.33
Reptantia 0 0.17 0.35
E. spinax (GL)
Cephalopod 0 0.12 0.34
Teleostei 0.29 0.58 0.87
Shrimps 0 0.17 0.40
Reptantia 0 0.13 0.33
G. melastomus (CS)
Cephalopod 0 0.19 0.37
Teleostei 0 0.09 0.24
Shrimps 0.24 0.50 0.77
Reptantia 0.01 0.21 0.40

G. melastomus (GL)
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Cephalopod 0 0.12 0.25
Teleostei 0 0.04 0.12
Shrimps 0.6 0.72 0.83
Reptantia 0 0.12 0.24
S. canicula (CS)
Cephalopod 0.01 0.22 0.38
Teleostei 0,0 0.12 0.27
Shrimps 0.07 0.30 0.52
Reptantia 0.05 0.24 0.43
Polychaeta 0.01 0.12 0.23
S. canicula (GL)
Cephalopod 0 0.13 0.29
Teleostei 0 0.09 0.25
Shrimps 0.11 0.35 0.60
Reptantia 0.07 0.29 0.51
Polychaeta 0 0.13 0.26

Community isotopic metrics

The range of 8N (Nr) and §'*C (Cr) was larger in the Gulf of Lions than in the
Catalan Sea, Fig. 4). In contrast, the other community isotopic metrics (CDb, NNR and
SDNNR) did not differ between the two sampling areas, indicating that the community

structure was similar between the Catalan Sea and the Gulf of Lions (Fig. 4).

Isotopic comparison with other chondrichthyan species

8N values (proxy of trophic level) of other sharks in the area ranged between 9.95 +
0.68%o (mean + standard deviation) in little sleeper shark Somniosus rostratus and 14.31
+ 1.73%o in tope shark Galeorhinus galeus (Fig.5). 8"3C values ranged between -20.46 +
0.75%0 in S. rostratus and -16.68 + 0.95%. in blue shark Prionace glauca (Fig. 5).
Regarding the species in this study, D. licha was placed in a similar position to other
demersal sharks, such as Portuguese dogfish Centroscymnus coelolepis, bluntnose
sixgill shark Hexanchus griseus, S. rostratus and the chimaera Chimaera monstrosa.
The other three species, S. canicula, G. melastomus and E. spinax, were placed in an
isotopic niche lower than other sharks of the western Mediterranean Sea, and similar to
skates (Fig. 5).
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Figure 5. Mean and standard error of 8*°N and §*°C values of Dalatias licha, Etmopterus spinax, Galeus
melastomus and Scyliorhinus canicula from the present study. Mean and standard error of 5"°N and 8*C
values of other sharks from a published study conducted in the northwestern Mediterranean Sea (Barria et
al. 2015); skates and chimaeras from published studied conducted in the northwestern Mediterranean Sea

(shaded area) (Barria et al. 2015; Albo-Puigserver et al. 2015).

Discussion

Although several studies have investigated the trophic ecology of shark species in the
Mediterranean Sea, few studies have compared the feeding habits between species or
between areas with differences in levels of human impact (Carrasson 1992, Cortés
1999, Fanelli et al. 2009, Valls et al. 2011, Navarro et al. 2014b, Barria et al. 2015). In
this study, we present results on the feeding ecology of four relatively abundant sharks
of the western Mediterranean Sea: D. licha, E. spinax, G. melastomus and S. canicula,
in two areas, the Catalan Sea and the Gulf of Lions. We combined stomach content

analyses, which integrate feeding behavior over a short period of time, and stable
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isotope analyses, which reflect all the food assimilated over a long-term period before
sampling (MacAvoy et al. 2001, Lopez et al. 2016). The use of both methodologies
provides a more complete view of the diet of these species and of the trophic structure
of the chondrichthyan community (Shiffman et al. 2012, Shipley et al. 2017).

The Mediterranean Sea is one of the areas most impacted by humans (Costello et al.
2010). This impact is not homogeneous (Coll et al. 2012) and thus, there are marine
areas with different degrees of degradation. Although we expected differences in the
trophic ecology of the four sharks between the more human-impacted area (the Catalan
Sea) and the less human-impacted area (the FRA located in the Gulf of Lions), we did
not find differences. The trophic niche of these sharks and the trophic relationships
between them did not differ between the two areas. However, data from stomach
content analysis from the Gulf of Lions were not identified at a lower taxonomic level
(Albo-Puigserver et al. 2015), so differences in specific prey were not identified in the
present study. It is worth noting, however, that E. spinax showed a tendency to consume
more cephalopods in the Catalan Sea, probably related to the increase in this group in
highly exploited areas (Coll et al. 2013a, Doubleday et al. 2016).

Generalist species, such E. spinax, G. melastomus and S. canicula, have a higher
trophic plasticity and can adapt to the conditions of highly impacted ecosystems, which
would explain the high densities of S. canicula and G. melastomus in the western
Mediterranean Sea (Baino et al. 2001, Fanelli et al. 2009). Although these species are
susceptible to fisheries, they are often released into the sea alive when discarded and are
also favored by discards of fishing (Lyle 1983, Olaso et al. 1998). Many scavengers
learn to associate trawlers with food and their populations may benefit from feeding on
discards (Blaber & Wassenberg 1989, Hill & Wassenberg 1990). Scyliorhinid sharks
likely survive in areas with a medium level of fishery impact due to their shorter
generation times and higher rates of population increase (Camhi 1998, Carbonell et al.
2003); however, it is not known to what extent these species can withstand the current
and successive levels of exploitation. To date, the few stock assessments available on

populations of S. canicula in the Mediterranean Sea show that it is overfished in Algeria

90



Consistency in the feeding strategies of four sympatric sharks

and in the Ligurian and North Tyrrhenian Sea areas (Bradai et al. 2012, Serena et al.
2014). However, the current population trend for this species in the Mediterranean Sea
indicates that is increasing (Serena et al 2016), which suggests a possible recovery of
the species. Therefore, this species may be very resistant to fishing impact, and seems to
rapidly recover from a decline in its populations. The case of E. spinax is different
because its biomass is declining in the western Mediterranean Sea due to changes in
oceanographic conditions (Cartes et al. 2013) and to its lower survival capacity as
discards (Ferretti et al. 2005, Damalas & Vassilopoulou 2011). Although there is a
fraction of the population that is not fished due to it location at greater depths (Dulvy
2016), large individuals are becoming less common in the Catalan Sea fisheries.
Consistently in both areas, D. licha clearly segregated its trophic niche from the other
three species. Similar to previous studies, the diet of D. licha was mainly composed of
two of the small demersal sharks in this study: E. spinax and G. melastomus (Navarro et
al. 2014; Barria et al. 2015). D. licha could be consuming other sharks to obtain lipid
resources from their livers or this could serve as a mechanism to reduce the number of
potential competitors (Lourenco et al. 2014, Navarro et al. 2014b). In the other hand, E.
spinax is a small predatory shark, feeding principally on small teleosts and demersal
shrimps (Macpherson 1980, Bello 1997, Fanelli et al. 2009), except off the southwest
African coast, where it also feeds on cephalopods (Zaera 2005). G. melastomus and S.
canicula showed similar feeding habits--these sharks are considered opportunistic
generalists and feed on shrimps, teleosts and cephalopods (Macpherson 1980, Fanelli et
al. 2009, Valls et al. 2011). However, this can vary ontogenetically, seasonally or
according to the availability of prey in the area (Macpherson 1980, Carrasson 1992),
thereby decreasing the potential competition between the two species by partitioning
their main resources. It is likely that due to this similarity in their feeding patterns, these
two species adapted to living at different depths: while S. canicula prefers continental
shelf and slope areas, G. melastomus mainly inhabits greater depths (Gouraguine et al.

2011, Navarro et al. 2016).
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We found similar results at a long-term scale using stable isotopes: D. licha
principally consumed small sharks and showed the highest trophic position in both
areas. E. spinax showed a lower trophic position in comparison to the other sharks due
principally to their small body size, which would prevent them from feeding on prey of
higher trophic levels or large sizes. Similar to E. spinax, G. melastomus and S. canicula
showed a generalist diet, however, due to their larger body size they could probably
predate on larger-sized prey and thus, occupied a slightly higher trophic position (Cortés
1999).

Similar to the diet results, the analogous Layman metric values between the two
areas suggest that the potential differences in the human impacts between areas did not
affect the trophic structure of the guild composed by these four sharks. For example, the
mean distance to the centroid (CD), a measure related to community trophic diversity
(Layman et al. 2007), indicated that the trophic diversity was similar between the two
sampling areas. The range of the total nitrogen and carbon exploited by these four
species was also similar between the two sampling areas (Layman et al. 2007).

Although the impact of fishing on marine ecosystems can affect both the
composition of organisms (potential prey) and the degradation and fragmentation of
habitat (Coll et al. 2007, Claudet & Fraschetti 2010, Sala et al. 2012), the four species
studied here do not appear to be affected in their trophic habits. This could be because,
despite efforts to protect the Gulf of Lions by creating the FRA (Lleonart et al. 2008),
the FRA is still highly fished. It is thus likely that the measures adopted for the FRA
were insufficient and have not led to the recovery of the Gulf of Lions ecosystem, at
least for these shark species. Therefore, both areas may be highly impacted and
restrictive measures in the fishery restricted area are insufficient. Alternatively, the fact
that we did not find differences between areas could be related to the species chosen for
the study, which may not be good indicators of ecosystem change. This could be
because they are opportunistic and generalist species, with the exception of D. licha

which feeds on G. melastomus and E. spinax.
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When compared with other chondrichthyans present in the northwestern
Mediterranean Sea, we found that the trophic niche of D. licha is similar to other large
demersal sharks such H. griseus and C. coelolepis (Barria et al. 2015) and the
holocephalan Chimaera monstrosa (Navarro et al. 2014a, Albo-Puigserver et al. 2015).
In contrast, G. melastomus, S. canicula and E. spinax were placed in lower trophic
positions, close to skates such as the longnosed skate Dipturus oxyrinchus, cuckoo ray
Leucoraja naevus, Mediterranean starry ray Raja asterias, thornback ray R. clavata,
spotted ray R. montagui and speckled ray R. polystigma (Barria et al. 2015). Similar
results with closely related species were found in other marine environments. For
example, in Western Australia, species such as bamboo shark (Chilosyllium punctatum),
stingrays (Himantura spp.) or giant shovelnose ray (Glaucostegus typus) are
mesopredators and sharks, such as tiger sharks (Galeocerdo cuvier), are top predators
(Heithaus et al. 2010, Vaudo & Heithaus 2011). In the Mediterranean Sea, the
biomasses of the top predators are much lower due to overfishing, pollution and habitat
degradation (Dulvy 2016). In conclusion, the results of the present study indicate that
there are no differences in the trophic relationships of D. licha, E. spinax , G.
melastomus and S. canicula between the two study areas. These results provide useful
data for managers and can be used in further studies to develop predictions based on
theoretical scenarios of fishing or oceanographic variations associated with climate

change using ecosystem-based modelling (Coll et al. 2013Db).
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Abstract

Deficiencies in basic ecological information on uncommon and endangered
elasmobranch fishes impair the assessment of their ecological role in marine
ecosystems. In this study, we examined the feeding ecology (diet composition and
trophic level) and trophic relationships of 22 elasmobranchs (2 Carcharhiniformes, 1
Hexanchiformes, 1 Lamniformes, 3 Myliobatiformes, 6 Rajiformes, 6 Squaliformes and
3 Torpediniformes) present in the western Mediterranean Sea. To obtain a
comprehensive view of the feeding ecology of these species, we combined different
approaches: stable isotope analyses (8 **C and & *°N values), stomach content analyses,
and published sources. Our results revealed differences in feeding strategies between
among elasmobranch groups: skates (Rajiformes) mainly consume crustaceans; sharks
(Carcharhiniformes, Hexanchiformes, Squaliformes and Lamniformes) prefer mixed
diets composed of cephalopods, crustaceans and fishes; electric rays (Torpediniformes)
feed mostly on fishes,; and the diet of stingrays (Myliobatiformes) varies between
species. Sharks and electric rays show higher trophic positions than skates, and the
former occupy similar positions to other apex predators. Skates are more similar to
other mesopredator fishes. These new findings offer essential information on the
ecological role of several elasmobranchs in the western Mediterranean Sea and provide

useful data for managers for future conservation strategies.
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Resumen

La informacion ecoldgica disponible en elasmobranquios poco comunes y en peligro de
extincion es insuficiente y puede dificultar la evaluacién de su rol ecoldgico en los
ecosistemas marinos. En este estudio se examino la ecologia trofica (composicion de la
dieta y nivel trofico) y las relaciones troficas de 22 elasmobranquios (2
Carcharhiniformes, 1 Hexanchiformes, 1 Lamniformes, 3 Myliobatiformes, 6
Rajiformes, 6 Squaliformes y 3 Torpediniformes) presentes en el oeste del Mar
Mediterraneo. Para obtener una vision integral de la ecologia trofica de estas especies,
combinamos diferentes enfoques metodoldgicos: analisis de isdtopos estables (valores
de & *C y & N), analisis de contenido estomacal y una revisién de la literatura.
Nuestros resultados mostraron diferencias en las estrategias de alimentacion entre los
diferentes grupos de elasmobranquios: las rayas bentdnicas (Rajiformes) consumen
principalmente crustaceos; los tiburones (Carcharhiniformes, Hexanchiformes,
Squaliformes y Lamniformes) tienen dietas mixtas compuestas de cefaldépodos,
crustaceos y peces; Los torpedos (Torpediniformes) se alimentan principalmente de
peces; y la dieta de las rayas del Orden Myliobatiformes varia entre las diferentes
especies. Los tiburones y los torpedos se ubicaron en posiciones tréficas mas altas que
las rayas bentonicas, y los primeros ocupan posiciones similares a otros depredadores
apicales. Las rayas bentonicas tienen un nivel trofico similar a otros peces meso
depredadores. Estos hallazgos ofrecen informacion esencial sobre el papel ecoldgico de
varios elasmobranquios en el oeste del Mar Mediterraneo y proporcionan importantes

datos para los propulsores de futuras estrategias de conservacion.
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Introduction

Elasmobranch fishes are wusually considered keystone species in marine
environments, due to their role in maintaining the structure and functioning of food
webs (Libralato et al. 2006, Baum & Worm 2009). As predators, elasmobranchs are
highly sensitive to ecosystem changes and human impacts such as fishing activity,
pollution and habitat degradation (Stevens et al. 2000, Myers & Worm 2003, Dulvy et
al. 2014). Therefore, elasmobranchs can be considered good indicators of ecosystem
health (Stevens et al. 2000, Baum & Worm 2009). The decrease in population size of
some elasmobranchs may initiate trophic cascades through top-down effects and modify
marine communities and ecosystems dramatically (Baum & Worm 2009, Ferretti et al.
2010). For example, the reduced abundance of the pelagic shark Prionace glauca was
associated with an increased abundance of the pelagic stingray Pteroplatytrygon
violacea in the tropical Pacific Ocean (Ward & Myers 2005) and a collapse of the bay
scallop fishery in the northwest Atlantic (Myers et al. 2007).

The Mediterranean Sea hosts around 80 species of elasmobranchs and is considered a
global hotspot of biodiversity (Abdul Malak 2011, Dulvy et al. 2014). Sharks and rays
in the Mediterranean Basin represent approximately 7% of all currently existing
elasmobranchs worldwide (Cavanagh & Gibson 2007). However, many species have
declined in abundance across the Mediterranean Basin mainly due to degradation, loss
of habitats and direct impacts from fishing (Ferretti et al. 2008, Coll et al. 2010, Coll et
al. 2013b). Currently, 41% of the elasmobranchs in the basin are considered threatened
(classified as either Critically Endangered, Endangered or Vulnerable) by the regional
assessment of the International Union for the Conservation of Nature (IUCN) (Abdul
Malak 2011). In addition, there is an important lack of basic biological and ecological
information that precludes the evaluation of their conservation status. Close to 33% of
elasmobranchs in the basin are considered Data Deficient (Abdul Malak 2011).

Trophic ecology of marine organisms has been traditionally studied through stomach
content analysis (SCA) (Hyslop 1980, Cortés 1999). Although this methodology allows
high levels of taxonomic resolution, some marine predators such as elasmobranchs

often show a high frequency of empty stomachs, and the prey items that are recovered
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are often skewed towards those that are more difficult to digest (Pethybridge et al. 2011,
Navarro et al. 2014b). Moreover, SCA usually requires a large number of stomachs to
accurately quantify dietary habits, which can be difficult to obtain, especially for rare,
threatened, endangered and protected elasmobranchs (Hyslop 1980, Cortés 1999,
Stergiou & Karpouzi 2002). Stable isotope analysis (SIA) of nitrogen (5'°N) and carbon
(6'°C) has been used as a complementary tool to SCA to study the trophic ecology of
marine organisms (Estrada et al. 2006, Hussey et al. 2010a, Shiffman et al. 2012,
Navarro et al. 2014b). This approach is based on the fact that 5°N and §"°C values are
transformed from dietary sources to consumers in a predictable manner (Shiffman et al.
2012). Moreover, by combining stable isotope values from consumers with those from
their potential prey, isotopic mixing models can be applied to obtain estimates of the
relative contribution of each prey item to the diet of the consumer (e.g. Parnell et al.
2013). To use mixing models, previous knowledge of the potential prey of the predator
is needed (Phillips et al. 2014). Although outcomes of SCA and isotopic mixing models
using SIA should be interpreted with caution, their combination has already been
highlighted as a valuable contribution to a better understanding of the feeding ecology
of elasmobranchs (Caut et al. 2013, Navarro et al. 2014b, Albo-Puigserver et al. 2015).
In the present study, we aimed to complement and update the available trophic
information (dietary habits and trophic position) of 22 uncommon and threatened
elasmobranch species present in the northwestern Mediterranean Sea. Specifically, the
feeding ecology of these species was examined by combining SCA and SIA of collected
individuals and from published diet information. Our study provides new insights into
how the different elasmobranch species exploit trophic resources and contributes to a
better understanding of the ecological role of these rare and threatened elasmobranchs in

the Mediterranean Sea.
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Material and Methods

Study area and sampling procedures

The present study was conducted in the western Mediterranean Sea (Catalan Sea and
Gulf of Lions, Fig. 1) between 2011 and 2014, additionally; samples collected in the
Catalan Sea in 2003 were included. Both the Catalan Sea and the Gulf of Lions are
highly productive marine areas due to the combination of the Ebro River and the Rhéne
River discharges, respectively, and the effect of the Liguro-Provencal-Catalan current
along the continental slope (Estrada 1996, Salat 1996). These 2 areas are notably
impacted by human activities (Coll et al. 2006, Coll et al. 2012). However, the sampling
locations within the Gulf of Lions were in a less exploited area due to its greater
distance from the coast and the fact that this area includes a Fishery Restricted Area

declared by the General Fisheries Commission for the Mediterranean (Lleonart et al.

2008).

France

Catalonia
(Spain)

& Caralan Sea
.
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[ ]
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Figure 1. Study area indicating the sampling locations (white circles).

In total, 22 elasmobranch species were collected, including 10 sharks belonging to

the following orders: Carcharhiniformes (Galeorhinus galeus and Prionace glauca),

Hexanchiformes

104

(Hexanchus griseus), Lamniformes (Alopias

vulpinus) and
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Squaliformes (Centrophorus granulosus, Centroscymnus coelolepis, Dalatias licha,
Oxynotus centrina, Squalus acanthias and Somniosus rostratus), 6 skates included in
the orders Rajiformes (Dipturus oxyrinchus, Leucoraja naevus, Raja asterias, R.
clavata, R. montagui and R. polystigma) and 6 rays of the orders Myliobatiformes
(Gymnura altavela, Myliobatis aquila and Mobula mobular) and Torpediniformes
(Torpedo marmorata, T. nobiliana and T. torpedo) (Table 1). Elasmobranchs were
obtained opportunistically as bycatch of the commercial trawling fleet in the study area
and during 3 experimental oceanographic surveys (conducted under the Dos-Mares and

Ecotrans projects of the Spanish Government; Fig. 1).
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Table 1. Sample size (n) and mean + SD of & *C and & **N values for 22 chondrichthyan species from the western Mediterranean Sea. IUCN conservation status in the
Mediterranean Sea is also indicated for each species (DD: Data Deficient; LC: Least Concern; NT: Near Threatened; VU: Vulnerable; EN: Endangered; CR: Critically
Endangered; Abdul Malak et al. 2011). The zone (CS: Catalan Sea; GL: Gulf of Lions) and the year when the individuals were collected, sex (M: male, F: female) and tissue

analysed are also indicated (Mu: muscle; Fi: fin).

Species n  Year(s) lg(t:uNs 8"C (%o) 8N (%o) Sex Zone Tissue
Carcharhiniformes

Galeorhinus galeus 3 2012-2013 VU -17.38+0.22 1431+1.73 1(M);2(F) 3(CS) Mu
Prionace glauca 2 2013 VU -16.68 £0.95 10.60 = 0.06 2 (M) 2 (CS) Mu
Hexanchiformes

Hexanchus griseus 7 2012-2013 VU -19.16 £0.65 10.03+£0.28 3(M);4(F) 6(CS);1(GL) Mu

Lamniformes
Alopias vulpinus 1 2014 VU -17.73 12 1(F) 1(GL) Mu
Myliobatiformes

Gymnura altavela 1 2014 CR -15.59 13.90 1 (M) 1(CS) Mu
Myliobatis aquila 1 2013 NT -16.09 9.35 1 (M) 1(CS) Fi
Mobula mobular 1 2014 EN -18.59 8.59 1 (M) 1(GL) Mu
Rajiformes

Dipturus oxyrinchus 2 2011-2013 NT -17.34+0.95 943+0.67 1(M);1(F) 1(CS);1(GL) Mu
Leucoraja naevus 3 2013 NT -17.44+£0.44 9.56 +£0.83 3(F) 3(CS) Mu
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35(M);32  51(CS) 16

Raja asterias 67 2003-2013 LC -17.34+0.67 9.11+£0.78 ) (LG) Mu, Fi
Raja clavata 15 2011-2013 NT ~17.42+0.44 886+0.49 5(M);10(F) 11(CS)4(GL) Mu, Fi
Raja montagui 8 2011-2013 LC ~17.78+ 058 820+0.74 4(M);4(F) 6(CS);2(GL) Mu, Fi
Raja polystigma 2 2011-2012 NT ~1750+0.11 864+0.61 1(M);1(F) 1(CS);1(LG) Mu
Squaliformes

Centrophorus granulosus 16 2003-2013 VU -17.75+0.65 11.34+0.36 13 (M);3(F) 3(CS); 13(GL) Mu
Centroscymnus coelolepis 24 2012 LC -17.83+0.74 10.51£0.70 14 (M); 10 (F) 24 (CS) Mu
Dalatias licha 35 20112013 DD  -1848+113 1021057 (('\g; 18 (((Ci)) 18 My, Fi
Oxynotus centrina 3 2012-2013 CR -17.31+0.84 10.92+0.49 3(F) 1(CS);2(GL) Mu
Squalus acanthias 4 2011-2012 EN ~18.22+1.12 10.66 +0.47 2 (M); 2 (F) 4(LG) Mu, Fi
Somniosus rostratus 6 2012-2013 LC -20.46£0.75 995+0.68 2(M);4(F) 4(CS);2(GL) Mu
Torpediniformes

Torpedo marmorata 18 2003-2013 LC -16.48£0.72 11.43+£0.70 3 (M); 15 (F) 18 (CS) Mu
Torpedo nobiliana 3 2011-2014 DD ~16.76 +1.00 12.43 +1.23 3(F) 1(CS);2(GL) Mu
Torpedo torpedo 28 2003 LC ~16.52 +0.65 10.98 +0.44 9 (M); 19 (F) 28 (CS) Mu
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After collection, each individual was immediately frozen on board and stored at
—20°C. From each individual, a sample of muscle or fin was collected for the SIA. For
the individuals collected during the oceanographic survey in the Catalan Sea (Ecotrans
project), we only collected finclips as individuals were released alive after the sampling.
Total body length (cm) and body mass (g) of each individual were recorded using a fish
measuring board (0.1 cm) and a digital weighing scale (+0.001 g).

To develop the isotopic mixing models (see the following section), a total of 129
potential prey species (see Table S1 in the Supplement, at www.int-res.com/articles/
suppl/m539p225_supp.pdf) were also collected from the northwestern Mediterranean
during the experimental oceanographic survey (Ecotrans project) in 2013. For each prey
species, a muscle biopsy was collected and stored at —20°C on board, using the same

methods as described above.

SCA

After dissection, each stomach was extracted and weighed with a digital scale (+0.01
g). Each prey found in the stomach was weighed and identified to the lowest taxonomic
level possible. Whenever fragments of prey were found, the number of counted
individuals was the lowest possible to avoid overestimation of the occurrence of a
particular prey. To avoid potential biases associated with opportunistic feeding while
the organisms were being captured, we only considered prey items with some evidence
of digestion and we removed all prey found in the teeth and mouth of the studied
specimens.

To assess the importance of different prey in the diet, the combined index of relative
importance (IR1) of species i (Pinkas 1971) was calculated as follows:

IRI; =(N; +W,)*FO, 1)

where FO; is the frequency of occurrence of prey species i in relation to the total
number of stomachs Nj is the contribution by number of prey species i in relation to the
whole content of the stomach and Wi; is the wet weight of prey group i in relation to the

whole content of the stomach. The %IRI for each species was divided by the total IRI
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for all items to obtain the IRl on a percent basis (Cortés 1997). Unidentified preys
within each functional group were also included in the estimation of these trophic
metrics. Functional group is defined as ‘a collection of organisms with similar suites of
co-occurring functional attributes they have similar responses to external factors and/or
effects on ecosystem processes’ (De Bello et al. 2010). The vacuity index, %V, i.e. the

percentage of empty stomachs, was also calculated.

SIA

Samples (muscle, fin and potential prey) were subsequently freeze-dried and
powdered and 0.28 to 0.33 mg of each sample was packed into tin capsules. Isotopic
analyses were performed at the Laboratorio de Isotopos Estables of the Estacion
Bioldgica de Dofiana (LIE.EBD; Spain). Capsules were combusted at 1020°C using a
continuous flow isotope-ratio mass spectrometry system by means of a Flash HT Plus
elemental analyser coupled to a Delta-V Advantage isotope ratio mass spectrometer via
a CONFLO 1V interface (Thermo Fisher Scientific). The isotopic composition is
reported in the conventional delta (&) per mil notation (%o), relative to Vienna Pee Dee
Belemnite (5'°C) and atmospheric N, (8*°N). Replicate assays of standards routinely
inserted within the sampling sequence indicated analytical measurement errors of
+0.1%o0 and +0.2%o for 8*3C and 8N, 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 were previously
calibrated with international standards supplied by the International Atomic Energy
Agency (IAEA, Vienna). To avoid potential interference from the chemical treatment to
remove urea content, we did not remove the urea from the tissues. For the samples with
a C:N ratio higher than 3.5%o, we corrected the 5*3C values to account for the presence

of lipids in muscle samples (Logan et al. 2008).
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Isotopic mixing models and isotopic niche analyses

To interpret the isotopic values of each species from a trophic point of view, we
applied the SIAR Bayesian isotopic mixing model (Stable Isotope Analysis in R, 4.1.3;
Parnell et al. 2010) based on the isotopic values of each elasmobranch species, and
those of their potential prey grouped taxonomically (Table 2). SIAR models allow the
inclusion of sources of uncertainty in the data, in particular the variability in the stable
isotope ratios of the predator and the potential prey (Parnell et al. 2010). To build the
SIAR mixing models, we used the isotopic values of prey collected during the present
study in the northwestern Mediterranean. We used the isotopic discrimination factors of
1.95 + 0.26%o for 8*3C and 0.49 + 0.32%o for 5°N (Hussey et al. 2010a).

As a measure of trophic width, we calculated the Bayesian isotopic standard ellipse
areas (SEAs) for Carcharhiniformes, Hexanchiformes, Rajiformes, Squaliformes and
Torpediniformes (Jackson et al. 2011). Lamniformes and Myliobatiformes were not
considered in the analysis due to their limited number of samples. This metric
represents a measure of the total amount of isotopic niche exploited by a particular
predator and is thus a proxy for the extent of trophic width exploited by the species
considered (high values of isotopic standard ellipse areas indicate high trophic width).
SEA was calculated using the routine Stable Isotope Bayesian Ellipses (Jackson et al.

2011) incorporated in the SIAR library.

Table 2. Sample size (n) and mean + SD of §*3C and 8"°N values for potential prey of the different target

elasmobranchs sampled in the western Mediterranean Sea. Full species names are given in Table 1.

Group n 8"3C(%o) SN (%o) Target elasmobranch
Amphipoda 1 -21.57 8.62 R. montagui; R. polystigma
Anguilliformes 1 -19.03 9.78 L. naevus; T. torpedo
Anomura 16 -18.11+0.40 8.27+1.52 D.oxyrinchus; G. altavela; M.
aquila
Bivalvia 2 -1884+0.39 5.90x0.21 M. aquila
Brachyura 20 -17.37+£3.17 7.59+0.94  O.centrina; R. asterias; R.
clavata; R. polystigma
Cephalopoda 57 -18.85+0.44 8.64+0.42 D.licha; D. oxyrinchus; R.
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Clupeiformes

Euphausiacea
Gadiformes

Gasteropoda
Isopoda

Mollusca
Myctophiformes
Natantia

Octopoda
Osmeriformes
Perciformes

33

1
24

75
2
47

-
3
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Pleuronectiformes 19

Polychaeta
Selachii (small
sharks)
Sepiidae
Teleostei

Teuthida

Tunicata

3

20

9

223

31

10

-19.21 +0.36

-20.32
-19.47 +0.26

-17.52 +1.60
—20.40 + 3.50

-18.29 +0.79
—20.62 +0.83
—-18.50 + 0.84

-18.31+1.23
-19.19+0.44
-18.87 +0.88

-19.13+0.38

—-17.03 £ 0.55

—-18.57 + 0.50

—-18.87 +0.88

-19.26 + 0.63

—-19.04 + 0.40

-19.47 +0.32

8.26 +0.24

4.65
8.73+0.40

8.82+0.98

10.01 +
1.14

8.40 +0.95
8.41+0.20
7.71+0.59

8.55 + 0.64
9.30+1.05
9.59+1.00

9.38+1.13

8.38 +£1.74

8.59 +0.59

9.59 +1.00

9.09 +0.80

9.24+1.08

8.12+1.15

clavata; T. marmorata

C. granulosus; H. griseus; P.
glauca; G. altavela; R. clavata;
T. marmorata; T. torpedo

M. mobular

C. granulosus; D. licha; G.
galeus; H. griseus; P. glauca;
R. clavata; T. marmorata; T.

nobiliana

M. aquila
R. polystigma

R. asterias; T. torpedo
D. licha; T. marmorata

C. granulosus; C. coelolepis; D.
licha; D. oxyrinchus; L. naevus;
R. asterias; R. clavata; R.
montagui; R. polystigma; T.
torpedo

G. galeus; S. acanthias
C. granulosus

C. granulosus; H. griseus; P.
glauca; G. altavela; R. clavata;
T. marmorata; T. torpedo

L. naevus; T. torpedo

O. centrina; R. polystigma; T.
nobiliana; T. torpedo

D. licha

P. glauca

A. vulpinus; C. coelolepis; S.
acanthias; D. oxyrinchus; M.
aquila; R. asterias

A. vulpinus; C. granulosus; C.
coelolepis; G. galeus; H.
griseus; S. acanthias; S.

rostratus; P. glauca; M. aquila

S. rostratus
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Trophic level

We estimated the trophic level (TL) of each species and taxonomic order by using
SCA (TLsa) and SIA (TLsa). We estimated the TLg, according to the algorithm
proposed by Zanden & Rasmussen (2001):

consumer consumer

TL = TlLiea +(3°N — 8Ny )/ AN (3)

where 8" Nonsumer is the value for each elasmobranch and 8*°Nyasa is that of the bivalve
Pecten jacobaeus sampled from the northwestern Mediterranean. For the AN values,
we used 1.95 (Hussey et al. 2010).

In addition, we calculated the TL of elasmobranch species using the SCA results
(TLsca) using the following equation:

TL, =1+ Z;DCH -TL, (4)
=

where j is the predator of prey i, DCj is the fraction of prey i in the diet of predator j,
and TL; is the trophic level of prey i. The TL; values used for prey species were
obtained from previous modelling studies conducted in the northwestern Mediterranean

(Coll et al. 2006, Navarro et al. 2011, Banaru et al. 2013).

Statistical analyses

Differences between groups (taxonomic orders) based on %IRI and between groups
and species within groups based on &N and 8"3C values were tested using semi-
parametric permutation multivariate analyses of variance tests (PERMANOVA test) on
the Euclidean distance matrix (Anderson et al. 2008). When significant differences
between groups or species were found, pairwise tests were performed. If the number of
unique permutations was less than 100, Monte Carlo tests were used. PERMANOVA
allows for the analysis of complex designs (multiple factors and their interaction)
without the constraints of normality, homoscedasticity or the need for a large number of
variables as in sampling units of traditional ANOVA tests. The method calculates a
pseudo-F statistic directly analogous to the traditional F-statistic for multifactorial

univariate ANOVA models, using permutation procedures to obtain p-values for each
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term in the model (Anderson et al. 2008). PERMANOVA tests were carried out with
PRIMER-E 6 software.

In addition, the potential relationships between IUCN categories (Critically
Endangered, Vulnerable, Endangered, Near Threatened, Least Concern, Data Deficient,)
and TLg, of each elasmobranch species and between TLg, and TLg, were assessed
using the Pearson product-moment correlation coefficient. This correlation coefficient is
a measure of statistical dependence between 2 variables, ranging between -1 and 1
(negative and positive correlation, respectively). Previous to this analysis, the number of
samples and the body length were normalised using the natural logarithm to smooth the
differences between the data. The Pearson product-moment correlation coefficient was
also used to determine potential relationships between 8"°N values and body length of

the specimens of each taxonomic order. Results were considered significant at p < 0.05.

Results
SCA

In total, 224 stomachs were collected from 251 individuals (see Tablel). The vacuity
index differed between species and ranged from 100% for Prionace glauca and 78.6%
for Torpedo torpedo to 0% for Galeorhinus galeus and the skates Dipturus oxyrinchus,
Leucoraja naevus, Raja clavata, R. montagui and Gymnura altavela (Tables S2-S4 in
the Supplement at www.int-res.com/etc).

We found significant differences in the stomach content composition based on %IRI
between taxonomic orders (pseudo-Fs 1, = 2.36, p = 0.003). In particular, the stomach
contents were significantly different between Squaliformes and Rajiformes (pseudo-t =
1.57, p = 0.004), between Squaliformes and Torpediniformes (pseudo-t = 2.61, p =
0.007) and between Rajiformes and Torpediniformes (pseudo-t = 2.21, p = 0.01).

At the species level, cephalopods were the most important prey group for
Centrophorus granulosus (%IR1 = 55.0%, N = 14), Centroscymnus coelolepis (%IRI =

57.3%, N = 53), Squalus acanthias (%IRI = 54.6%, N = 4), Somniosus rostratus (%IRI
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= 93.0%, N = 5) (Squaliformes) and Hexanchus griseus (%IRI = 52.1%, N = 6) (Order
Hexanchiformes) (Table S2, Fig. 2). Teleostei (fin-fish) was the most important prey
group in the stomach of G. galeus (%IRlI = 64.6%, N = 1, Table S2)
(Carcharhiniformes), Torpedo marmorata, T. nobiliana and T. torpedo (%IRI = 100 for
the 3 species; N = 16, N = 3, N = 28, respectively, Table S4) (Torpediniformes),
Leucoraja naevus (%IR1 =54.7%, N = 3, Table S3) and Raja clavata (%IR1 = 40.6%, N
= 6, Table S3) (Rajiformes). Prey of the groups Selachii (representing a group of small
demersal sharks) and Polychaeta were the most important prey of Dalatias licha (%IRI
= 45.3%, N = 30, Table S2) and Oxynotus centrina (%IRIl = 100%, N = 3, Table S2),
respectively (Fig. 2) (Squaliformes). Decapod crustaceans were the most important prey
of R. asterias (%IRI = 56.3%, N = 39, Table S3) and R. montagui (%IRI = 75.6%, N =
8, Table S3) (Rajiformes). Crustaceans of the group Anomura were a unique prey group
found in Dipturus oxyrinchus (Rajiformes) and Gymnura altavela (Myliobatiformes)
(for both species, %IRI = 100%, N = 1, Table S3 & S4, respectively), and crustaceans
of the group Amphipoda were a unique prey found in the stomach of R. polystigma

(%IRI1 =100%, N = 2; Table S3, Fig. 2) (Rajiformes).

Dietary insights from the literature

We found a total of 49 studies published between 1971 and 2014 documenting the
diet of 18 of the 22 elasmobranchs considered in the present study. Of those, 3 works
corresponded to studies of stomach contents in Carcharhiniformes, 2 in
Hexanchiformes, 8 in Myliobatiformes, 17 in Rajiformes and 12 in Squaliformes, and 7

studies were based on the diet of Torpediniformes (Table S5).

Based on the available published diet data, the diet of Carcharhiniformes and

Hexanchiformes were composed mainly of fishes and cephalopods (Fig. 2).
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Figure 2. Proportion of principal prey groups of each elasmobranch species based on stomach content
analysis (SCA) conducted in the present study (index of relative importance), the proportion of
importance of each prey estimated with stable isotope analysis (SIA) mixing models and stomach content
results expressed as a proportion of each prey from the literature review (LR). (a,b) Carcharhiniformes,
(c) Hexanchiformes, (d) Lamniformes, (e—g) Myliobatiformes, (h—m) Rajiformes, (n—s) Squaliformes and

(t-v) Torpediniformes. Undet: undetermined.
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Myliobatiformes included crustaceans, molluscs and small fishes in their diet. The
diet of Rajiformes was basically composed of crustaceans; Squaliformes included
cephalopods, fishes and crustaceans. The diet of Torpediniformes was composed mainly

of fishes (Table S6, Fig. 2).

SIA

§*C and 8N values differed among orders (8**C: pseudo-Fe 244 = 27.04, p < 0.001;
8™°N: pseudo-Fe 44 = 57.60, p < 0.001; Fig. 3, Table 3). In particular, Torpediniformes
and Squaliformes showed the highest and lowest §'°C, respectively (Fig. 3), whereas
Carcharhiniformes showed the highest §°N values and Rajiformes the lowest values
(Fig. 3). At an intragroup level, we found significant differences in 5"°N values between

Rajiformes species (8"°N: pseudo-Fs ¢; = 2.83, p = 0.02, Fig. 3, Table 3).

Table 3. PERMANOVA results showing the significant isotopic differences based on pairwise tests
between taxonomic orders, and between species within the orders. Full species names are given in Table

1.

813C between orders

Squaliformes Hexanchiformes Torpediniformes

Carcharhiniformes 0.026 0.001

Hexanchiformes 0.035

Rajiformes <0.001 <0.001 <0.001
Myliobatiformes 0.031 0.011

Torpediniformes <0.001 <0.001

8'°N between orders

Squaliformes Hexanchiformes  Rajiformes  Torpediniformes

Carcharhiniformes <0.001 0.007 <0.001 0.004
Lamniformes 0.043 0.025 <0.001

Myliobatiformes 0.015

Rajiformes <0.001 <0.001 <0.001
Torpediniformes <0.001 <0.001
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8N between Rajiformes

L. naevus
R. montagui 0.024

R. asterias R. clavata
0.002 0.022

8"C between Squaliformes

D. licha S. rostratus

C. granulosus 0.016 <0.001

C. coelolepis 0.013 <0.001

D. licha <0.001

O. centrina <0.001

S. acanthias 0.005

8N between Squaliformes

C. coelolepis D. licha S. acanthias S. rostratus

C. granulosus <0.001 <0.001 0.007 <0.001
O. centrina 0.046

8N between Torpediniformes

T. torpedo
T. marmorata 0.009
T. nobiliana 0.005

Significant differences in 8°C and 8"°N values were found in Squaliformes (5"*C:

pseudo-Fsg, = 9.87, p < 0.001; 5™°N: pseudo-Fsg, = 9.66, p < 0.001; Fig. 3, Table 3). In

the case of Torpediniformes, we only found statistical differences in 8N values

(pseudo-F; 46 = 7.58, p < 0.001; Fig. 3) between species (Table 3).
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Figure 3. Mean +/— SD of &N and &'C values for (a) Carcharhiniformes, (b) Rajiformes, (c)
Hexanchiformes, (d) Squaliformes, (e) Myliobatiformes and (f) Torpediniformes from the western

Mediterranean Sea. Full species names are given in Table 1.

8N values showed a positive relationship to body length in Squaliformes and
Torpediniformes (p = 0.002, p < 0.001, respectively), but not in Hexanchiformes and

Rajiformes (Fig. 4).
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Figure 4. Relationships between &N values and body length in Hexanchiformes, Rajiformes,

Squaliformes and Torpediniformes from the western Mediterranean Sea.

Isotopic mixing models

Bayesian isotopic mixing model outputs suggested that the proportion of the
Teleostei prey group (fin-fish) was high in C. granulosus and H. griseus (Fig. 2). In G.
altavela, C. granulosus and T. marmorata, fishes of the Perciformes represented the
most important prey group. Clupeiformes showed a high proportion in the diet of H.
griseus, P. glauca and Mobula mobular (Table 4). Cephalopods showed the highest
proportion in the diet of G. galeus and were the second-most common prey group
estimated for H. griseus, S. acanthias and A. vulpinus (Fig. 2). Polychaeta was
estimated as an important prey of O. centrina, R. polystigma and T. torpedo (Fig. 2),
while decapod crustaceans were an important prey group for D. oxyrinchus, L. naevus,

R. montagui, R. asterias and R. clavata (Table 4).
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Table 4. Relative contribution of potential prey to the diet of elasmobranchs from the western
Mediterranean estimated with SIAR isotopic mixing models. Contributions are designated as the
estimated low 95% highest density region (hdr), mean contribution and high 95% hdr. Full species names

are given in Table 1.

Species Potential prey Low 95% Me_an% High 95%
hdr contribution hdr

Carcharhiniformes

G. galeus Gadiformes 0 0.27 0.56
Octopoda 0.02 0.40 0.74
Teuthida 0 0.33 0.65

P. glauca Clupeiformes 0 0.22 0.43
Gadiformes 0 0.21 0.40
Perciformes 0 0.18 0.37
Sepida 0 0.20 0.38
Teuthida 0 0.19 0.38

Hexanchiformes

H. griseus Clupeiformes 0.12 0.46 0.88
Gadiformes 0 0.29 0.55
Perciformes 0 0.10 0.30
Teuthida 0 0.15 0.38

Lamniformes

A. vulpinus Teleostei 0.02 0.50 0.96
Teuthida 0.04 0.50 0.97

Myliobatiformes

G. altavela Clupeiformes 0 0.33 0.65
Perciformes 0 0.34 0.65
Anomura 0 0.33 0.65

M. aquila Teleostei 0 0.19 0.39
Anomura 0 0.20 0.38
Bivalvia 0 0.20 0.40
Gasteropoda 0 0.20 0.39
Teuthida 0 0.20 0.39

M. mobular  Clupeiformes 0.02 0.34 0.59
Euphausiacea 0 0.10 0.19
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Rajiformes
D. oxyrinchus

L. naevus

R. asterias

R. clavata

R. montagui

R. polystigma

Squaliformes
C. granulosus

Myctophiformes

Anomura
Cephalopoda
Natantia
Teleostei
Anguiliformes
Natantia
Pleurenectiformes
Brachyura
Mollusca
Natantia
Teleostei
Brachyura
Cephalopoda
Clupeiformes
Gadiformes
Natantia
Perciformes
Amphipoda
Natantia
Amphipoda
Brachyura
Isopoda
Natantia
Polychaeta

Clupeiformes
Gadiformes
Osmeriformes
Perciformes
Natantia
Teuthida

0.30

0.23

0.30

0.01
0.12

0.01

0.56

0.26
0.24
0.28
0.21
0.23
0.52
0.25
0.55
0.05
0.38
0.02
0.47
0.08
0.08
0.06
0.26
0.05
0.06
0.94
0.17
0.22
0.16
0.22
0.24

0.07
0.10
0.20
0.34
0.07
0.21

0.88

0.50
0.47
0.54
0.44
0.51
0.92
0.53
0.67
0.13
0.53
0.06
0.64
0.22
0.21
0.15
0.49
0.13
0.15
1.01
0.35
0.41
0.34
0.41
0.45

0.19
0.25
0.38
0.55
0.17
0.40
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C. coelolepis  Natantia 0 0.47 0.43
Teleostei 0.31 0.17 0.65
Teuthida 0.06 0.35 0.59
D. licha Cephalopoda 0 0.16 0.36
Gadiformes 0 0.14 0.29
Myctophiformes 0 0.19 0.38
Natantia 0.14 0.31 0.48
fﬁ;fﬁz)“ (small 0 0.20 0.40
O. centrina Brachyura 0.03 0.39 0.75
Polychaeta 0.25 0.60 0.97
S. acanthias  Natantia 0 0.27 0.55
Octopoda 0 0.28 0.57
Teleostei 0.10 0.45 0.77
S.rostratus  Teuthida 0 0.31 0.63
Tunicata 0.37 0.69 1.01
Torpediniformes
T. marmorata Cephalopoda 0 0.17 0.38
Clupeiformes 0 0.09 0.24
Gadiformes 0 0.11 0.31
Myctophiformes 0 0.05 0.15
Perciformes 0.31 0.58 0.82
T. nobiliana  Gadiformes 0 0.34 0.73
Polychaeta 0.27 0.66 1.03
T. torpedo Anguiliformes 0.02 0.20 0.36
Clupeiformes 0 0.06 0.17
Perciformes 0 0.16 0.31
Pleurenectiformes 0 0.11 0.24
Mollusca 0 0.15 0.29
Natantia 0 0.07 0.17
Polychaeta 0.09 0.24 0.38
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Trophic position and trophic width
TLsa and TLgj, ranged between TLg, = 3.1 and TLg, = 3.2 for O. centrina and R.
montagui, respectively, to TLs, = 4.9 and TLg, = 6.3 for G. galeus (Table S2, S3, Fig.

5).
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Figure 5. Relationships between the threatened category according to the IUCN conservation status
(Abdul Malak et al. 2011) and the trophic level of 19 elasmobranch species estimated with stable isotope
analysis (TLgy,): Prionace glauca (Pg), Hexanchus griseus (Hg), Alopias vulpinus (Av), Centrophorus
granulosus (Cg), Centroscymnus coelolepis (Cc), Oxynotus centrina (Oc), Squalus acanthias (Sa),
Somniosus rostratus (Sr), Dipturus oxyrinchus (Do), Leucoraja naevus (Ln), Raja asterias (Ra), R.
clavata (Rc), R. montagui (Rm), R. polystigma (Rp), Gymnura altavela (Ga), Myliobatis aquila (Ma),

Mobula mobular (Mm), Torpedo marmorata (Tm) and T. torpedo (Tt).

Between orders, we found that both TLs, and TLsj, Showed a positive correlation (R2
= 0.47, p < 0.05; Fig. 6), with higher TL values in Carcharhiniformes (TLsa = 4.94;
TLsa = 5.6 £ 1.22 [mean + SD]), followed by Lamniformes (TLs, = 5.12),
Hexanchiformes (TLsa = 4.68; TLga = 4.2 = 0.3), Squaliformes (TLsa = 4.31 + 0.61;
TLsa = 5.6 £ 1.22), Torpediniformes (TLsa = 4.48 + 0.02; TLg, = 4.93 + 0.38),
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Myliobatiformes (TLsa = 4.14; TLsia = 4.41) and Rajiformes (TLs, = 3.68 £ 0.38; TLsia

=3.6+£0.4).
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Figure 6. Relationships between the trophic level estimated with stomach content analysis (TL,) and
with stable isotope analysis (TLg,) for Carcharhiniformes, Hexanchiformes, Squaliformes,

Myliobatiformes, Torpediniformes and Rajiformes from the western Mediterranean Sea.

SEAs differed among Carcharhiniformes (SEA = 4.36%0°), Hexanchiformes
(0.98%0%) and Rajiformes (1.14%0% Fig. 3), whereas Squaliformes (2.33%0%) and
Torpediniformes (1.36%02) overlapped in their SEAs (Fig. 7).
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Figure 7. Mean and SD of '°N and 5"C values and the standard ellipse areas of 7 elasmobranch orders

from the western Mediterranean Sea.

Trophic ecology and conservation status

According to the JUCN categories for the Mediterranean Sea (Froese & Pauly 2014),
the 22 species collected in the present study were classified as Data Deficient (3
species), Near Threatened (5 species), Vulnerable (4 species), Endangered (2 species)
and Critically Endangered (2 species) (Table 1). In addition, we included 6 species
considered to be of Least Concern but with deficiencies in ecological data availability in
the region.

We found a positive but non-significant relationship between TLgj, and the degree of
threat as categorised by the IUCN classification (R = 0.42, p = 0.06; Fig. 7). Dalatias
licha (TLsia = 4.21), G. galeus (TLs, = 6.31) and T. nobiliana (TLs, = 5.35) were not
included because available information was insufficient to accurately assess their

extinction risk (Data Deficient).
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Discussion

In this study, we present new information on the feeding ecology of 22 species of
rare and threatened elasmobranchs in the western Mediterranean Sea. SCA data
provided information with a higher taxonomic resolution. SIA results allowed us to
characterise the feeding habits from a functional point of view. The information from
the literature enabled us to summarise the main prey of the species in different habitats
of the Mediterranean Sea and complemented the information for those species with low
sample sizes. Although our study may have limitations due to the small sample size of
some species, obtaining a large sample size of rare elasmobranchs is difficult, and using
complementary approaches is probably the only way to advance our knowledge about
their ecological role.

Overall, the shark species seem to have similar diets, mainly composed of fishes and
cephalopods. However, they may also include other sharks in their diet, such as
observed in the kitefin shark Dalatias licha (Squaliformes) (Navarro et al. 2014b), or
polychaetes, crustaceans and shark eggs such as in the angular roughshark Oxynotus
centrina (Squaliformes) (Barrull & Mate 2001). The little sleeper shark Somniosus
rostratus (Squaliformes) is also a specialist predator that feeds mostly on cephalopods,
especially squids (Golani 1986). In contrast to sharks, the skates analysed in the present
study (Rajiformes) feed principally on crustaceans, which is consistent with Ebert and
Bizzarro (2009), who showed that skates are epibenthic predators specializing on
invertebrates. Stingrays (Myliobatiformes) prey on different trophic groups, while
Gymnura altavela feeds mainly on fishes such as other butterfly rays (Yokota et al.
2013). Myliobatis aquila feeds on molluscs (Capapé et al. 1992, Jardas et al. 2004), and
Mobula mobular filters small pelagic crustaceans through modified gills (Couturier et
al. 2012). Electric rays (Order Torpediniformes) feed mainly on fishes that they capture
actively through electric discharges (Lowe et al. 1994). The largest electric rays show
high TLs, similar to the TL reported for the Mediterranean by Stergiou and Karpouzi
(2002).

Differences observed in the diet composition between taxonomic orders in this study

may be explained by the available resources in the habitat exploited by each functional
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group (Barnett et al. 2012). Usually, when resources are shared in a restricted
environment, species will adapt and modify their feeding behaviour to coexist in the
same area (Lowe et al. 1996, Heithaus 2001, Motta & Wilga 2001, Dean et al. 2007). In
this way, elasmobranchs can feed on different prey groups and reduce competition for
available food resources (Carrasson & Cartes 2002, Heupel et al. 2007, Navarro et al.
2014b).

Understating the trophic position of elasmobranchs is important to investigate their
ecological role in relation to other organisms in the ecosystem (Cortés 1999, Stergiou &
Karpouzi 2002). We found differences in the TLs between taxonomic orders using both
the SCA and SIA approaches. Sharks, in particular those of the orders
Carcharhiniformes and Lamniformes, showed the highest TLs close to cetaceans,
seabirds and other marine fishes such as bluefin tuna Thunnus thynnus and the
anglerfishes Lophius budegassa and L. piscatorius in Mediterranean ecosystems (Coll et
al. 2006, Navarro et al. 2011, Tecchio et al. 2013). This highlights their potential role as
apex predators in the marine Mediterranean ecosystem (Ferretti et al. 2008). The results
from the SIA showed that, among sharks, Galeorhinus galeus (Carcharhiniformes) and
Centrophorus granulosus (Squaliformes) had the highest TLs. This was not as clearly
observed in the SCA results, likely due to the low number of stomach samples
available. Electric rays (Torpediniformes) also showed high TLs, probably because they
selectively feed on fishes with high 8'°N content. These results suggest that electric rays
may also play an important role as top predators in the Mediterranean Sea. In addition,
electric rays (Torpedo marmorata, T. torpedo and T. nobiliana) have similar TLs to
sharks of the order Squaliformes, and these values were in some cases higher, i.e.
Hexanchus griseus or Centroscymnus coelolepis. Skates (Rajiformes) had a
significantly lower TL (TLsc) than the other elasmobranchs we studied, illustrating that
they could be considered as mesopredators in the western Mediterranean Sea. Our
results differed from those of Ebert and Bizzarro (2009), mainly due to the absence of

small demersal sharks in the comparative analyses. In the NW Mediterranean Sea,
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skates may occupy a similar TL to small sharks such as Galeus melastomus, Etmopterus
spinax and Scyliorhinus canicula (Cortés 1999, Polunin et al. 2001, Albo-Puigserver et
al. 2015).

For many fish species and sharks, there is a positive relationship between body size
and trophic position (Romanuk et al. 2011, Heithaus et al. 2013). In the present study,
this positive relationship was significant in Torpediniformes and Squaliformes, whereas
in Rajiformes and Hexanchiformes, this relationship was not significant. These results
highlight the fact that size may not always be a good proxy for trophic position in
elasmobranchs.

Stingrays (Myliobatiformes) display a wide trophic range. However, due to the small
sample size it was not possible to determine their trophic width based on the isotopic
area. Despite this, we observed that these species play different ecological roles due to
their diverse feeding strategies: M. mobular is an epipelagic manta ray that feeds on
zooplankton (Couturier et al. 2012), and its TL is expected to be lower than other
elasmobranchs; M. aquila has a TL similar to skates, probably because it feeds on
organisms of low TL such as filter feedeing molluscs as was previously documented in
other eagle rays like Myliobatis freminvillei, M. australis and M. californica (Jacobsen
& Bennett 2013). In contrast to the other Myliobatiformes of our study, G. altavela
showed a TL similar to other sharks, such as G. galeus, which mainly feeds on bony
fishes.

Although the trophic niche width differed between orders, we found a clear overlap
in the trophic niche between them with the exception of Rajiformes. The species of this
order have a smaller trophic niche, and it was therefore segregated from the other
elasmobranch orders in the present study. This occurs because the species of this group
have similar feeding behaviour and consequently have a lower trophic width, similar to
other specialist species, such as tunnids in the Mediterranean Sea (Medina et al. 2015).

Overfishing and habitat degradation may have profoundly altered populations of
sharks, skates and rays (Stevens et al. 2000, Ferretti et al. 2010, Dulvy et al. 2014).
These alterations have led to a substantial increase in the number of threatened species,

and the study of species at risk has become more challenging due to the difficulty in
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obtaining a sufficient number of samples (Smart et al. 2013, Barria et al. 2015b). The
effect of the disappearance of top predators in the Mediterranean Sea is only partially
known and may involve changes in species composition in the prey community or other
top predators as has been documented in other marine ecosystems (Stevens et al. 2000).
In the western Mediterranean Sea, several elasmobranchs, including demersal species,
have been fished as non-target species in demersal trawlers without knowing the real
consequences of the removal of these organisms from the food web (Navarro et al.
2016).

Based on our results, the potential effects of the decline of elasmobranches could be
different between species. Although we observed differences in the trophic position
between species, sharks (Carcharhiniformes, Hexanchiformes, Lamniformes and
Squaliformes) and rays (Myliobatiformes and Torpediniformes) can be considered as
top predators, and their declines may generate trophic cascades and changes in the
community structure such as releases of mesopredator prey populations (Myers et al.
2007, Baum & Worm 2009). In contrast, skates (Rajiformes) can be considered
mesopredators, as they link the different food web compartments and TLs in marine
ecosystems (Matich et al. 2011). These cascade effects may be more complex than
simply top-down or bottom-up alterations in the food web considering the overall
behaviour of predators, such as migration timing and duration of residency by sex or
age (Navia et al. 2010, Mejia-Falla & Navia 2011, Bornatowski et al. 2014). These may
have strong effects on behaviour, health and survival, and ultimately may have
ecological impacts within populations of other species with which they interact (Ritchie
etal. 2012, Andrews & Harvey 2013).

Studies of feeding ecology can contribute to our understanding of the community
structure and ecological interactions of elasmobranchs in marine ecosystems
(Winemiller 1989, Krebs 1999). Here we have shown that the use of stomach content
and isotopic analyses, in combination with extant reviews, may establish general

resource use patterns and describe interspecific differences among poorly studied and
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difficult to sample rare and threatened elasmobranch fishes. Prior to this study,
information on the trophic ecology of Mediterranean elasmobranchs was only available
for a few species, a limitation that had precluded the inclusion of particular species in
previous food-web models in the Mediterranean Basin. Our results include dietary
information that will allow an exploration of the ecological role of these elasmobranchs
in the Mediterranean Sea. Moreover, by using ecological models, the potential effect of
fishing activity can be evaluated (such as in Coll et al. 2013). These results can provide
useful data for managers to conduct an appropriate assessment and thus conservation

actions of these species.
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Abstract

The diversity of chondrichthyans in the Mediterranean Sea is relatively high; however
available data indicate that this group is declining in abundance and several species are
becoming rare. As a result, the collection of biological data is a priority for demographic
models, stock assessments and food web analysis. In the present study, we report
morphological parameters and length—weight relationships of several chondrichthyan
species, both abundant and threatened, from the western Mediterranean Sea. Samples
were obtained with commercial and scientific bottom trawl vessels between 2001 and
2013. A total of 893 individuals belonging to 11 families and 20 species were weighed
and total length was measured. In addition, 7 species of large demersal sharks were
measured and length-length relationships were obtained to study the relationships
between different body length measurements. All species showed positive allometric or
isometric growth, except Centroscymnus coelolepis. The results of the length-weight
relationships reveal differences between the western Mediterranean and nearby areas,

depending on the species studied.
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Resumen

La diversidad de los condrictios en el Mar Mediterraneo es relativamente alta. Sin
embargo, los ultimos estudios indican que las especies de este grupo estan
disminuyendo en abundancia y varias especies se hacen cada vez mas dificiles de
observar. Por este motivo la recoleccion de datos biologicos es una prioridad para los
modelos demogréficos, las evaluaciones de las poblaciones y el analisis de las redes
troficas. En el presente estudio, se presentan los parametros morfologicos y las
relaciones longitud-peso de 20 especies de condrictios abundantes y amenazados del
oeste del Mar Mediterraneo. En esta zona se obtuvieron muestras de manera oportunista
en pesquerias comerciales y pescas experimentales de arrastre de fondo entre los afios
2001 y 2013. Se recolectaron un total de 893 individuos pertenecientes a 11 familias y
20 especies, lo cuales fueron medidos y pesados. Ademas, se midieron 7 especies de
grandes tiburones demersales y se obtuvieron relaciones longitud-longitud para estudiar
las relaciones entre las diferentes longitudes. Todas las especies mostraron crecimiento
alométrico o isométrico positivo, excepto Centroscymnus coelolepis. Los resultados de
las relaciones longitud-peso revelan diferencias entre el Mediterraneo occidental y las

areas cercanas.
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Introduction

Chondrichthyans are widely distributed around the world. The Mediterranean Sea
hosts around 80 species, approximately 7% of all currently existing chondrichthyans
(Cavanagh & Gibson 2007) and is considered a global hotspot for threatened
elasmobranches (Abdul Malak 2011, Dulvy et al. 2014). According to the International
Union for the Conservation of Nature (IUCN), approximately 40% of chondrichthyan
species in the Mediterranean Sea are classified as critically endangered (CR),
endangered (EN), vulnerable (VU) or data deficient (DD) (Abdul Malak 2011).

Most chondrichthyan populations present low productivity in comparison to teleost
fishes and they are a common by-catch in many fisheries, particularly those using
demersal bottom trawls (Cortés 1999). Coll et al. (2010) showed a higher concentration
of elasmobranch species in coastal and continental waters, especially in the western
Mediterranean. The available scientific data from bottom trawl fisheries for most
demersal species suggest negative population trends for many species of demersal
chondrichthyans; otherwise, trends are typically unknown. In addition, basic
information on species identification and ecological parameters is scarce for
chondrichthyan species since they are of low economic value in most countries and
frequently occur in low densities making it difficult to obtain sufficient samples (Cortés
1999, Navarro et al. 2014b).

Data on basic morphological characteristics in this group are essential to improving
the knowledge of their biology and other aspects of their population dynamics.
Particular morphometric measurements, such as length—weight relationship (LWR), are
very useful in fishery management and stock assessment models (King 1995, Mendes et
al. 2004, Torres et al. 2012). Similarly, relationships between different body length
measurements (length—length relationships) are also useful to develop comparative
growth studies or for the identification of species (Binohlan & Pauly 1998, Coelho
2007). In the Mediterranean Sea, information about LWR is scarce for chondrichthyan
species and most studies have been conducted in the eastern Mediterranean (Ismen et al.
2007, Given et al. 2012), while in the western Mediterranean data only exist for a small

number of chondrichthyans (Sion et al. 2004, Coll et al. 2013Db).
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This study aims to provide the first detailed description of LWRs and length-length
relationships of 20 chondrichthyan species from the northwestern Mediterranean Sea.
Specifically, we provide LWR data on 10 demersal sharks, 3 electric rays, 6 demersal
skates and 1 chimaera (11 species considered by the IUCN as threatened, near
threatened or data deficient and 9 considered as least concern). In addition, we provide
length-length relationships for 7 demersal shark species on which very fewinformation
in the literature is available. We also compared our results with information published

in other areas of the Mediterranean Sea and Eastern Atlantic.

Material and Methods

All individuals of chondrichthyans analysed in this study were collected between
September 2011 and June 2013 throughout the northwestern Mediterranean Sea (Figure
1; from the Gulf of Lions to the Catalan Sea). The samples were collected from
commercial bottom trawling vessels and from two experimental oceanographic surveys

(Dos-Mares and Ecotrans projects; Spanish Government).
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Figure 1. Study area (northwestern Mediterranean) indicating the sampling locations (white points).
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The individuals were collected at depths ranging between 400 to 2200 m. All
individuals were measured with digital calipers (x0.01 mm) and fish measuring boards
(x0.1 cm) for total body length (TL), or precaudal length in the case of the rabbit fish
Chimaera monstrosa. The weight (W) was determined with a digital balance to the
nearest 0.01 g.

The length-weight relationship was analysed using the log form of the equation:
W = aTL?, where W is the weight (g), TL is the length (cm), a is the intercept of the
regression and b is the regression coefficient. For species with small length ranges, or
those represented by < 6 individuals, a was calculated using the above expression,
assuming b=3 (Froese 2006).

Length-length measurements (£0.01 mm) were taken in 7 shark species on which
very few information about this measurements is available in the Mediterranean Sea.
The specific terms of these measurements were defined according to Compagno (2001)

(Figure 2), and were expressed as percentages of the TL.

FOR

PRC

Total Body Length

Figure 2. Morphological measures used in the present study illustrated on an image of Dalatias licha
(following Compagno 1984): FOR=fork length, PRC=precaudal length, HDL=head length, EYL=eye
length, DIA=first dorsal anterior margin, DIH=first dorsal height, DIP=first dorsal posterior margin,
DiB=first dorsal base, IDS=interdorsal space, TRH=trunk height, CPH=caudal peduncle height,

CDM=dorsal caudal margin, CDV=preventral caudal margin.
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Results

A total of 893 individuals belonging to 20 species from 7 families and 6 genera were
examined. According to the IUCN categories for the Mediterranean Sea (Abdul Malak
2011), the 20 species studied were classified as: Least Concern (9 species), Data
Deficient (2 species), Near Threatened (5 species), Vulnerable (2 species), Critically
Endangered (1 species) and Endangered (1 species) (see Table 1). The coefficient of
determination of length-weight relationships ranged from 0.84 to 0.99. The parameter b
of LWR ranged between 2.286 for the Portuguese dogfish Centroscymnus coelolepis
and 3.557 for marbled electric ray Torpedo marmorata and the intercept value was
between 0.0010 for the kitefin shark Dalatias licha and thornback ray Raja clavata and
0.1025 for the Portuguese dogfish. The best represented families in terms of numbers of
individuals were Scyliorhinidae and Etmopteridae.

The family Rajidae represented the largest number of species in this study. The body
length ranged from 8.5 cm in the case of the thornback ray to 131 ¢cm in the bluntnose

six-gilled shark Hexanchus griseus.
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Table 1. Morphological (mean and standard deviation) and growth parameters for 20 chondrichthyan species from the northwestern Mediterranean. [IUCN conservation status

(Abdul Malak 2011) is also indicated for each species (DD: Data deficient; LC: Least concern; E: NT: Near threatened; VU: vulnerable; EN: Endangered; CE: Critically

endangered).
IUCN- Total Length (cm) Total Weight () Regression Parameters
Mediterranean
Family/Species Status N  Min-Max Mean (sd) Min-Max Mean (sd) a b R?  Growth type

Chimaeridae

Chimaera monstrosa NT 84 10.3-92.2 36.8 (15.3) 5.5-1772 132.6 (297.1) 0.0064 3.118 0.99 Allometric +
Etmopteridae

Etmopterus spinax LC 143 10.9-45.1 22.3(7.8) 6.0-362 68.8 (74.9) 0.0043 3.007 0.98 Isometric
Scyliorhinidae

Galeus melastomus LC 171 14.3-61.1 38.2 (16.1) 8.0-822 247.1 (217.6) 0.0017 3.132  0.96 Allometric +

Scyliorhinus canicula LC 179  9.4-48.38 35.8 (8.6) 2.0-443 172.6 (111.1) 0.0017 3.171  0.96 Allometric +
Centrophoridae

Centrophorus granulosus VU 3  455-46.5 46 (0.5) 400-502 441 (53.9) 0.0027 3.000 _
Dalatiidae

Dalatias licha DD 37 30.8-109 47.2 (21.6) 105-7493 975.8 (1838) 0.0010 3.376  0.96 Allometric +
Hexanchidae

Hexanchus griseus VU 6 63.5-131 97.9 (31.3) 840-12250 5251.6 (4553.9) 0.0009 3.342  0.91 Allometric +
Oxynotidae

Oxynotus centrina CR 3 38.8-48 43.1 (4.6) 650-940 830 (157.2) 0.0105 3.000 _
Rajidae

Dipturus oxyrinchus NT 2 27.4-336 30.5(4.4) 58-84 71 (18.4) 0.0025 3.000 _

Leucoraja naevus NT 3 331585  49.7(14.4) 181-1211 919 (643.7) 0.0061  3.000 3

Raja asterias LC 77 11.0-75 33.6 (14.5) 7.0-2549 353.1 (567.2) 0.0044 3.064 0.98 Isometric

Raja clavata NT 8 8.5-77 42.6 (25.9) 3.0-3144 946.1 (1097.6) 0.0010  3.437 1.00 Allometric +
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Raja montagui LC 2 28.7-54 41.4 (17.9) 91.4-817 454.2 (513.1) 0.0045  3.000
Raja polystigma NT 3 21.4-36 30.7 (8.1) 29.3-305 190.4 (143.6) 0.0051  3.000  _
Somniosidae
Centroscymnus coelolepis LC 122 21.0-83 45.7 (13.1) 41-1966 696.3 (430.3) 0.1025 2286  0.84  Allometric -
Somniosus rostratus LC 5 71.5-98 89.7 (10.8) 1970-7200 4256.4 (2109.6) 0.0056 3.000 _
Squalidae
Squalus acanthias EN 2  36.5-755 56 (27.6) 162-1454 808 (913.6) 0.0034  3.000 N
Torpenidae
Torpedo marmorata LC 16 19.3-39.1 26.3 (5.4) 64.2-1527 469.6 (410.7) 0.0035 3557 0.98 Allometric +
Torpedo nobiliana DD 1 90.5 13450 0.0181  3.000 B
Torpedo torpedo LC 28  9.3-385 21 (8.8) 9.6-866 222.6 (249.9) 0.0133 3.046 0.98 Isometric
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Discussion

In general, most species showed positive allometric or isometric growth, similar to
that shown in other studies (Gulven et al. 2012). However, the Portuguese dogfish
displayed negative allometric growth, as previously reported for males of this species in
Suruga Bay, Japan (Jano & Tanaka 1984), but not in other seas, probably due to
difficulties in obtaining sufficient specimens of all size classes. In fact, this lack of data
occurs in many species of chondrichthyans that are threatened and that can be difficult
to sample (Smart et al. 2013). For this reason, although the number of individuals for
some species is limited, this study is the first reporting length-weight correlation values
for kitefin shark, angular roughshark Oxynotus centrina and little sleeper shark
Somniosus rostratus. Furthermore, we provide the first length-weight correlation values
for rabbit fish, sharks including gulper shark Centrophorus granulosus, Portuguese
dogfish Centroscymnus coelolepis, spiny dogfish Squalus acanthias, cow shark, and
among the skates, long-nosed skate Dipturus oxyrinchus, cuckoo ray Leucoraja naevus
and spotted ray Raja montagui for the western Mediterranean Sea.

The parameters a and b of C. monstrosa, blackmouth catshark Galeus melastomus
and common torpedo Torpedo torpedo have similar values to those found in the Atlantic
coastal waters (Ferreira et al. 2008, Veiga et al. 2009, Torres et al. 2012). Lesser spotted
dogfish Scyliorhinus canicula values are also similar to those obtained in Atlantic
waters and the eastern Mediterranean (Guven et al. 2012, Moutopoulos et al. 2013), but
are different to those described by Morey et al. (2003) in the Balearic Islands, probably
due to the low sample size. Starry ray Raja asterias parameters are similar to those in
the northwest Mediterranean (Morey et al. 2003), however, they differ from those in the
eastern Mediterranean. This is probably due to the low body weight found in the study
by Bok et al. (2011). For the thornback ray we found similar values to the specimens
from the eastern Atlantic area (Borges et al. 2003, Torres et al. 2012), eastern
Mediterranean (Yeldan & Avsar 2007, Basusta et al. 2012) and Black Sea (Demirhan et
al. 2005, Demirhan & Can 2007), but different to those from the Azores archipelago

(Rosa et al. 2006). Finally, our values for allometric growth of the marbled electric ray
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were higher than those found in the literature (p. ej. Filiz & Mater 2002, Ismen et al.
2007, Torres et al. 2012).

These results, in general, reveal differences between nearby areas, depending on the
species studied. These differences could be related to different environmental factors,
fisheries impacts, biological factors and also to the sampling itself (season, habitat, sex,
number of individuals sampled, etc.) (Safran 1992, Froese 2006).

Table 2 shows length-length relationships as a proportion of the total length. These
data are essential to identifying populations or species (Coelho & Erzini 2008),
understanding growth rates and age body structure, and understanding other aspects of
population dynamics (Pawson & Ellis 2005). Despite the few individuals analysed in
the present study, our results suggest that the demersal sharks of the northwestern
Mediterranean are smaller than those reported in the literature from other areas
(Compagno 1984). This pattern has also been reported for other demersal predators in
the Mediterranean Sea such as European hake Merluccius merluccius (Lloris et al.
2005), White angler fish Lophius budegasa and several pelagic sharks (Megalofonou
2005). Previous studies with the gulper shark C. granulosus reported smaller individuals
in the Mediterranean Sea than in the Atlantic (Golani & Pisanty 2000, Megalofonou &
Chatzispyrou 2006). Bafdn et al. (2008) suggested the existence of different

populations of gulper shark between the eastern Atlantic and the Mediterranean Sea.
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Table 2. Length-length relationships expressed as percentage of total length (Compagno 1984) for 7 species of sharks from the northwestern Mediterranean

(description of measures in Figure 2).

C. granulosus C. coelolepis D. licha H. griseus O. centrina S. rostratus S. acanthias
N 3 5 4 12 17 2 3 3 3 2 2
Sexo M F M F M F M F F M M

LT (cm) 459+05 469+174 492+151 444+190 457+20.6 988+442 86.3+269 43.1+46 956+38 81+134 56=%27.6
% SVL 56.3+1.2 63.6+35 624+21 59.2+21 584%22 479+2 46.3+15 629+11 646+22 664+04 53.6+03
% EYL 6.6+0.2 54+04 51+09 4+0.3 44+0.6 28+0.7 3.2+0.5 39+04 1.8+01 24%04 31+£1.2
% HDL 23+0.2 221+21 223+x03 21.2+06 21.2+08 19.6%0.5 17+05 20709 204+05 21.3+07 20615
% PRC 77.1+16 784+19 763+13 741+45 736+26 685+04 663+07 762+14 805+31 876+94 79.6+0.2
% FOR 928+19 931+43 906+21 946%15 944+14 844+127 949+32 932+15 941+*1 93+1 87+0.6

% IDS 226+09 255+25 248+0.7 215%13 215+2 174+05 256+08 279+13 245%01
% TRH 13+2.7 178+15 148+0.7 109+18 118+16 125+41 8.5+31 151+19 173+27 13+03 74+04
% DIA 123+1.2 8.1+0.7 8+1.2 9+12 9.4+0.9 7+0.3 6.3+0.2 234+43 98+08 9.8=%13 9.4+0.3
% DIP 8.1+0.9 23%0.3 25+0.2 42+0.7 42+05 47+12 43+0.7 145+1 6.2+02 56+04 58+1.3
% DIH 7+0.6 26+0.5 3.1+0.3 46+1.1 43+0.6 41+0.1 3.7+04 157+£03 39+x04 4504 48+0.3
% DIB 11.3+04 51+0.8 49+04 4+0.6 42+04 6+0.9 5.6+0.6 18+2 75207 75+0.2 6+03

% CDM 21.2+0.7 22411 20.7+06 2392 241+21 330%x15 334%x07 226+12 175%+19 159+19 19.7+0.7
% CPH 3.6+0.3 3.5+0.2 33+0.1 3.2x03 3204 41+0.2 3901 4+04 35+x01 31x04 21+0.2

% CPV 1.4+0.3 11.7+19 11.7+01 105+11 10.7%12 7.7+1 76+0.3 12706 134+11 132%+03 96%01
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A similar situation occurs with the Portuguese dogfish: the maximum body length in
areas off the British Isles and the Portuguese coast is approximately 120 cm (Clarke et
al. 2001, Verissimo et al. 2003, Figueiredo et al. 2008) while the Mediterranean
specimens were measured at less than 100 cm. These differences between
Mediterranean and non-Mediterranean specimens could also be related to greater fishing
pressure in the Mediterranean compared to other areas (Coll et al. 2008). The high level
of historical fishing pressure in the Mediterranean Sea could also have had negative
impacts on fish communities as has been reported previously for the Gulf of Lions
(Aldebert 1997, Papaconstantinou & Farrugio 2000) and the Catalan Sea (Bas et al.
2003).

Average body size may be a more sensitive indicator of chondrichthyan stock status
than catch rates when there is sufficiently long time-series data available (Megalofonou
2005). Therefore, our study could provide important information for the management
and conservation of these species, especially those considered by the IUCN as data
deficient and threatened (Abdul Malak 2011). Our results are useful to compare the
morphological patterns of fish from the northwestern Mediterranean, which is a region
with high levels of fishing intensity and habitat modification (Bianchi & Morri 2000,
Coll et al. 2010, Coll et al. 2012), with other areas that are less impacted or subjected to

different human activities.
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Abstract

Knowing the trophic ecology of marine predators is essential to develop an
understanding of their ecological role in ecosystems. Research conducted on deep-sea
and threatened shark species is limited. Here, by combining analyses of individual
stomach contents and stable isotope values we examined the trophic ecology (dietary
composition and trophic position) of the kitefin shark Dalatias licha, a deep-sea shark
considered as Near Threatened globally and as Data Deficient in the Mediterranean Sea.
Results revealed the importance of small sharks in the diet of the kitefin shark at short-
and long-term scales, although fin-fish, crustaceans and cephalopods were also found.
Predation on sharks reveals the high trophic position of the kitefin shark within the food
web of the western Mediterranean Sea. Stable isotopes values from liver and muscle
tissues confirmed our results from stomach content analysis and the high trophic

position.
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Resumen

Conocer la ecologia trofica de los depredadores marinos es esencial para comprender su
rol ecoldgico en los ecosistemas. Las investigaciones realizadas en aguas profundas y en
especies de tiburones amenazadas son limitadas. En el presente trabajo, mediante la
combinacion de andlisis de contenido estomacal y de isétopos estables se examind la
ecologia trofica (composicion y posicién trofica) del tiburdn carocho o Dalatias licha,
un tibur6n de aguas profundas considerado casi amenazado globalmente y con
deficiencia de datos bioldgicos en el Mar Mediterraneo. Los resultados mostraron la
importancia de los pequefios tiburones en su dieta tanto a corto como a largo plazo,
aunque también se encontraron peces teldsteos, crustaceos y cefalopodos. La
depredacion del tiburon carocho sobre otros tiburones se traduce en una alta posicion
tréfica dentro de la red tréfica del Mediterrdneo occidental. Los valores de los is6topos
estables a partir de higado y musculo confirman los resultados encontrados a partir del

analisis del contenido estomacal.
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Introduction

Determining the feeding ecology of a particular organism is essential to
understanding its ecological role in the ecosystem. Sharks are often classified as top
predators within marine ecosystems, although there are important differences in their
diets between species (Cortés 1999). In fact, the diversity of feeding strategies
complicates the understanding of the ecology of this marine group (Cortés 1999). As
predators exerting top-down influences on communities coupled with declines in
populations, sharks have become the focus of recent marine ecology research (Myers et
al. 2007, Field et al. 2009, Ferretti et al. 2010). However, the trophic role that individual
species play within marine communities in many ecosystems is still often unclear,
which precludes the prediction of the consequences of their removal. To unravel this
problem, more studies of species-specific trophic characteristics are essential, as these
can inform conservation strategies for vulnerable or threatened species (Ferretti et al.
2013).

The Mediterranean Sea supports a relatively rich fauna of elasmobranches, and is
considered a global hotspot of threatened elasmobranches (Abdul Malak 2011, Dulvy et
al. 2014). However, this sea has been described as the most dangerous sea for these
marine predators (Abdul Malak 2011), due to diverse, interacting and intense threats
from human activities (Coll et al. 2012, Coll et al. 2014). Although direct fisheries
targeting sharks have caused stock collapses in some species, the major threats to
Mediterranean chondrichthyans are the indirect impact of mixed fisheries and by-catch
(Abdul Malak 2011). As a consequence, around 40% of the Mediterranean
chondrichthyan species are considered threatened by the International Union for the
Conservation of Nature (IUCN) (and they are classified as either Critically Endangered,
Endangered, Vulnerable or Data Deficient; Malak et al. 2011).

In comparison to the more abundant shark species that inhabit continental shelf and
slope areas, research focusing on sharks inhabiting the deep Mediterranean Sea is very
limited (Abdul Malak 2011), even though they potentially play an important ecological
role in the dynamics of the ecosystem (Tecchio et al. 2013). This is the case of the

kitefin shark Dalatias licha, a deep-sea shark globally considered as Near Threatened
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by the IUCN and as Data Deficient (DD) in the Mediterranean Sea (Blasdale et al.
2009). The kitefin shark is a marine predator distributed worldwide across warm,
tropical and temperate oceans (Blasdale et al. 2009, Froese & Pauly 2013). In the
Mediterranean, it is present mainly in the western basin, but also occurs in the eastern
Levantine Basin and the south-western Mediterranean (Blasdale et al. 2009, Bradai et
al. 2012, Froese & Pauly 2013).

The deep-sea preferences of kitefin shark probably explain the limited number of
studies on this species in the Mediterranean Sea (e. g. Macpherson 1980, Matallanas
1982, Kabasakal & Kabasakal 2002, Capapé et al. 2008a). For example, in the western
Mediterranean, since the work of Macpherson (1980) and Matallanas (1982) more than
30 years ago, there has been no new information on the trophic ecology of the kitefin
shark. These two past studies indicated that the diet of the kitefin shark was composed
mainly by demersal fin-fishes, cephalopods, small demersal sharks and crustaceans
(Macpherson 1980, Matallanas 1982). The Kitefin shark has also been reported to feed
on epipelagic fast-swimming fishes such as the Atlantic bonito (Sarda sarda) and,
often, chunks of large fish are found in its stomachs, which may indicate scavenging or
ambushing activity (Matallanas 1982). During recent decades, the Mediterranean
ecosystem has been dramatically transformed as a consequence of an increase in fishing
pressure and other human impacts such as pollution and global warming (Coll et al.
2012, Micheli et al. 2013). Therefore, the composition of species in the area has been
modified, and this has probably had an impact on the prey availability and thus feeding
ecology of the kitefin shark.

The study of feeding ecology of marine predators has traditionally relied on stomach
content sampling, which captures short-term diet (usually <1 day for an individual;
Hyslop 1980). Although such data permits high levels of taxonomic resolution, sharks
often have empty stomachs and the preys that are recovered are often skewed toward
those that are difficult to digest (Hyslop 1980). Moreover, stomach content analyses
generally require large sample sizes to accurately quantify long-term feeding patterns
(Hyslop 1980, Cortés 1999), which are difficult to obtain for most species of sharks,
particularly those threatened or endangered (Stergiou & Karpouzi 2002, MacNeil et al.
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2005). The use of stable isotopes of nitrogen (6°N) and carbon (5'*C) have been used as
complementary tools to study feeding ecology of predators during the last decades
(Kelly 2000, Ramos & Gonzalez-Solis 2012, Shiffman et al. 2012). This approach is
based on the fact that 3*°N and 8*3C values are transformed from dietary sources to
consumers in a predictable manner (Kelly 2000). Moreover, by combining stable
isotope values for consumers with those from their potential prey, isotopic mixing
models can be applied to obtain estimates of the relative contribution of each prey item
to the diet of the consumer (e.g., by using the Stable Isotope Analysis in R [SIAR]
isotopic mixing model; Parnell et al. 2010). By analysing the stable isotopic values in
different tissues with different turnover rates, one can also determine the main diet of a
particular organism on different time-scales (Hussey et al. 2010a, Shiffman et al. 2012).
Although outcomes of stomach content analysis and isotopic mixing models should be
interpreted with caution, their combination is valuable to a better understanding of the
feeding ecology of organisms (Shiffman et al. 2012, Caut et al. 2013).

In the present study, we aimed to update and complement the available trophic
information (dietary habits and trophic position) of the kitefin shark in the western
Mediterranean Sea (Fig. 1). Specifically, by combining the use of stomach content and
stable isotopic approaches we aimed to examine the feeding ecology of this deep-sea
shark at different temporal scales: in a short-term time frame (~1-7 days) by using
stomach content analysis and long-term dietary information (~ 1 month for liver and ~1
year for muscle; MacNeil et al. 2005, Logan & Lutcavage 2010, Caut et al. 2013) by
using the stable isotope approach. We evaluated the effect of sex (males and females)
and area (Gulf of Lions and Catalan Sea; Fig. 1) on the feeding strategies of the kitefin
shark. Our study provides new insights into the ways in which the kitefin shark exploits
trophic resources and contributes to an understanding of its ecological role within the

community.
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Materials and Methods
Study area and sampling procedure

This study was conducted in the western Mediterranean Sea (Catalan Sea and Gulf of
Lions; Fig. 1). The Catalan Sea is a highly productive marine area due to the
combination of the Ebro River run-off, and the effect of the Liguro-Provencal-Catalan
current along the continental slope (Estrada 1996, Salat 1996). Similar to the Catalan
Sea, the Gulf of Lions is one of the richest and most productive areas in the western
Mediterranean, as the Rhone River discharges nutrients and organic matter into the area.
These are transported to the Catalan Sea by the cyclonic Northern Current and the

Liguro-Provencal-Catalan front (Estrada 1996, Salat 1996).

France

™ ....\.
3 K
Gulf of Lions

Catalonia
(Spain)

Figure 1. Map of the study area (north-western Mediterranean), indicating the sampling locations (white

circles). A picture of kitefin shark Dalatias licha is also displayed (L. Lopez).

We collected 36 kitefin shark individuals between 2011 and 2013 (13 in 2011, 18 in
2012 and 5 in 2013) though all the year (winter, spring, summer and autumn); 32
specimens were accidentally collected as by-catch by the bottom trawling fleet working
in the Gulf of Lions and in the Catalan Sea, and 4 specimens were captured during an
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experimental oceanographic bottom trawling cruise in the area (Fig. 1). The depths of
the captures ranged between 350-550 m in the Gulf of Lions and 400-1200 m depth in
the Catalan Sea. Each specimen was immediately frozen on board after capture and
stored at -20 °C until their morphology, stomach content and tissue isotopic analyses
were conducted.

The sex, stretch total length (in cm) and body mass (in g) of each specimen were
recorded. We also recorded the maturity state as immature or mature of each individual,
following the protocol by Stehmann (2002). In the case of males, the maturity state was
determined according to the degree of calcification of the clasper and the degree of
development of the testes and reproductive ducts. In the case of females, the maturity
state was determined by the condition of uteri, oviducal glands and ovarian follicles

(Stehmann 2002).

Stomach content analysis

Stomach contents were extracted after dissection. Each stomach was weighed on a
digital balance and its contents extracted. Each prey found in the stomach was weighed
and identified to the lowest taxonomic level possible. Whenever fragments of prey were
found, the number of counted individuals was the lowest as possible to avoid
overestimation of the occurrence of a particular prey. To avoid potential biases
associated with opportunistic trawl-net feeding, we only considered prey with evidence
of digestion and removed all prey found in the teeth of the studied specimens when
performing stomach content analysis. This potential problem is solved by using stable
isotopic approaches within a comparative approach because N and C isotopic values
only inform on the ingested food previously to the capture of the specimens (around 1
month or several months for liver and muscle, respectively).

To assess the importance of different prey in the diet, the combined Index of Relative
Importance (Pinkas et al. 1971) was used as follows:
IRI; = (N; + W,)- FO, Eq. 1
where FO; = frequency of occurrence of a type of prey group (i) in relation to the total

number of stomachs; N; = contribution by number of a type of prey group (i) in relation
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to the whole content of the stomach; W; = wet mass of a type of prey group (i) in
relation to the whole content of the stomach. Unidentified prey was also included in the

estimation of these trophic metrics.

Stable isotope analysis

A small portion of dorsal muscle (without skin or cartilage) and liver was extracted
from each specimen. All muscle and liver samples were lyophilized after a lipid
extraction technique was applied in the liver samples following Folch et al. (1957) to
avoid for potential confusion in the interpretation associated with the high lipid
concentration in the liver (Logan et al. 2008). All samples were subsequently freeze-
dried, powdered and 0.28-0.33 mg of each sample was packed into tin capsules. Isotopic
analyses were performed at the Laboratory of Stable Isotopes of the Estacion Bioldgica
de Dofiana (www.ebd.csic.es/lie/index.html). Samples were combusted at 1020°C using
a continuous flow isotope-ratio mass spectrometry system (Thermo Electron) by means
of a Flash HT Plus elemental analyser interfaced with a Delta V Advantage mass
spectrometer which applies international standards, run each 9 samples; LIE-CV and
LIE-PA, previously normalized with the international standards IAEA-CH-3, IAEA-
CH-6, IAEA-N-1 and IAEA-N-2. Stable isotope ratios were expressed in the standard 6-
notation (%o) relative to Vienna Pee Dee Belemnite (5'°C) and atmospheric N, (8°N).
Based on laboratory standards, the measurement error (standard deviation) was £ 0.1
and + 0.2 for 8*3C and 8N, respectively. Urea was not removed from the tissues. The
C:N ratio of all tissues was always lower than 3.5%o, and hence no correction of the
§8"3C values was required to account for the presence of lipids in muscle samples (Logan

et al. 2008).

Isotopic mixing models and isotopic niche

We applied the SIAR Bayesian isotopic mixing model (Stable Isotope Analysis in R,
SIAR 4.1.3; Parnell et al. 2010) to estimate the diet composition of kitefin sharks based
on their muscle and liver isotopic values and those of their potential prey (small sharks,

fin-fish, crustaceans and cephalopods). This model runs under the free software R (R
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Development Core Team 2009) and allows the inclusion of sources of uncertainty in the
data, in particular the variability in the stable isotope ratios of the predator and the
potential prey (Parnell et al. 2010). SIAR uses Markov-chain Monte Carlo modelling
and fits a Bayesian model of the diet habits based on a Gaussian likelihood function
(Parnell et al. 2010). The model also assumes that each target value (i.e., the stable
isotope ratios for each individual) comes from a Gaussian distribution with an unknown
mean and standard deviation. The mean was weighted by the isotopic values of each
food sources. The standard deviation depends on the uncertainty in the fractionation
corrections and the natural variability among target individuals within a defined group
(Shiffman et al. 2012). As we did not find significant differences in the stable isotopic
values between sexes and sampling areas (see Results section), we considered all
individuals together.

To build the SIAR mixing model, we used published reference values for potential
prey groups of the kitefin shark from the western Mediterranean (sharks: 6"°N=8.7 +0.8,
§'°C=-18.4 +0.6; fin-fish: 3"°N= 8.6 0.9, '°C=-18.4 +0.6, crustacean: §'°N=7.1 £1.5,
§13C=-19.240.9, cephalopod: °N= 7.5 +0.8, §*C=-19.0 +0.6; Albo-Puigserver et al.
submitted for publication). Crustaceans, fin-fish and cephalopods were collected in the
stomachs of the kitefin shark without evidence of digestion. In the case of small shark
prey (the blackmouth catshark Galeus melastomus and the velvet belly lanternshark
Etmopterus spinax) we used stable isotopic values of specimens collected in the same
area of kitefin shark by bottom-trawling (Albo-Puigserver et al. submitted for
publication). We wused different isotopic discrimination factors for muscle
(AS™°N=1.95+0.26%0, AS8"C=0.49+0.32%0; Hussey et al. 2010) and liver
(A N=1.50+0.54%o, AS*3C=0.22+1.18%o; Hussey et al. 2010). As a measure of trophic
width we calculated the Bayesian isotopic ellipse area (SEA) for each tissue (Jackson et
al. 2011). This metric represents a measure of the total amount of isotopic niche
exploited by a particular depredator, and is thus a proxy for the extent of trophic
diversity (or trophic width) exploited by the species considered (high values of isotopic
standard ellipse areas indicate high trophic width). This metric uses multivariate ellipse-

based Bayesian metrics. Bayesian inference techniques allow for robust statistical
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comparisons between data sets with different sample sizes. Isotopic standard ellipse
areas were calculated using the routine SIBER (Stable Isotope Bayesian Ellipses;

Jackon et al. 2011) also incorporated in the SIAR library.

Trophic position

We estimated the trophic position (TP) of each species by using stomach content
information (TPswomach) and stable isotopic analysis (TPjiver and TPmuscie)-

With the stomach content, we calculated the TPsomach Of €ach species using the
following equation:
TP=1+ X! DC; - TP Eq. 3
where j is the predator of prey i, DC;j; is the fraction of prey i in the diet of predator j and
TPi is the trophic position of prey i. The TPi used were obtained from previous food
web modelling studies conducted in the western Mediterranean area (TPgisn= 3.05,
TPshrimps= 2.57; TPcrabs= 2.53; TPcephatopods= 3.63; Coll et al. 2006; Banaru et al. 2013).

We estimated the TPjiver and TPmuscie OF Kitefin sharks based on isotopic values for
each species according to the algorithm proposed by Vander Zanden & Rasmussen
(2001):
TP conumers= TPbasai™ (8" Neonsumer= 8- Niasa)/A - *N Eq. 4
where 8" Nconsumer and 5°Nyasai Were, respectively, the §°N values of kitefin shark and
the 5™N values of krill (Meganyctiphanes sp.) in the western Mediterranean (Cardona et
al. 2012). For the A5™N value we used the discrimination factors provided by Hussey et

al. (2010) for muscle and liver (see previous subsection).

Statistical analysis

Differences in stretch total length, body mass, %W, §"°N and 8*3C between sexes and
sampling areas (Catalan Sea and Gulf of Lions) were tested by using two-way semi-
parametric permutation multivariate analyses of variance tests (PERMANOVA test) on
the Euclidean distance matrix (Anderson et al. 2008). Although the number of mature

specimens in both areas was very low, we also tested the difference in diet between
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mature and immature individuals. Since we did not find any dietary significant results
(PERMANOVA tests, for all cases p>0.05), we have excluded this comparison from the
study. This exclusion could be a bias which could have been evaluated if the sample
size had larger. In the case of a significant result, pairwise tests were performed.
PERMANOVA allows for the analysis of complex designs (multiple factors and their
interaction) without the constraints of multivariate normality, homoscedasticity, and
having a greater number of variables than sampling units of traditional ANOVA tests.
The method calculates a pseudo-F statistic directly analogous to the traditional F-
statistic for multifactorial univariate ANOVA models, using permutation procedures to
obtain p-values for each term in the model (Anderson et al. 2008). PERMANOVA tests
were carried out with PRIMER-E 6 software (Anderson et al. 2008). The significance

level for all tests was adopted at p < 0.05.

Results

The total sample was composed of 36 kitefin shark individuals (18 females and 18
males), in which 30 were immature and 6 were mature. From the 36 individuals, 17
came from the Catalan Sea and 19 from the Gulf of Lions (Fig. 1). The body mass and
stretch total length of Kkitefin sharks were similar between sexes but differed

significantly between areas (Table 1 and 2).

Table 1. Mean and standard deviation of stretch total length, body mass and stable isotopic

values in liver and muscle of the kitefin shark Dalatias licha N = 36 individuals.

Gulf of Lions Catalan Sea

Males (n=9) Females (n=9) Males (n=8) Females (n=9)

Stretch total length (m)  0.37+0.05 0.36+0.03 0.58+0.27 0.54+0.27

Body mass (kg) 0.2240.12  0.19+0.51  1.76+1.89  1.65+2.83

Liver-6"°N (%o) 10.22+#0.51  9.86+0.59  10.11+0.89  10.28+0.74
Liver-8"3C (%) -18.42+1.76 -18.31+1.36 -18.26+1.97 -17.64+1.81
Muscle-5"N (%o) 10.11+0.51  10.02+0.52  10.71+0.69  10.17+0.44
Muscle-5"C (%) -18.45+0.51 -18.38+0.79 -18.56+1.72 -18.13%0.44
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In particular, kitefin sharks collected in the Gulf of Lions were smaller in mass and

length to the individuals collected in the Catalan Sea (Tables 1 and 2).

Table 2. Summary of PERMANOVA (n permutations=999)

test results examining differences between sexes and zones

(Gulf of Lions and Catalan Coast) in body mass, stretch total

length, stomach content (%W) and isotopic values of liver and

muscle of Dalatias licha. N = 36 individuals.

Parameter Factor Pseudo-F  P(perm)
Body mass Zone 8.72 0.003
Sex 0.14 0.71
Sex*zone 0.006 0.78
Stretch total Zone 0.01 0.002
length
Sex 0.15 0.71
Sex*zone 0.005 0.31
Stomach content  Zone 1.87 0.11
Sex 1.24 0.23
Sex*zone 2.37 0.07
Liver-6"°N Zone 0.43 0.49
Sex 0.16 0.66
Sex*zone 1.29 0.25
Liver-8°C Zone 0.49 0.47
Sex 0.39 0.54
Sex*zone 0.19 0.66
Muscle-3"°N Zone 3.27 0.06
Sex 2.89 0.10
Sex*zone 1.54 0.21
Muscle-8"°C Zone 0.004 0.86
Sex 0.54 0.48
Sex*zone 0.29 0.61

*Statistical significance <0.05
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Stomach content analysis
Based on the %W, the diet composition of kitefin shark did not differ between sexes

or sampling areas (Table 1 and 2; Fig. 2).
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Figure 2. Mean proportional contribution of different potential prey types to the diets of Dalatias licha in
the western Mediterranean sea based on stomach content (in %W), liver and muscle isotopes (SIAR

model).

Taking into consideration all specimens, stomach content results indicated that the
diet of kitefin sharks included mainly small demersal sharks such as velvet belly
lanternshark and blackmouth catshark (Tables 3 and 4; Fig. 2), followed by fin-fishes
(such as the carapidae Echiodon dentatus and Mediterranean codling Lepidion lepidion;
Tables 3 and 4; Fig. 2) and crustaceans (such as the shrimps Pasiphaea sp. and Norway
lobster Nephrops norvegicus; Tables 3 and 4; Fig. 2). Other prey groups such a
passerine bird, polychaetes, foraminifers and tunicates were also found in the stomach

but with a very low frequency and importance (based on %W or %IRlI).
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Table 3. Stomach diet composition of Dalatias licha in the western Mediterranean
sea expressed as percentage frequency of occurrence (%FQO), number (%N), mass

(%W) and the index of relative importance (%IRI1). N = 30 individuals.

Prey Item %FO %N %W %IRI
Foraminifers 10.00 12.31 0.01 7.49
Polychaetes 3.33 7.69 0.60 0.31
Crustaceans

Decapoda Pasiphaea sp. 3.33 1.54 2.23 0.76

Decapoda Nephrops norvegicus 3.33 1.54 6.31 1.59

Natantia 16.67 12.31 0.17 12.64
Tunicate Pyrosoma atlanticum 3.33 7.69 0.60 1.68
Teleosts (fin-fishes)

Lepidion lepidion 3.33 3.08 20.38  4.75

Echiodon dentatus 3.33 1.54 0.08 0.33

Unidentified teleosts 23.33 12.31 2.43 20.90
Elasmobranchs

Galeus melastomus 6.67 3.08 28.15 12.65

Etmopterus spinax 13.33 9.23 26.85 29.24

Unidentified elasmobranch 10.00 4.62 7.35 7.27
Passerine bird unidentified 3.33 1.53 0.33 0.38

Isotopic results and SIAR model

8N and 5™C values of muscle and liver did not differ between sexes and sampling
areas (Tables 1 and 2). The feasible contribution of each potential prey, estimated by the
SIAR model, indicated that in the case of liver and muscle analysis, the importance of
small demersal sharks in the diet of kitefin sharks was the highest, followed by fin-
fishes, and by crustaceans and cephalopods in a low proportion (Fig. 2 and 3). Between
tissues, the SIAR results from liver (Fig. 2 and 3A) suggested that the proportion of
small demersal sharks in the diet (mean=56%) was higher than that as indicated by the

SIAR results from muscle (mean=38%; Fig. 2 and 3B).
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Figure 3. Results of the SIAR model (95%, 75% and 50% credibility intervals) showing estimated prey
contributions (SHARKS=small sharks, FISH=fin-fishes, CRUST=crustaceans, CEPHAL=cephalopods)
of the diet of Dalatias licha in the western Mediterranean sea based on liver (A) and muscle (B) isotopic
values. Mean and standard error of 5'°N and &"3C and the standard ellipse areas of liver (upper-right

corner of panel A) and muscle (upper-right corner of panel B) are also showed.

The importance of fin-fishes in the diet was similar between liver and muscle (Fig. 2
and 3). On the contrary, liver results showed lower proportions of crustaceans
(mean=5%) and cephalopods (mean=9%) than results from muscle tissue, which
indicated on average a 12% and 20% contribution for crustaceans and cephalopods,

respectively (Fig. 2 and 3).

Table 4. Frequency of occurrence (%FO) and weight (%W) of the diet composition of Dalatias
licha in the western Mediterranean of the present study and the values reported by Matallanas

(1982) and Macpherson (1980) 30 years ago in the same area.

%FO %W
Present Matallanas  Macpherson Present Matallanas  Macpherson
study 1982 1980 study 1982 1980
Foraminifers 10.00 - - 0.01 - -
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Polychaetes 3.33 2.50 - 0.00 0.01

Cephalopods - 21.25 15.7 - 5.52 5
Crustaceans 20.00 32.50 41.8 9.19 7.04 14.6
Tunicates 3.33 - - 0.60

Fin-fishes 26.67 72.50 73.4 24.12 71.26 60.3
Small sharks 30 23.75 20.9 65.71 14.68 14.3
Passerines 3.33 - - 0.33

Trophic position

The trophic position estimated from stomach contents (TPswomach) Varied between 4.3
in the Catalan Sea to 4.7 in the Gulf of Lions. Although the trophic position estimated
with stable isotopic N values of muscle (4.8 in the Catalan Coast and 4.6 in the Gulf of
lions) was in the same range as the TPsomach Values, estimates of trophic position
estimated from liver tissues (5.5 in the Catalan Coast and 5.4 in the Gulf of Lions) were

higher than the TPsiomach and TPmuscie in both areas.

Discussion

In this study, we present new information on the feeding ecology of a threatened
Mediterranean chondrichthyan species, the kitefin shark (Blasdale et al. 2009). By
combining the use of two complementary methodologies, stomach content and isotopic
analyses, we have described the feeding ecology of this deep-sea shark at different
temporal scales. In particular, stomach contents allowed the determination of the preys
consumed in a short-time frame (~1-2 days) whereas the stable isotopic approach
provided long-term dietary information (~ 1 month for liver and ~1 year for muscle;
MacNeil et al. 2005, Logan & Lutcavage 2010).

Our results revealed the consistent importance of small sharks in the diet of the
kitefin shark, although demersal fin-fishes, crustaceans and cephalopods were also
found to be part of its diet. In particular, both approaches revealed the high importance
of blackmouth catshark and velvet belly lanternshark. Although previous studies

recorded these small sharks in the diet of the kitefin shark based on stomach contents
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(Macpherson 1980, Matallanas 1982, Kabasakal & Kabasakal 2002, Capapé et al.
2008a, Dunn et al. 2010, Dunn et al. 2013), we provide strong evidence that this feeding
behaviour is consistent on short-term (stomach contents), medium-term (liver) and long-
term (muscle) time scales, clearly indicating that this species can be considered a true
shark-predator (Munroe et al. 2014).

This feeding behaviour could be explained by two plausible complementary
mechanisms: by nutritional demands related to prey-type or by interspecific trophic
competition. Although it is well known that most demersal sharks have high lipid
content in the liver, the kitefin shark is a species that, comparatively by size, presents
extremely high lipid content in the liver probably to optimize its buoyancy in the deep-
sea (Corner et al. 1969, Lewis 1969). For this reason, the kitefin shark could be
consuming other sharks to obtain lipid resources from their livers. Complementarily, as
both the blackmouth catshark and the velvet belly lanternshark coexist in the same
habitat as the Kkitefin shark and exploit similar trophic resources (fin-fish and
crustaceans; Albo-Puigserver et al. submitted for publication; Macpherson, 1980;
Fanelli et al., 2009), the kitefin shark could be preying on them as a mechanism to
reduce the number of potential competitors for food and space (Lourenco et al. 2014).
From a general perspective, shark species that included other elasmobranches in their
diet have been described worldwide (see review by Cortes 1999) but for Squaliformes
species (the order of kitefin shark) this behaviour was only reported for 5 of the 32
species reviewed in Cortes (1999). Moreover, most of the shark species that consumed
other sharks have a larger body size than the kitefin shark (Cortes 1999), which makes
our results especially interesting. Despite our low sample size, we did not find a
significant difference in the importance of shark preys in the diet of kitefin shark
between mature and immature individuals. This could indicate that the importance of
this prey resource is maintained thought different life stages of the species.

The second prey group in importance in the diet of the kitefin shark was demersal
fin-fishes. This prey group was cited as the main prey for kitefin shark in the western
Mediterranean 30 years ago (Macpherson 1980; Matallanas 1982) (Table 4). Although

not conclusive due to the reduce number of specimens analysed in the present study,
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this difference in the importance of fin-fish in the diet of the species could due to a
decrease in fish abundance in the western Mediterranean due to overfishing during the
last decades (Coll et al. 2006; Coll et al. 2008; Cartes et al. 2013). Similar to previous
studies conducted in the Mediterranean, both stomach and stable isotopic results
indicated the low importance of the crustaceans in the Kitefin shark’s diet (Macpherson
1980; Matallanas 1982; Kabasakal and Kabasakal 2002; Capapé et al. 2008) (Table 4).
In the Western Mediterranean, crustaceans probably are more important as food
resource for elasmobranches present in shallower waters, where the availability of this
resource is high, such as the case of the skates Raja asterias or R. clavata, or smaller
demersal sharks such spotted dogfish Scyliorhinus canicula or velvet belly lantern shark
(e.g., Valls et al. 2011; Navarro et al. 2013).

We found little evidence that cephalopods represented a major component of the in
the diet of kitefin shark. This is notable as previous studies have mentioned cephalopods
as an important prey for the Kitefin shark (Macpherson 1980; Matallanas 1982) (Table
4) and other deep-sea sharks such bluntnose sixgill shark Hexanchus griseus or the
Portuguese dogfish Centroscymnus coelolepis (Carrasson et al. 1992; Celona et al.
2005). Furthermore, the abundance of cephalopods has recently increased in the
Mediterranean Sea (Coll et al. 2008, Coll et al. 2013a). The kitefin shark does not
usually swallow prey whole, possibly explaining why no beaks, the typical indicator for
cephalopod consumption, were found in the stomachs, underestimating their importance
in the diet. However, stable isotopic results from liver and muscle also indicated that the
importance of cephalopods for kitefin sharks was very low.

Surprisingly, we found a terrestrial bird (passerine) in the stomach of one kitefin
shark. Although seabird specimens are mentioned as occasional prey for sharks (i.e.
(Simpfendorfer et al. 2001, Papastamatiou et al. 2006, Hallett & Daley 2010), this is the
first evidence of a terrestrial bird as a prey for a deep-sea small shark in the
Mediterranean. One explanation is that bird carcasses fall into the sea and become
available for the kitefin shark. Knowing that large numbers of birds die in the
Mediterranean during the migration between Europe and Africa (Newton 2008), we

suggest that this finding could not be totally unexpected, and perhaps could represent a
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seasonal resource pulse for the marine scavenger community (Bozzano & Sarda 2002,
Fallows et al. 2013).

With the caveat of limited sample sizes, the diet composition of the kitefin shark was
apparently independent of sex, sampling area and maturity state. The similar diet
exhibited by male and female kitefin sharks can be explained by the fact that both sexes
showed similar body mass and stretch total length (Wearmouth & Sims 2008,
Wearmouth & Sims 2010). Sexual differences in diet are described for shark species
with marked sexual dimorphism in size and/or feeding apparatus as a mechanism to
reduce the intraspecific competition for food between males and females (Wearmouth &
Sims 2008, Wearmouth & Sims 2010). Similarly, the diet composition was similar
between Gulf of Lions and Catalan Sea, although we observed size differences,
suggesting a spatial consistency in the feeding strategies of kitefin sharks, possibly
because the abundance of their main prey is similar in both areas. The body size
differences between both sampling areas could be directly related to the differences in
depth between Gulf of Lions and the Catalan Sea. In particular, in the Catalan Sea,
where the specimens were collected at deeper waters, the specimens of kitefin sharks
were larger than the specimens collected in the Gulf of Lions. Size segregation by depth
is a pattern recorded in deep-sea shark species (Kiraly et al. 2003, Verissimo et al.
2003).

Knowing the trophic position of sharks is important to understanding their ecological
position in relation to other organisms in the ecosystem (Cortés 1999, Stergiou &
Karpouzi 2002). In this study, we calculated the trophic position of kitefin shark using
both stomach content information and isotopic nitrogen values (Navarro et al. 2011,
Mancinelli et al. 2013, Hussey et al. 2014). The trophic position calculated with the
stomach results and with the "°N values of muscle was similar, indicating that the
trophic position of kitefin shark in both the short- and long-term was around 4.6. In
contrast, the trophic position estimated from the nitrogen values of liver was higher.
These differences are related to the fact that in the mid-term (liver information) the
importance of small sharks in the diet of kitefin shark was highest, increasing the

estimated trophic position in comparison to the stomach and muscle isotopic
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information. If we compare the trophic position calculated in our study with results
from other studies we observe that our results are slightly higher than other published
data for this species (TP=4.2 in Cortes 1999; TP=4.35+0.75 in Stergiou and Karpouzi
2002; TP=4.6 in Dunn et al. 2013) or for other deep-sea sharks in the western
Mediterranean (TP=4.05 in Tecchio et al. 2013) likely due to the fact that these studies
estimated the trophic position from diet studies where the importance of small sharks
were lower (Macpherson 1980; Matallanas 1982).

The relative high trophic position of the kitefin shark indicates that this rare deep-sea
predator is a potentially important predator of the Mediterranean food web (Coll et al.
2006; Banaru et al. 2013; Tecchio et al. 2013), but not necessarily in terms of the
function in the ecosystem, which depends on the abundance, consumption and turnover
of the species. Due to the likely very low current abundance of kitefin shark in the
ecosystem, its ecological role may be potentially low or even negligible (Lotze et al.
2006).

In conclusion, we present new data regarding the feeding ecology and trophic
position of the rare kitefin shark in the Mediterranean. Dietary analyses from two
different methodological perspectives highlight the high importance of small demersal
sharks in the diet of the kitefin shark. This points to the predatory role that this species
plays in the ecosystem and the high trophic position that it occupies within the food web
in the western Mediterranean Sea. The study emphasizes the utility of this combined
approach for trophic studies due to its capacity for monitoring food web changes over
different time spans. Data provided here for the kitefin shark allows further studies on
the role that predatory species play in Mediterranean food webs (Piroddi et al. 2011,
Ajemian et al. 2012, Coll et al. 2013b).
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RESUMEN DE RESULTADOS

Chapter 2.1

Subchapter 1. Quantifying the trophic habits of an abundant shark in the

northwestern Mediterranean Sea using an isotopic non-lethal approach

Isotopic differences

8N values differed significantly between sexes and ages, whereas 83C values only
differed significantly between ages (Tables 1 and 4; Fig. 2A of Chapter 2.4). Adults
showed higher "N isotopic values than juveniles (Tables 1 and 4; Fig. 2 of Chapter
2.1, Subchapter 1). Males showed higher §"°N values than females (Tables 1 and 4; Fig.
2A of Chapter 2.1, Subchapter 1). Moreover, we found that both §'°N and §*3C values
showed a positive relationship to body length (P < 0.01; Fig. 3 of Chapter 2.1,
Subchapter 1).

Regarding the standard ellipse areas (SEA; a proxy of the trophic width) and similar
to the isotopic values, we found differences between sexes and ages (Fig. 2B of Chapter
2.1, Subchapter 1). Juvenile (SEA=2.46 %.%) and adult males (1.41 %o°) showed the
widest isotopic niche; whereas the isotopic niche was smaller in juvenile (0.72 %0°) and

adult females (0.70 %0°) (Fig. 2 of Chapter 2.1, Subchapter 1).

Isotopic mixing model results

The feasible contribution of each potential prey estimated by SIAR models clearly
revealed that crustaceans are the most important assimilated prey for the small-spotted
catshark, independent of sex and age, followed by cephalopods and fish (Table 5, Fig.
4A of Chapter 2.1, Subchapter 1). Within crustaceans, SIAR outputs indicated that the
Euphausiacea group is the most important prey for males and females, and juveniles and
adults (Table 5, Fig.4 of Chapter 2.4), followed by the Natantia and Reptantia groups
(Table 5, Fig.4B of Chapter 2.1, Subchapter 1).

Isotopic comparison in other sympatric elasmobranch species
0N values and trophic level ranged between 8.20 + 0.74%o in the Batoid R.
montagui and 14.31 £ 1.73%o in the Selachiforme G. galeus (Fig. 5A and Fig. 5B of
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Chapter 2.1, Subchapter 1). 6°C values ranged between -20.46 + 0.75%o in the
Selachiforme S. rostratus and 15.59%o in the Batoid G. altavela (Fig. 5A and Fig. 5B of
Chapter 2.1, Subchapter 1). Regarding small-spotted catshark all of the different sub-
groups analysed in this study (males and females, juveniles and adults) were placed in
an isotopic niche lower than Selachiformes and similar to the Batoids (Fig. 5 A and Fig.

5B of Chapter 2.1, Subchapter 1).

Subchapter 2. Consistency in the feeding strategies of four sympatric sharks in two

areas of the western Mediterranean Sea

Stomach content results

Stomach content differed between the four sharks (PERMANOVA tests, pseudo-
Fs125 = 4.34, p <0.001) and between areas (pseudo-Fi 1,5 = 3.64, p = 0.01; Table 3, Fig.
2 of Chapter 2.1, Subchapter 2), being statistically significant the interaction species-
area (pseudo-F; 125 = 8.02, p <0.001) (Table 3, Fig. 2 of Chapter 2.1, Subchapter 2).
Specifically, the diet of D. licha was composed principally by small sharks in both
areas, but in the Catalan Sea the second-most common prey was teleosts whereas in
Gulf of Lions was shrimps (pseudo-t= 2.38 p <0.001, Table 3, Fig. 2 of Chapter 2.1,

Subchapter 2). The diet of E. spinax and G. melastomus was composed mainly by
teleosts and shrimps in both areas, however in the Catalan Sea cephalopods were also
important of their diet (E. spinax, pseudo-t = 2.38, p < 0.001. G. melastomus pseudo-t =
3.35, p < 0.001, Table 3, Fig. 2 of Chapter 2.1, Subchapter 2). S. canicula feed
principally shrimps and teleosts and no differences between Catalan Sea and Gulf of
Lions were found (pseudo-t = 0.98, P = 0.39, Table 3, Fig. 2 of Chapter 2.1, Subchapter
2).

Stable isotopic results
8"3C values differed between species (pseudo-Fs 190 = 15.33, p < 0.001; Fig. 3, Table
4 of Chapter 2.1, Subchapter 2) and "N values differed between species and between

areas (between species, pseudo-F3 190 = 65.12, p < 0.001; between areas, pseudo-F3 190 =
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6.26, p < 0.014; Fig. 3, Table 4 of Chapter 2.1, Subchapter 2). Between species, we
found that D. licha showed higher 8"*C values than E. spinax (pseudo-t = 2.19, p =
0.03) and lower than G. melastomus in both areas (pseudo-t = 2.36, p = 0.02), whereas
E. spinax showed lower values than D licha, G. melastomus and S. canicula (pseudo-t =
2.19, p = 0.03; t = 7.32, p <0.001; t = 6.59, p <0.001) in both areas. Regarding to the
8N values, D. licha showed higher values than E. spinax, G. melastomus and S.
canicula in both areas (pairwise tests, always p <0.001). Also, in the Gulf of Lions E.
spinax showed the lowest 8*°N values (pairwise tests, always p <0.001, Fig. 3, Table 4
of Chapter 2.1, Subchapter 2).

The isotopic areas estimated with Bayesian procedures (SEAs and convex hull)
differed among D. licha and E. spinax between regions (Fig. 4, Table 5 of Chapter 2.1,
Subchapter 2), whereas G. melastomus and S. canicula overlapped in their isotopic

areas in both regions (Fig. 4, Table 5 of Chapter 2.1, Subchapter 2).

Isotopic mixing model outputs

SIAR outputs revealed that small sharks were the main prey for D. licha, followed by
cephalopods, teleosts and shrimps in both areas (Fig. 2, Table 6 of Chapter 2.1,
Subchapter 2). The diet of E. spinax was composed mainly by teleosts and cephalopods,
followed by shrimps and Reptantia (Fig. 2, Table 6 of Chapter 2.1, Subchapter 2). SIAR
outputs indicated that the diet of G. melastomus was composed mainly by shrimps,
cephalopods and crabs followed by teleosts (Fig. 2, Table 6 of Chapter 2.1, Subchapter
2). Outputs of SIAR indicated that the diet of S. canicula diet was composed mainly by
shrimps followed by crabs, cephalopods, polychaetes and teleosts (Fig. 2, Table 6 of
Chapter 2.1, Subchapter 2).

Community isotopic metrics

The range of 8°N (Nr) and 5'°C (Cr) was larger in the Gulf of Lions than in the
Catalan Sea, Fig. 4 of Chapter 2.1, Subchapter 2). In contrast, the other community
isotopic metrics (CDb, NNR and SDNNR) did not differ between both sampling areas,
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indicating that the community structure was similar between the Catalan Sea and Gulf

of Lions (Fig. 4 of Chapter 2.1, Subchapter 2).

Isotopic comparison with other chondrichthyan species

8N values (proxy of trophic level) of other sharks of the area ranged between 9.95 +
0.68%o (mean + standard deviation) in little sleeper shark Somniosus rostratus and 14.31
+ 1.73%o in tope shark Galeorhinus galeus (Fig.5 of Chapter 2.1, Subchapter 2). §°C
values ranged between -20.46 + 0.75%o in S. rostratus and -16.68 + 0.95%o in blue shark
Prionace glauca (Fig. 5 of Chapter 2.1, Subchapter 2). Regarding the species of this
study, D. licha was placed in a similar position to other demersal sharks such as
portuguese dogfish Centroscymnus coelolepis, bluntnose sixgill shark Hexanchus
griseus, S. rostratus and the chimaera Chimaera monstrosa. The other three species, S.
canicula, G. melastomus and E. spinax, were placed in an isotopic niche lower than
other sharks of the western Mediterranean Sea, and similar to skates (Fig. 5 of Chapter

2.1, Subchapter 2).

Chapter 2.2

Subchapter 3. Unravelling the ecological role and trophic relationships of

uncommon and threatened elasmobranchs in the western Mediterranean Sea

Stomach contents analysis

In total, 224 stomachs were collected (see Table 1 of Chapter 2.2, Subchapter 1). The
vacuity index differed between species and ranged from 100% for Prionace glauca and
78.6% for Torpedo torpedo to 0% for Galeorhinus galeus and the skates Dipturus
oxyrinchus, Leucoraja naevus, Raja clavata, R. montagui and Gymnura altavela
(Tables S2—-S4 of Anexos).

We found significant differences in the stomach content composition based on %IRI
between taxonomic orders (pseudo-Fs i, = 2.36, p = 0.003). In particular, the stomach

contents were significantly different between Squaliformes and Rajiformes (pseudo-t =
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1.57, p = 0.004), between Squaliformes and Torpediniformes (pseudo-t = 2.61, p =
0.007) and between Rajiformes and Torpediniformes (pseudo-t = 2.21, p = 0.01).

At the species level, cephalopods were the most important prey group for
Centrophorus granulosus (%IRI = 55.0%, N = 14), Centroscymnus coelolepis (%IRI =
57.3%, N = 53), Squalus acanthias (%IRI = 54.6%, N = 4), Somniosus rostratus (%IRI
= 93.0%, N = 5) (Squaliformes) and Hexanchus griseus (%IRI = 52.1%, N = 6) (Order
Hexanchiformes) Table S2 of Anexos, Fig. 2 of Chapter 2.1, Subchapter 2). Teleostei
(fin-fish) was the most important prey group in the stomach of G. galeus (%IRI =
64.6%, N = 1, Table S2 of Anexos) (Carcharhiniformes), Torpedo marmorata, T.
nobiliana and T. torpedo (%IRI = 100 for the 3 species; N = 16, N = 3, N = 28,
respectively, Table S4 of Anexos) (Torpediniformes), Leucoraja naevus (%IRI =
54.7%, N = 3, Table S3 of Anexos) and Raja clavata (%IRI = 40.6%, N = 6, Table S3
of Anexos) (Rajiformes). Prey of the groups Selachii (representing a group of small
demersal sharks) and Polychaeta were the most important prey of Dalatias licha (%IRI
= 45.3%, N = 30, Table S2 of Anexos) and Oxynotus centrina (%IRI = 100%, N = 3,
Table S2 of Anexos), respectively (Fig. 2) (Squaliformes). Decapod crustaceans were
the most important prey of R. asterias (%IR1 = 56.3%, N = 39, Table S3 of Anexos) and
R. montagui (%IRI = 75.6%, N = 8, Table S3 of Anexos) (Rajiformes). Crustaceans of
the group Anomura were a unique prey group found in Dipturus oxyrinchus
(Rajiformes) and Gymnura altavela (Myliobatiformes) (for both species, %IR1 = 100%,
N = 1, Table S3 & S4 of Anexos), and crustaceans of the group Amphipoda were a
unique prey found in the stomach of R. polystigma (%IR1 = 100%, N = 2; Table S3 of
Anexos, Fig. 2 of Chapter 2.2, Subchapter 1) (Rajiformes).

Dietary insights from the literature

Based on the available published diet data, the diet of Carcharhiniformes and
Hexanchiformes were composed mainly of fishes and cephalopods (Fig. 2 Chapter 2.2,
Subchapter 1).
Myliobatiformes included crustaceans, molluscs and small fishes in their diet. The diet

of Rajiformes was basically composed of crustaceans; Squaliformes included
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cephalopods, fishes and crustaceans. The diet of Torpediniformes was composed mainly

of fishes (Table S6 of Anexos Fig. 2 of Chapter 2.2, Subchapter 1).

Stable isotopes analysis

8*3C and 8"°N values differed among orders (§°C: pseudo-Fe 244 = 27.04, p < 0.001;
8"°N: pseudo-Fg 44 = 57.60, p < 0.001; Fig. 3, Table 3). In particular, Torpediniformes
and Squaliformes showed the highest and lowest "°C, respectively (Fig. 3 of Chapter
2.1, Subchapter 2), whereas Carcharhiniformes showed the highest §°N values and
Rajiformes the lowest values (Fig. 3 of Chapter 2.2, Subchapter 12). At an intragroup
level, we found significant differences in 8'°N values between Rajiformes species
(8"°N: pseudo-Fsg; = 2.83, p = 0.02, Fig. 3 of Chapter 2.2, Subchapter 1; Table 3 of
Chapter 2.2, Subchapter 1).
Significant differences in 8*3C and 8"°N values were found in Squaliformes (5°C:
pseudo-Fsg = 9.87, p < 0.001; 8*°N: pseudo-Fsg, = 9.66, p < 0.001; Fig. 3, Table 3 of
Chapter 2.2, Subchapter 1). In the case of Torpediniformes, we only found statistical
differences in 8N values (pseudo-F,4s = 7.58, p < 0.001; Fig. 3 of Chapter 2.2,
Subchapter 1) between species (Table 3 of Chapter 2.2, Subchapter 1).
8N values showed a positive relationship to body length in Squaliformes and
Torpediniformes (p = 0.002, p < 0.001, respectively), but not in Hexanchiformes and

Rajiformes (Fig. 4 of Chapter 2.2, Subchapter 1).

Isotopic mixing models

Bayesian isotopic mixing model outputs suggested that the proportion of the
Teleostei prey group (fin-fish) was high in C. granulosus and H. griseus (Fig. 2 of
Chapter 2.2, Subchapter 1). In G. altavela, C. granulosus and T. marmorata, fishes of
the Perciformes represented the most important prey group. Clupeiformes showed a
high proportion in the diet of H. griseus, P. glauca and Mobula mobular (Table 4 of
Chapter 2.2, Subchapter 1). Cephalopods showed the highest proportion in the diet of G.

galeus and were the second-most common prey group estimated for H. griseus, S.
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acanthias and A. vulpinus (Fig. 2 of Chapter 2.2, Subchapter 1). Polychaeta was
estimated as an important prey of O. centrina, R. polystigma and T. torpedo (Fig. 2 of
Chapter 2.2, Subchapter 1), while decapod crustaceans were an important prey group
for D. oxyrinchus, L. naevus, R. montagui, R. asterias and R. clavata (Table 4 of

Chapter 2.2, Subchapter 1).

Trophic position and trophic width

TLsa and TLsja ranged between TLg, = 3.1 and TLg, = 3.2 for O. centrina and R.
montagui, respectively, to TLs, = 4.9 and TLgj, = 6.3 for G. galeus (Table S2 & S3 of
Anexos, Fig. 5 of Chapter 2.2, Subchapter 1). Between orders, we found that both TLg,
and TLs, showed a positive correlation (R? = 0.47, p < 0.05; Fig. 6 of Chapter 2.2,
Subchapter 1), with higher TL values in Carcharhiniformes (TLsa = 4.94; TLga = 5.6 =
1.22 [mean £ SD]), followed by Lamniformes (TLs, = 5.12), Hexanchiformes (TLg =
4.68; TLsa = 4.2 £ 0.3), Squaliformes (TLsa = 4.31 £ 0.61; TLga = 5.6 = 1.22),
Torpediniformes (TLsa = 4.48 £ 0.02; TLgja = 4.93 £ 0.38), Myliobatiformes (TLga =
4.14; TLsja = 4.41) and Rajiformes (TLs, = 3.68 £ 0.38; TLgj, = 3.6 £ 0.4).

SEAs differed among Carcharhiniformes (SEA = 4.36%.%), Hexanchiformes
(0.98%0%) and Rajiformes (1.14%0% Fig. 3 of Chapter 2.1, Subchapter 2), whereas
Squaliformes (2.33%0°) and Torpediniformes (1.36%0°) overlapped in their SEAs (Fig.7
of Chapter 2.2, Subchapter 1).

Trophic ecology and conservation status

We found a positive but non-significant relationship between TLsj, and the degree of
threat as categorised by the IUCN classification (R = 0.42, p = 0.06; Fig. 7 of Chapter
2.2, Subchapter 1). Dalatias licha (TLs, = 4.21), G. galeus (TLsa = 6.31) and T.
nobiliana (TLs, = 5.35) were not included because available information was

insufficient to accurately assess their extinction risk (Data Deficient).

179



RESUMEN DE RESULTADOS

Subchapter 4. Morphological parameters of abundant and threatened
chondrichthyans of the northwestern Mediterranean Sea

A total of 893 individuals belonging to 20 species were examined. According to the
IUCN categories for the Mediterranean Sea (Malak, 2011), the 20 species studied were
classified as: Least Concern (9 species), Data Deficient (2 species), Near Threatened (5
species), Vulnerable (2 species), Critically Endangered (1 species) and Endangered (1
species) (see Table 1 of Chapter 2.2, Subchapter 2). The coefficient of determination of
length-weight relationships ranged from 0.84 to 0.99. The parameter b of LWR ranged
between 2.286 for the Portuguese dogfish Centroscymnus coelolepis and 3.557 for
marbled electric ray Torpedo marmorata and the intercept value was between 0.0010
for the kitefin shark Dalatias licha and thornback ray Raja clavata and 0.1025 for the
Portuguese dogfish. The best represented families in terms of numbers of individuals
were Scyliorhinidae and Etmopteridae. The family Rajidae represented the largest
number of species in this study. The body length ranged from 8.5 cm in the case of the

thornback ray to 131 cm in the bluntnose six-gilled shark Hexanchus griseus.

Subchapter 5. Short- and long-term importance of small sharks in the diet of the
rare deep-sea shark Dalatias licha

In total, 36 kitefin shark individuals were collected (18 females and 18 males), in
which 30 were immature and 6 were mature. From the 36 individuals, 17 came from the
Catalan Sea and 19 from the Gulf of Lions (Fig. 1 of Chapter 2.2, Subchapter 3). The
body mass and stretch total length of Kkitefin sharks were similar between sexes but

differed significantly between areas (Table 1 and 2 of Chapter 2.2, Subchapter 3).

Stomach content analysis

Based on the %W, the diet composition of kitefin shark did not differ between sexes
or sampling areas (Table 1 and 2 of Chapter 2.2, Subchapter 3; Fig. 2 of Chapter 2.2,
Subchapter 3).

Taking into consideration all specimens, stomach content results indicated that the

diet of kitefin sharks included mainly small demersal sharks such as velvet belly
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lanternshark and blackmouth catshark (Tables 3 and 4 of Chapter 2.2, Subchapter 3;
Fig. 2 of Chapter 2.2, Subchapter 3), followed by fin-fishes (such as the carapidae
Echiodon dentatus and Mediterranean codling Lepidion lepidion; Tables 3 and 4 of
Chapter 2.2, Subchapter 3; Fig. 2 of Chapter 2.2, Subchapter 3) and crustaceans (such as
the shrimps Pasiphaea sp. and Norway lobster Nephrops norvegicus; Tables 3 and 4 of
Chapter 2.2, Subchapter 3; Fig. 2 of Chapter 2.2, Subchapter 3). Other prey groups such
a passerine bird, polychaetes, foraminifers and tunicates were also found in the stomach

but with a very low frequency and importance (based on %W or %IRI).

Isotopic results and SIAR model

8N and 5™C values of muscle and liver did not differ between sexes and sampling
areas (Tables 1 and 2 of Chapter 2.2, Subchapter 3). The feasible contribution of each
potential prey, estimated by the SIAR model, indicated that in the case of liver and
muscle analysis, the importance of small demersal sharks in the diet of Kkitefin sharks
was the highest, followed by fin-fishes, and by crustaceans and cephalopods in a low
proportion (Fig. 2 and 3 of Chapter 2.2, Subchapter 3). Between tissues, the SIAR
results from liver (Fig. 2 and 3A of Chapter 2.2, Subchapter 3) suggested that the
proportion of small demersal sharks in the diet (mean=56%) was higher than that as
indicated by the SIAR results from muscle (mean=38%; Fig. 2 and 3B of Chapter 2.2,
Subchapter 3).

The importance of fin-fishes in the diet was similar between liver and muscle (Fig. 2
and 3 of Chapter 2.2, Subchapter 3). On the contrary, liver results showed lower
proportions of crustaceans (mean=5%) and cephalopods (mean=9%) than results from
muscle tissue, which indicated on average a 12% and 20% contribution for crustaceans

and cephalopods, respectively (Fig. 2 and 3 of Chapter 2.2, Subchapter 3).

Trophic position
The trophic position estimated from stomach contents (TPswomach) Varied between 4.3
in the Catalan Sea to 4.7 in the Gulf of Lions. Although the trophic position estimated

with stable isotopic N values of muscle (4.8 in the Catalan Coast and 4.6 in the Gulf of
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lions) was in the same range as the TPsomach Values, estimates of trophic position
estimated from liver tissues (5.5 in the Catalan Coast and 5.4 in the Gulf of Lions) were

higher than the TPstomach and TPmuscie in both areas.

182



CAPITULO 3

DISCUSION






DISCUSION GENERAL

AVANZANDO EN EL CONOCIMIENTO DE LA COMUNIDAD DE
CONDRICTIOS DEL MEDITERRANEO

Determinar el rol ecoldgico de los condrictios permite conocer la presencia de
perturbaciones en ecosistemas explotados ya que a través de sus interacciones top-down
pueden alterar el funcionamiento del ecosistema (Heithaus et al. 2008; Estes et al.
2011). En este contexto resulta fundamental conocer la ecologia trofica de las diferentes
especies de condrictios de una comunidad y saber de que se alimentan, como se
alimentan y qué factores pueden afectar la ecologia trofica a lo largo de la vida de las
diferentes especies, ademas de considerar variaciones espaciales y temporales (Garvey
& Whiles 2016).

En esta tesis se ha avanzado en el conocimiento de la ecologia tréfica de un total de
26 especies de condrictios presentes en el oeste del Mar Mediterraneo mediante el uso
combinado del analisis de isétopos estables y de contenido estomacal. En concreto, se
han estudiado tres especies catalogadas como en peligro critico de extincion, tres en
peligro de extincion, tres especies clasificadas como vulnerables, cinco especies
cercanas a la amenaza, dos especies con deficiencia de datos y diez especies catalogados
como preocupacion menor por la UICN (Dulvy et al 2016) (Ver Tabla 1 en el apartado
de Introduccién).

Por el niumero de especies incluidas, esta tesis constituye el estudio mas completo
sobre ecologia trofica de tiburones, rayas y quimeras en el Mar Mediterraneo. En el
primer capitulo (Capitulo 2.1, Subcapitulo 1) se ha estudiado la ecologia trofica de uno
de los tiburones demersales mas abundantes del hemisferio norte, Scyliorhinus canicula
(pintarroja) a través del analisis de isotopos estables de sangre tomada en individuos
vivos con la finalidad de investigar si existen diferencias sexuales y ontogénicas en esta
especie. El uso de la sangre extraida en individuos vivos que luego fueron liberados es
una metodologia no letal que abre nuevas posibilidades para el estudio de diferentes
aspectos troficos en elasmobranquios sin necesidad de sacrificarlos. Es la primera vez

que se ha utilizado esta metodologia para tiburones en el Mar Mediterraneo.
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En esta tesis también se han descrito los habitos troficos e interacciones troficas de
cuatro especies de tiburones relativamente abundantes en la zona de estudio, Dalatias
licha (carocho), Etmopterus spinax (negrito), Galeus melastomus (olayo) y S. canicula
(pintarroja) en dos zonas con diferente grado de impacto pesquero (Capitulo 2.1,
Subcapitulo 2). Este estudio presenta un trabajo de comparacion de la comunidad de
elasmobranquios en dos zonas explotadas de forma distinta por primera vez en la zona
de estudio.

En el segundo capitulo de la tesis (Capitulo 2.2) se ha investigado la ecologia tréfica
y el rol ecologico de las especies poco comunes Yy amenazadas del oeste del
Mediterraneo a través del andlisis de isotopos estables, del analisis de contenido
estomacal y la revision de la literatura (Capitulo 2.2, Subcapitulo 3). Ademas se han
descrito las principales caracteristicas morfolégicas de las especies de condrictios
estudiadas (Capitulo 2.2, Subcapitulo 4). Finalmente, se ha seleccionado al tiburon
demersal carocho D. licha, una especie considerada vulnerable en el Mar Mediterraneo,
para investigar sus habitos troficos a diferentes escalas temporales utilizando diferentes
tejidos (Capitulo 2.2, Subcapitulo 5).

Como resultados de la tesis se han publicado tres trabajos en revistas cientificas de
impacto, y dos se encuentran actualmente en revision. Ademas se han presentado 5

contribuciones en congresos nacionales e internacionales.

PRINCIPALES LIMITACIONES Y RETOS DE ESTE ESTUDIO

Estudiar la ecologia de las diferentes especies de condrictios no es una tarea facil, ya
que muchas de estas especies son poco abundantes y tienen bajo o nulo interés
comercial. Por este motivo el nimero de muestras obtenidas de cada una de las especies
estudiadas en esta tesis es variable. Para algunas de estas especies como las rayas
Mobula mobular (manta) y Gymnura altavela (raya mariposa), el torpedo Tetronarce
nobiliana (tremielga negra) o el tiburén Alopias vulpinus (tiburén zorro) se obtuvieron

un nimero muy bajo de individuos. Aun asi los resultados aqui recogidos representan
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una de las primeras aproximaciones para entender el rol ecoldgico de estas especies en
el Mar Mediterraneo.

En el caso de especies poco abundantes o en peligro de extincion, tener un namero
de estomagos suficientes para inferir resultados extrapolables es dificil, siendo
imposible responder a preguntas ecoldgicas a través de esta metodologia (Smart et al.
2013). Por este motivo la utilizacién de herramientas complementarias e integradoras
como el uso de los isétopos estables abre la posibilidad de poder trabajar con un nimero
bajo de individuos (Shiffman et al. 2012).

Sin embargo, el uso del analisis de is6topos estables en condrictios tiene ciertas
limitaciones por lo que algunos de los resultados de este trabajo deberian ser
interpretados con precaucién. Por ejemplo, los condrictios son un grupo muy diverso,
con diferentes tasas metabdlicas y por ende tasas de digestion de presas e incorporacion
isotopicas diversas (Shiffman et al. 2012). Asi, se ha descrito que algunos
elasmobranquios poco nadadores como la raya Raja erinacea tienen un metabolismo
bajo (Hove & Moss 1997) con una tasa de renovacion tisular mas lenta que otras
especies nadadoras activas como el tiburon Isurus oxyrinchus (tiburén marrajo) que
presentan un metabolismo mucho maés elevado (Graham et al. 1990). Esto se traduce en
una diferente variacion en la tasa de renovacion de los isdtopos estables en los
diferentes tejidos, en especial en los de alta renovacion como el higado o la sangre
(MacNeil et al. 2006). Sin embargo, en este estudio hemos asumido que la tasa de
renovacion de los isotopos estables en los tejidos es similar entre especies.

Por otro lado, el trabajar con especies presentes en habitats muy diversos, como por
ejemplo el tiburon C. coelolepis (pailona) que se distribuye desde los 270 hasta mas de
3.500 metros de profundidad o especies mas costeras como el torpedo Torpedo torpedo
(tremolina) que se encuentra de 1 a 300 metros de profundidad, dificulta poder
recolectar las principales presas que consume cada especie, tanto por la logistica como
por los costos involucrados en tal tarea. Esto puede limitar la caracterizacion isotdpica
de algunas presas ya que al no tener exactamente todos los items alimenticios incluidos
en la dieta se puede generar un sesgo en los resultados de los modelos de mezcla. Pese a

esta dificultad, en la presente tesis se obtuvieron un total de 129 presas en la zona de
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estudio con el objetivo de minimizar al méximo esta limitacion del muestreo (Anexo 2),
gracias a la participacion del doctorando en las diferentes campafias de pescas
experimentales del proyecto ECOTRANS “Dynamics and ecological role of small
pelagic fish in the northwest mediterranean: Energy transfer from planktonic organism
to higher predators” (Plan Nacional CTM2011-26333 del Ministerio de Economia y
Competitividad del Gobierno de Espafiol).

La técnica de andlisis de isotopos estables asume que durante el proceso de ingestion
y excrecién de las presas hay un enriquecimiento del is6topo méas pesado (en este caso
3C 0 ®N), un proceso conocido como fraccionamiento (Olive et al. 2003, Domi et al.
2005). El uso de un fraccionamiento adecuado es importante para poder estimar la dieta
de manera creible mediante el uso de modelos de mezcla isotopicos (Bond & Diamond
2011, Giménez et al. 2017). Por ese motivo es necesario utilizar o bien valores de
fraccionamiento isotdpico estimado para cada una de las especies o bien intentar utilizar
valores de fraccionamiento estimado para especies cercanas taxondémicamente y
ecoldgicamente (Caut et al. 2009, Bond & Diamond 2011). Los trabajos enfocados a
estimar los valores de fraccionamiento isotopicos de condrictios son muy escasos y no
existen valores estimados para las especies incluidas en esta tesis. Por lo tanto, se revisé
toda la informacién publicada para otras especies de elasmobranquios con la finalidad
de poder utilizar los valores de fraccionamiento mas adecuados.

Los pocos valores de fraccionamiento que se han encontrado en la literatura se han
calculado para algunas especies de elasmobranquios como las rayas Potamotrygon
motoro (chucho de rio) (MacNeil et al. 2006) y Sympterygia bonapartii (raya
marmorada) (Galvan et al. 2016), los tiburones Triakis semifasciata (tollo leopardo)
(Kim et al. 2012, Zeichner et al. 2017), Negaprion brevirostris (tiburén limén), C.
taurus (Hussey et al. 2010a) y Syliorhinus stellaris (alitan) (Caut et al. 2013). En esta
tesis se utilizaron fraccionamientos isotopicos de especies similares ecolégicamente con
el objetivo de ser lo més riguroso posible (p.ej. Hussey et al. 2010b, Caut et al. 2013).

Estas limitaciones mencionadas anteriormente han de tenerse en cuenta a la hora de
interpretar los resultados relativos a las estimas de dieta a partir de los modelos de

mezcla isotopica presentados en los diferentes capitulos de esta tesis. Sin embargo, este
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estudio muestra una gran similitud entre las estimaciones tréficas obtenidas utilizando
datos de isétopos estables y contenidos de estdémagos. Esto sugiere que el anélisis de
isdtopos estables puede utilizarse con éxito para investigar la ecologia trofica de los
elasmobranquios.

El analisis de isdtopos estables proporciona varias ventajas sobre el andlisis de
contenido estomacal, como el muestreo no letal, la disminucién de sesgos temporales y
espaciales al ser un método que integra el periodo de renovacion del tejido analizado y
la posibilidad de utilizar un bajo nimero de individuos (Post 2002, Martinez del Rio et
al. 2009, Polo-Silva et al. 2013). Estas caracteristicas son muy Utiles a la hora de
determinar el rol ecoldgico de los condrictios poco comunes o en peligro de extincion
(Layman et al. 2012, Shiffman et al. 2012, Tilley et al. 2013). Durante las ultimas
décadas, el anélisis de isotopos estables ha sido ampliamente utilizado para determinar
la ecologia de diferentes especies de depredadores marinos (Kiszka et al. 2015, Matich
et al. 2017, Shipley et al. 2017). Sin embargo, los resultados de esta tesis muestran que
es necesario el uso complementario de is6topos estables y analisis de contenido
estomacal para obtener una informacion mas rigurosa desde el punto taxonémico, de
gran utilidad a la hora de establecer las principales especies presa (Hyslop 1980,

Pethybridge et al. 2011).

NUEVOS DATOS SOBRE EL ROL TROFICO DE LOS CONDRICTIOS EN EL
MAR MEDITERRANEO

El potencial que tienen los tiburones, rayas y quimeras para influir en la dinamica de
los ecosistemas depende en gran medida de la interaccion con sus presas (Bascompte et
al. 2005). Esto a su vez depende de una serie de factores poblacionales y ecoldgicos
como la abundancia, el tamafio corporal, el nivel y la especializacion trofica (Wootton
& Emmerson 2005, Roff et al. 2016). Por estos motivos determinar la posicion tréfica

que ocupan los organismos en los ecosistemas es clave (Heupel et al. 2014).

A partir de los resultados de esta tesis se confirma que los condrictios del oeste del

Mediterraneo se situan en diferentes posiciones troficas. En algunas especies se ha

189



DISCUSION GENERAL

observado singularidad de nichos tréficos (p.ej. G. galeus o M. aquila; Capitulo 2.2,
Subcapitulo 3) y en otros casos existe una sobreposicion (como en el caso de
Rajiformes, Capitulo 2.2, Subcapitulo 3). La singularidad de especies es primordial y
significa que cada especie cumple un rol Gnico dentro del ecosistema. La redundancia
implica una concepto de conservacion en la estructura del ecosistema (estabilidad) que
significa que si una especie disminuye otra especie podra ocupar su lugar y mantener la
misma funcion ecologica (Walker 1995, Naeem & Li 1997, Naeem 1998). Estas
caracteristicas troficas son esenciales para gestionar y conservar las especies marinas y

los ecosistemas bajo explotacion.

Ecologia tréfica de Scyliorhinus canicula, la especie méas abundante

Mediante el uso de analisis de is6topos estables en sangre se ha encontrado que S.
canicula, el condrictio mas abundante en el Mar Mediterraneo en la actualidad, presenta
un rol trofico tipico de mesodepredador y muestra diferencias ontogénicas y sexuales en
sus habitos troficos.

En relacion a las diferencias ontogénicas, este estudio muestra que los individuos de
mayor tamafio (adultos) pueden depredar presas de mayor tamafio y de mayor movilidad
(Capitulo 1, Subcapitulo 1), algunas de ellas con mayor nivel trofico (Carrier et al.
2012). La existencia de diferencias ontogénicas se han descrito en otras especies de
tiburones como en Galeocerdo cuvier (tiburon tigre) o el Carcharhinus plumbeus
(tiburdn trozo) (Lowe et al. 1996, McElroy et al. 2006, Newman et al. 2012), en rayas
como Zearaja chilensis (raya hocicuda) o la raya Trygonoptera testacea (Alonso et al.
2001, Marshall et al. 2008) y en la quimera C. monstrosa (Moura et al. 2005). Esto
ocurre porque a lo largo de su desarrollo, muchas especies de tiburones tienden a
seleccionar diferentes habitats como una respuesta para evitar el riesgo de depredacion
de los individuos méas jovenes por parte de los adultos, para proporcionar mayor
alimento a las crias en desarrollo o para encontrar la temperatura 6ptima para las crias
recién nacidas (Mufioz-Chapuli 1984, Rodriguez-Cabello et al. 2007).

La segregacion sexual dentro de las especies es un fendmeno generalizado entre los

vertebrados (Ruckstuhl y Neuhaus 2005). Entre las hipotesis mas aceptadas esta la

190



DISCUSION GENERAL

segregacion de las hembras que se relaciona con diferencias sexuales en los
requerimientos nutricionales asociadas a la presencia de dimorfismo sexual o diferentes
demandas relacionadas con la época de gestacion, la temperatura Optima para la
fecundidad o afinidad social (Wearmouth et al. 2012).

Si se consideran estas caracteristicas intrinsecas de las especies, resulta fundamental
que al describir posiciones troficas y rol ecoldgico en los diferentes ecosistemas se
tenga en cuenta no solo la especie, sino los cambios troficos y de habitat que se puedan
producir en el crecimiento de los individuos y las segregaciones que se pudieran dar
entre sexos. Por ejemplo el tiburdn S. canicula tiende a segregarse por tamafios 0 sexos
(Sims et al. 2001, Rodriguez-Cabello et al. 2007). Compagno (1984) encuentra que los
individuos juveniles de esta especie habitan aguas mas someras que los adultos, sin
embargo este patron es altamente variable entre diferentes zonas geograficas (Mufioz-
Chapuli 1984, Rodriguez-Cabello et al. 2007). Lo que ocurre con este tiburon ocurre
con otras especies como los tiburones C. coelolepis, C. granulosus o las rayas Bathyraja
brachyurops (raya de los canales) y B. griseocauda (raya austral lija) (Clarke et al.
2001, Arkhipkin et al. 2008). A lo largo de su vida los tiburones y rayas se desarrollan
en diferentes habitats, por lo que su rol puede cambiar de acuerdo a la zona donde
habiten, al sexo, el tamafio y la disponibilidad de presas.

Pese a las diferencias encontradas en la ecologia tréfica a nivel ontogénico y sexual,
tanto juveniles, como adultos y machos y hembras de S. canicula, presentan un rol
ecologico de mesodepredador en comparacion con las diferentes especies de tiburones y
rayas presentes en el mismo ecosistema (Capitulo 2.1, Subcapitulo 1). Dada la alta
biomasa que presenta esta especie en la plataforma del Mar Mediterraneo (Bradai et al.
2012, Navarro et al. 2016, Marongiu et al. 2017), esta especie podria ser muy
importante como estructurador del ecosistema Mediterraneo. Para avanzar en el analisis
de la importancia ecoldgica de esta especie en el ecosistema seria interesante distinguir
esta especie en los modelos ecosistémicos que describen la zona de estudio, como se
realiz6 en su momento para la raya Raja asterias (Coll et al. 2013b). Los modelos que
existen actualmente agrupan todos los condrictios demersales en un grupo funcional

anico (p.ej. Coll et al. 2006, Coll et al. 2013b, Piroddi et al. 2017).
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Rol ecoldgico de otros condrictios abundantes y mesodepredadores

Otros mesodepredadores abundantes de la zona de estudio son los tiburones G.
melatomus y E. spinax (Fanelli et al. 2009, Bradai et al. 2012). Estos tiburones, junto
con S. canicula, muestran una dieta similar en zonas con diferente impacto antrépico en
el Mar Mediterraneo y se comportan como mesodepredadores generalistas que se
alimentan de crustaceos, cefalépodos y pequefios peces.

En esta tesis se evalué como podria afectar el impacto antropico a la ecologia trofica
de estas especies. Sin embargo no se encontraron evidencias de la existencia de
diferencias en el nicho trofico de las especies analizadas, ni en la estructura de la
comunidad entre dos zonas con diferente impacto humano (Capitulo 2.1, Subcapitulo
2). Los tres tiburones de pequefio tamarfio estudiados (E. spinax, G. melastomus y S.
canicula) son especies generalistas que potencialmente pueden adaptarse a condiciones
de sobreexplotacion (Capitulo 2.1, Subcapitulo 1). Ademas S. canicula posee una serie
de caracteristicas como su capacidad de explotar algunas especies presentes en los
descartes pesqueros y su alta sobrevivencia tras la captura hace que pueda verse
favorecida en situaciones de impacto humano medio (Olaso et al. 1998, Olaso et al.
2002, Revill et al.2005, Rodriguez-Cabello et al. 2005). También es probable que las
medidas restrictivas impuestas en el Golfo de Ledn no sean lo suficientemente eficaces
para poder recuperar el ecosistema, y ambas zonas pueden estar altamente impactadas.

Estos pequefios tiburones demersales, junto a las rayas del orden Rajiformes, tienen
un rol de mesodepredadores. Al observar los resultados obtenidos en los Capitulos 2.1y
2.2 se puede inferir que en este grupo existe una probable redundancia trofica. Esto es
especialmente evidente en los Rajiformes ya que todos incorporan pequefos crustaceos
en su dieta, como también se ha observado en otros ecosistemas con rayas de las
familias Urolophidae y Dasyatidae (Marshall et al. 2008, O'Shea et al. 2013). Los
ecosistemas con mayor redundancia podrian ser mas resistentes que los ecosistemas con
baja redundancia, ya que varias especies podrian desempefiar roles similares (Reich et
al. 2012). Sin embargo, especies similares que ocupan un mismo ecosistema deberian
presentar algun mecanismo para reducir la competencia por el alimento y poder permitir

su coexistencia (Schoener 1974). En este grupo de especies hay algunas que presentan
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el mismo rol tréfico como por ejemplo S. canicula y G. melastomus, sin embargo éstas
especies se segregan en profundidad (Gouraguine et al 2011) y si existe algun tipo de
competencia puede darse entre los individuos juveniles de ambas especies, pero no en
adultos. Por ejemplo, los adultos de S. canicula habitan en ambientes mas costeros,
mientras G. melastomus habita donde comienza el talud continental (Navarro et al.
2016), E. spinax comparte habitat con G. melastomus (Sion et al. 2004), pero sin
embargo depreda sobre animales de menor nivel tréfico.

En los batoideos del orden Rajiformes se pueden producir diferencias ecolégicas por
segregaciones batimétricas, tipo de hébitat, por tamafio o por el periodo de actividad
(Ellis et al. 1996). Por ejemplo R. montagui (raja pintada) es una raya de pequefio
tamafio que habita en sustratos arenosos con una amplia distribucién batimétrica y
puede vivir hasta los 600 metros (Ellis et al. 2005). En cambio R. clavata puede
adaptarse a varios sustratos como arena, fango, grava o areas rocosas y tiene una
distribucion batimétrica mucho maés limitada (Stehmann & Biirkel 1984, Rousset 1990),
sin embargo puede alcanzar tamafios mucho mayores lo que le permitiria capturar
presas de mayor tamario.

En el oeste del Mediterraneo la informacion de abundancias y distribucion de los
Rajiformes es aun deficitaria (Matallanas 1974, Navarro et al. 2015, Navarro et al.
2016) y se necesitan estudios adicionales para comprobar por qué existe ésta
redundancia, ademas existen problemas con la identificacién de especies simpatricas
que han de resolverse y que pueden conllevar dificultades en el manejo, monitoreo y
gestion de los Rajiformes (Tinti et al. 2003, Dudgeon et al. 2012). Una comprension de
éstos parametros es fundamental para desarrollar estrategias de conservacion y para
predecir los impactos asociados con la desaparicion o cambios en la abundancia de estas
especies (Aldebert 1997, Yick et al. 2011, O'Shea et al. 2013).

Los Myliobatiformes Myliobatis aquila (dguila marina) y M. mobular ocupan un rol
Gnico dentro de los condrictios estudiados. M. aquila es la Unica especie de
elasmobranquio de este estudio que depreda sobre bivalvos y cumple un rol de

mesodepredador en el oeste del Mediterraneo (Capitulo 2.2, Subcapitulo 3). Por su parte
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M. mobular es uno de las dos especies de condrictios filtradoras del Mar Mediterraneo

(Capitulo 2.2, Subcapitulo 3).

Ecologica trofica del tiburon carocho y otros condrictios apicales

El otro tiburdn estudiado para evaluar las posibles diferencias entre dos zonas con
diferente explotacion pesquera, el tiburdn carocho o D. licha, es un tiburdn especialista
y sus principales presas son los tiburones de pequefio tamafio (Capitulo 2.1, Subcapitulo
2 y Capitulo 2.2, Subcapitulo 3 y 5). Estos mesodepredadores son abundantes en ambas
zonas estudiadas y es muy probable que debido a este factor la dieta de D. licha no
muestre mayores cambios y que su rol ecolégico se mantenga inalterado en ambas
zonas de estudio. Estas caracteristicas troficas fueron observadas a corto (analisis de
contenido estomacal) y a largo plazo (analisis de is6topos estables en musculo e higado)
en el Capitulo 2.2 (Subcapitulo 5), confirmando que los tiburones demersales son parte
importante de la dieta de D. licha a través de todo el afio.

Aungue los resultados de esta tesis muestran que la ecologia trofica de D. licha en
general no se ve mayormente alterada por impactos antropicos (Capitulo 2.1,
Subcapitulo 2), esta especie esta situada en la parte alta de la red trofica con
caracteristicas tipicas de la mayoria de los condrictios como lento crecimiento, madurez
sexual tardia, baja fecundidad y largos periodos de gestacion. Esto la hace muy
susceptibles a los impactos antrépicos, como la degradaciéon de habitat, la pesca y la
contaminacion (Compagno 1984, Rodriguez-Cabello et al. 2016).

Ademas, en la parte alta de la red trofica se encuentra el tiburdn demersal
Galeorhinus galeus (cazon), la raya demersal G. altavela y el tiburon pelagico A.
vulpinus, ademas del tiburén C. granulosus (quevalcho), los torpedos T. torpedo,
Torpedo marmorata (tembladera), T. nobiliana y la quimera Chimaera monstrosa
(Capitulo 2.1, Subcapitulo 2 y Capitulo 2.2, Subcapitulo 1). El tiburén G. galeus es un
depredador apical en el Mar Mediterraneo al igual que en otros ecosistemas como el
Mar Celta (Pinnegar et al. 2002, Domi et al. 2005), Atlantico noreste (Morato et al.
2003, Torres et al. 2017), Atlantico suroeste (Botto et al. 2011) o Sudéfrica (Sauer &

Smale 1991). G. galeus se alimenta principalmente de peces y cefalopodos y esta
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considerado como vulnerable por la UICN (Dulvy 2016). En la zona del Mar Catalan
este tiburdn es muy escaso y sus capturas son marginales (<1%; Direccié General de
Pesca i Afers Maritims, Generalitat de Catalunya 2017). Dada su importancia como
depredador apical se deberian evaluar sus poblaciones y determinar la presencia real en
los desembarcos para establecer medidas de conservacion que protejan las poblaciones
de esta especie en el oeste del Mediterraneo.

Otra de las especies que puede ser considerada como depredador apical pero en el
ambiente pelagico es A. vulpinus. Esta es una especie que puede alcanzar un gran
tamafo y puede depredar sobre una gran cantidad de peces y cefalopodos pelagicos
(Compagno 1984). Esta catalogada como en peligro de extincion y se encuentra
protegida, pese a esto ocasionalmente es parte del descarte de la pesca del pez espada en
el Mar Mediterraneo (Valeiras et al. 2003), es uno de los tiburones pelagicos méas
abundantes de la zona y debido a su rol de depredador apical la conservacion de esta
especie debiera ser prioritaria.

El otro depredador apical es G. altavela que se alimenta principalmente sobre peces
y crustaceos, la Unica raya de este estudio que se encuentra en la parte alta de la red
trofica, como también se ha observado en el trabajo de Jacobsen y Bennett (2013). Sin
embargo ésta situacion no concuerda con lo descrito por Myers et al. (2007) en el
noreste del Atlantico, donde la caracterizan como un mesodepredador, probablemente
porque consideran que puede ser depredada por los grandes tiburones de la zona. Pese a
esto las especies de la Familia Gymnuridae tienen a ser depredadores apicales en todos
los ecosistemas donde habitan (Jacobsen & Bennett 2013). G. altavela no tiene interes
pesquero en aguas catalanas (Direccié General de Pesca i Afers Maritims, Generalitat
de Catalunya 2017) y esta bajo régimen de proteccion en el Mar Mediterraneo (Walls et
al. 2016).

Si bien estas especies se sitlan en lo més alto de la cadena tréfica en nuestro estudio,
existen otros depredadores apicales situados en una posicion trofica igual o mas alta en
el Mar Mediterraneo y que no estan considerados en esta tesis (Cortés 1999), como
Carcharodon carcharias (tiburén blanco), I. oxyrinchus, Carcharias taurus (tiburén

toro), Echinorhinus brucus (tiburon de clavos) y Carcharhinus altimus (tiburén
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baboso). Estas especies no se han incluido en esta tesis porque no ha sido posible
obtener datos sobre ellas debido a su rara (C. carcharias, I. oxyrinchus, E. brucus) o
nula presencia (C. taurus y C. altimus) en la zona de estudio (Lloris et al. 1984, Barrull
et al. 1999). Lamentablemente todos estos tiburones se encuentran criticamente
amenazados o en peligro de extincion, exceptuando a C. altimus del que no se tienen
datos suficientes para realizar una evaluacion de sus poblaciones (Dulvy et al. 2016).
Dado que los depredadores apicales cumplen una funcion vital en el equilibrio y
regulacion de los ecosistemas a través de efectos top-down (Hunter & Price 1992) la
investigacion y posterior gestion y conservacion de estas especies en la zona de estudio
debiera ser considerada como una prioridad para las administraciones.

Otros depredadores apicales importantes en el oeste del Mediterraneo son los
torpedos que se alimentan principalmente de peces dseos, aunque su nivel tréfico
depende del tamafio (individuos méas grandes se sitGan en un posicion mas alta, Capitulo
2.2, Subcapitulo 3). Estos resultados corroboran los encontrados por Jacobsen and
Bennett (2013), quienes situan a los Torpediniformes como los batoideos de mas alto
nivel tréfico. La situacion de estas especies en el Mar Mediterraneo es de preocupacion
menor, sin embargo en el Mar Catalan son parte del descarte y representan el 1% de los
desembarcos de batoideos en la zona (Direccié General de Pesca i Afers Maritims,
Generalitat de Catalunya, 2017). En la zona de estudio gran parte de los torpedos
aparece en las estadisticas de pesca como Torpedo spp. (Direccié General de Pesca i
Afers Maritims, Generalitat de Catalunya, 2017) lo que hace impracticable determinar
posibles fluctuaciones temporales en la composicion de las capturas de estos
depredadores.

Otro depredador superior es el tiburon demersal C. granulosus, que se alimenta
principalmente de cefalépodos y pequefios peces, sin embargo se encuentra en una
posicion trofica mas baja que G. galeus y G. altavela, probablemente porque no se
muestrearon individuos adultos. Esta especie también ha sido considerada como un
depredador apical importante a nivel ecosistémico (Cortés 1999) y estd criticamente

amenazada de extincion en el Mar Mediterraneo (Dulvy 2016). Ademas es una especie
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con gran incertidumbre taxondmica y actualmente se esta revisando su presencia en el
Mediterraneo (Verissimo et al. 2016).

En la zona de estudio también pueden ser considerados como depredadores apicales
el tiburén pelagico Prionace glauca (tintorera) y los tiburones demersales Hexanchus
griseus (cafiabota), C. coelolepis, D. licha, Oxynotus centrina (tiburon cerdo),
Somniosus rostratus (dormil6n) Squalus acanthias (mielga) y la quimera C. monstrosa,
sin embargo los valores isotopicos de nitrégeno los situan por debajo de G. galeus, A.
vulpinus y G. altavela. Estos resultados han de considerarse a la hora de situar a los
depredadores apicales dentro del ecosistema; es probable que las especies muestreadas
sean de menor tamafio como seria el caso de H. griseus P. glauca, S. acanthias
(Capitulo 2.2, Subcapitulo 2) o que se alimentan de presas de menor nivel trofico o
también puede ser que los tiburones demersales tengan una sefial diferente por las
caracteristicas del habitat y la longitud de la red tréfica (Romanuk et al. 2011). Aun asi
este grupo de especies se situa entre los principales depredadores del Mar Mediterraneo,
junto con mamiferos marinos como Physeter macrocephalus (cachalote), Delphinus
delphis (delfin comun) (Pauly et al. 1998b, Capelli et al. 2008) y aves como Larus
audouini (gaviota de audouin) o Larus michahellis (gaviota patiamarilla) (Stergiou &

Karpouzi 2002, Ramos et al. 2009, Navarro et al. 2011).

LA COMUNIDAD DE CONDRICTIOS DEL MAR MEDITERRANEO, UNA
COMUNIDAD AMENAZADA

Los ecosistemas marinos se estan degradando a nivel mundial debido a varios
impactos antropicos como la pesca, la contaminacion y el calentamiento global (Pauly
et al. 1998a, Worm et al. 2006, Halpern et al. 2008). Amenazas que influyen
directamente sobre las poblaciones de tiburones, rayas, quimeras y sus habitats (Baum
& Myers 2004, Ferretti et al. 2010). En muchos lugares esta degradacion es profunda,
como en el Mar Mediterraneo, donde se han producido impactos dificiles de revertir
(Coll et al. 2012, Costello et al. 2010). Muchas poblaciones de depredadores estan hoy

en declive, lo que requiere una comprension de los factores que determinan su rol
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ecoldgico para predecir y mejorar los cambios ambientales que pueden producirse por
estos declives en los ecosistemas (Heithaus et al. 2008, Lotze & Worm 2009, Ripple et
al. 2014) y establecer medidas adecuadas de gestion para detener estos declives.
Comprender el rol de los depredadores, el comportamiento y las variaciones entre
individuos de la misma especie y a su vez como estas variaciones pueden afectar a sus
presas y a los ecosistemas es un tarea multidisciplinaria necesaria pero laboriosa

(Svanbéck & Persson 2004), mas cuando los ecosistemas estan en un cambio continuo.

En esta tesis se ha actualizado o recopilado por primera vez informacion tréfica de
26 especies de condrictios y se ha dilucidado el rol trofico que cumplen estas diferentes
especies en el oeste del Mediterraneo. Los estudios disponibles que han hecho
aproximaciones que destacan la pérdida de varias especies de depredadores en las
Gltimas décadas (Maynou et al. 2011, Coll et al. 2014), y también de tiburones pelagicos
(Ferretti et al. 2008), muestran que lo mas probable es que esta pérdida de depredadores
ya haya producido un cambio dréastico en el ecosistema marino, como se ha descrito en
ecosistemas mediterraneos costeros (Sala 2004, Lotze et al. 2011). Sin embargo adn
quedan muchos interrogantes por resolver sobre la ecologia de este grupo como por
ejemplo determinar las variaciones troficas intraespecificas o los patrones de
movimiento de las diferentes especies, caracteristicas que son sustanciales para
determinar de una manera adecuada cual puede ser el impacto de la disminucion o
desaparicion de las diferentes especies de elasmobranquios en el ecosistema marino
mediterraneo.

En general, la situacion del ecosistema del oeste del Mediterraneo es preocupante ya
que mientras mas alta es la posicion tréfica de las especies, mayor es su nivel de
amenaza de extincion (Capitulo 2.2, Subcapitulo 3), por consiguiente es mayor el riesgo
que se produzcan cascadas tréficas (Myers & Worm 2003, Myers et al. 2007). Aunque
muchas de estas especies sean actualmente poco comunes y se pueda pensar que su rol
ecoldgico no es importante, muchas de ellas presentan rasgos funcionales distintos de
los de las especies comunes Yy si desaparecen también se perderia esta funcionalidad en

los ecosistemas (Mouillot et al. 2013). Ademas, las altas abundancias de algunos
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condrictios mesodepredadores en el Mediterraneo podria ser el resultado de la
desparicion de especies apicales, como ha sucedido en otros lugares (Myers et al. 2007).

La informacion proporcionada en esta tesis se puede emplear en un futuro para ser
integrada en modelos multiespecificos 0 modelos de ecosistema (p.ej. Coll et al 2006,
Coll et al. 2007, Piroddi et al. 2011, Corrales et al. 2015). Esto permitiria entonces
simular como se comportan los ecosistemas ante la bajada en abundancia de las
principales especies de condrictios.

Debido a que los tiburones y rayas son importantes depredadores apicales y
mesodepredadores y actlan como estructuradores de los ecosistemas del Mar
Mediterraneo, seria aconsejable establecer medidas urgentes para permitir su
recuperacion. Actualmente existen convenios internacionales firmados por Espafia para
la proteccion de condrictios como el Convenio Ospar (1992) o el Convenio de
Barcelona (1995). Sin embargo estos tratados no son vinculantes y no obligan a los
paises a tomar medidas inmediatas mediante una ley que proteja las especies de los
convenios. En la legislacion nacional, la Ley 42/2007 del Patrimonio Natural y la
Biodiversidad establecen prioridades de proteccion para especies amenazadas, sin
embargo en el catadlogo de esta ley no figura ninguna especie de condrictio, pese a que
es uno de los grupos mas amenazados del ecosistema marino y cumplen una funcion
muy importante en la estructura de los ecosistemas.

Si bien la Unién Europea a través del reglamento (UE) 2017/127 del consejo prohibe
pescar en el Mediterraneo tiburones como C. carcharias, Cethorhinus maximus (el
peregrino), Lamna nasus (el marrajo sardinero), P. pectinata, P. pristis (los peces
sierra), Squalus acanthias (el galludo), Squatina squatina (tiburén angel) y rayas como
M. mobular y M. japanica quedan muchas especies amenazadas sin proteger. Por
ejemplo P. glauca es una especie que se encuentra criticamente amenazada de extincién
en el Mediterraneo y no existe ninguna ley que impida pescar esta especie, una situacion
similar a lo que ocurre con G. altavela. De acuerdo a las tendencias poblacionales
negativas descritas por la UICN, en las condiciones actuales estas especies

probablemente estan destinadas a extinguirse localmente (Dulvy et al. 2016).
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Considerando que los condrictios del oeste del Mediterraneo son importantes
estructuradores del ecosistema es de suma importancia establecer medidas a corto y
largo plazo para recuperar sus poblaciones en el Mar Mediterraneo. Para esto se ha
recomendado establecer areas protegidas para favorecer zonas de reclutamiento de
condrictios en esta zona (Bradai et al. 2012). Ademas se deberian realizar esfuerzos de
gestion de parte de las administraciones para mejorar las estadisticas de captura de
elasmobranquios y asi poder determinar las tendencias en sus desembarcos (Dulvy et al.
2014). Esto es especialmente importante para los batoideos, ya que el 67% de las
especies de encuentran amenazadas o0 estan cercanas a la amenaza de extincion (Dulvy
et al. 2016). Ademas, muchos tiburones forman parte del descarte y en muchas
ocasiones se mantienen vivos una vez pescados (Bradai et al 2012, Dulvy et al 2014).
Por consiguiente, una adecuada liberacion de las especies de forma rapida desde las
embarcaciones de pesca podria garantizar la supervivencia de los individuos capturados
de forma accidental (Bradai et al 2012). Ademas, seria fundamental proteger las
especies que se encuentran en peligro y en peligro critico de extincién en el
Mediterraneo. Para esto las administraciones debieran prohibir totalmente la pesca,
descarga y comercializacion de estas especies, e incluir las especies catalogadas en
peligro y en peligro critico de extincion en el catadlogo de la Ley 42/2007 del Patrimonio
Natural y la Biodiversidad y fiscalizar de manera adecuada el cumplimiento de la

normativa.
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Este estudio es el primer trabajo que compara la ecologia trofica de la comunidad de
tiburones, rayas y quimeras en el Mediterrdneo occidental a través del uso combinado
de is6topos estables y contenido estomacal. También presenta las principales medidas
morfometricas de los tiburones rayas y quimeras de la zona de estudio. Las principales

conclusiones de este estudio son:

1. El tiburdén Scyliorhinus canicula se alimenta principalmente de crustaceos
eufausidos, aunque su proporcién en la dieta difiere entre sexos y entre tamafios,

probablemente porque se segregan en zonas diferentes de la plataforma continental.

2. El tiburdn Scyliorhinus canicula tiene un rol ecol6gico de mesodepredador y su nivel
tréfico es similar al de las rayas del orden Rajiformes estudiadas en el oeste del Mar

Mediterraneo.

3. Scyliorhinus canicula presenta una alta plasticidad tréfica, lo que le permitiria

mantener sus poblaciones relativamente estables en ecosistemas altamente explotados.

4. Los tiburones méas abundantes, Etmopterus spinax, Galeus melastomus y S. canicula,
en el Mar Mediterraneo se consideran mesodepredadores. Los tiburones con posiciones

de depredador apical son poco comunes en la zona de estudio.

5. El tiburon Dalatias licha es un depredador que se alimenta principalmente de
pequerfios tiburones demersales a lo largo de todo el periodo del afio, sus principales

presas son Galeus melastomus y Etmopterus spinax.

6. No se han observado cambios importantes en la dieta y el rol ecologico de Dalatias
licha, Etmopterus spinax, Galeus melastomus y Scyliorhinus canicula entre areas con
diferente impacto antrépico. Probablemente porque los pequefios tiburones son
oportunistas y generalistas, y Dalatias licha se alimenta principalmente de estos
pequefios tiburones. Estos resultados podrian estar también condicionados por la

proteccion real de la zona de estudio menos impactada.
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7. Existen diferencias en los hébitos troficos de las diferentes especies de condrictios:
las rayas del orden Rajiformes consumen principalmente crustaceos; los tiburones de los
ordenes Carcharhiniformes, Hexanchiformes, Squaliformes y Lamniformes prefieren
dietas mixtas compuestas de cefalopodos, crustaceos y peces; los torpedos (Orden
Torpediniformes) se alimentan principalmente de peces; las rayas del orden
Myliobatiformes tienen habitos tréficos muy diferentes, las quimeras (Orden

Chimaeriformes) se alimentan principalmente de crinoideos y crustaceos.

8. Las rayas del Orden Rajiformes parecieran tener redundancia trofica, aunque se debe

analizar las diferencias troficas a nivel intraespecifico.

9. Los tiburones Alopias vulpinus, Galeorhinus galeus y la raya Gymnura altavela son
los condrictios de mayor nivel tréfico debido a su alimentacion compuesta
principalmente por peces y cefalépodos. La manta Mobula mobular y la raya Raja
polystigma son los elasmobranquios con menor nivel tréfico debido a su dieta

compuesta por pequefios crustaceos y a las caracteristicas filtradoras de M. mobular.

10. En general, los condrictios del oeste del Mar Mediterraneo por su rol principal
como depredadores apicales y mesodepredadores cumplen una funcién muy importante

en la estructura de los ecosistemas marinos.

11. Los condrictios del Mediterraneo tienen diferentes relaciones talla-peso que las
observadas en el resto de areas donde se distribuyen estos organismos. Aunque estas
diferencias dependen de la especie, en general los condrictios del Mediterraneo tienen

tallas mucho mas pequefias que en el Océano Atlantico.

12. EIl andlisis de is6topos estables y el andlisis del contenido estomacal son
herramientas complementarias muy Utiles para estudiar la ecologia tréfica de los
tiburones del oeste del Mediterraneo, ya que permiten establecer consistencias troficas

en diferentes escalas temporales.

13. El andlisis de is6topos estables en sangre es una técnica que permite el estudio de

la ecologia trofica en tiburones sin sacrificar a los individuos estudiados.
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Créditos de las imdgenes:

Fotografia Alopias vulpinus: Agricultura, Gencat
Fotografia Galeorhinus galeus: NIWA, Taihoro Nukurangi
Fotografia Myliobatis aquila: A.M. Arias (Ictioterm)
Fotografia Raja montagui: Domingo Lloris



ANEXO 1

Chimaera monstrosa Linnaeus, 1758

Orden: Chimaeriformes. Familia: Chimaeridae
Nombre comtn: Quimera, quimera, rabbit fish.
Estatus UICN Mediterraneo: Cercano a la amenaza (NT); Global: Cercano a la amenaza

(NT)

La quimera es una especie demersal que se distribuye en la zona noreste del Océano
Atlantico y es la Unica especie que habita en el Mediterraneo. Se distribuye entre los
300 y 800 m de profundidad, aunque se le puede encontrar hasta los 1663 m. Puede

llegar a medir hasta 100 cm de longitud total.

Es una especie ovipara que deposita sus capsulas (huevos) generalmente entre
primavera y verano. La talla de primera madurez fluctia entre los 41 y 47 cm, y al
parecer no hay mayores diferencias entre las tallas de primera madurez del
Mediterraneo y el Atlantico. Los embriones tardan en desarrollan de 9 a 12 meses y las

crias eclosionan a una talla de 10 cm aproximadamente.

Es muy habitual en las pescas de arrastre, donde generalmente son parte del descarte.
Los individuos de mayor tamafio se encuentran a mayor profundidad pero no suelen

venderse por su bajo valor comercial.

10 cm
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Hexanchus griseus (Bonnaterre, 1788)

Orden: Hexanchiformes. Familia: Hexanchidae
Nombre comun: Cafabota, boca dol¢a, bluntnose sixgill shark
Estatus UICN Mediterraneo: Preocupacion menor (LC); Global: Cercano a la amenaza

(NT)

La cafiabota es una especie migratoria que se distribuye en las costas tropicales y
templadas del Océano Pacifico, Indico y Atlantico, ademas del Mar Mediterraneo. Es un
tiburdén demersal, la especie mas grande de los Hexanchiformes. Tiene un amplio rango
batimétrico y habita desde la zona litoral hasta los 2500 m de profundidad. Los
individuos jovenes tienden a acercarse mas hacia la costa. Su longitud méaxima es de

500 cm.

Es una especie ovovivipara y en el Mediterraneo se reproduce frente a las costas de
Thnez y Algeria. La talla de primera madurez fluctia entre los 315 y 420 cm, tiene una
camada de 47 a 108 crias y posiblemente su ciclo reproductivo es bianual. Al nacer
tienen una talla de 65 a 74 cm. aproximadamente. En ocasiones es capturado por la
pesca de arrastre como bycatch y algunos ejemplares son vendidos en las lonjas

catalanas con el nombre genérico de cazon.
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ANEXO 1

Centrophorus granulosus (Bloch & Schneider,
180 1) (En revisién)

Orden: Squaliformes. Familia: Centrophoridae
Nombre comun: Quevalcho, gutxo brut, gulper shark

Estatus UICN Mediterraneo: Criticamente amenazado (CR); Global: Vulnerable (VU)

Si bien el individuo estudiado presenta caracteristicas similares a la descrita por Bloch
& Schneider en 1801, la presencia de C. granulousus no ha sido confirmada para la
zona. En este momento el grupo de los Centroféridos de la zona Mediterranea y
Atlantica estd en proceso de revision y al parecer existiria un morfotipo exclusivo del

Mar Mediterraneo.

El quevalcho es un tiburén demersal que habita la plataforma continental y el talud
superior, pero se le puede encontrar desde los 50 hasta los 1490 m de profundidad. Los
especimenes mas grandes en el Mediterraneo no superan los 128 cm y su talla de
primera madurez esta entre 90 y 94 cm de longitud total. Es un tiburén ovoviviparo que
tiene 1 o 2 crias con un largo periodo de gestacion, lo que lo hace muy susceptible a las
pesquerias. Aunque no es muy habitual en el bycatch de las pesquerias de arrastre en

Catalufia, cuando es capturado se vende bajo la denominacion de cazon.
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ANEXO 1

Centroscymnus coelolepis Barbosa du Bocage &

de Brito Capello, 1864

Orden: Squaliformes. Familia: Somniosidae

Nombre comun: Pailona, pailo, portuguese dogfish
Estatus UICN Mediterraneo: Preocupacion menor (LC); Global: Cercano a la amenaza

(NT)

La pailona es un tiburon demersal con una amplia distribucion en el Atlantico y el
Pacifico oeste, ademas del Mar Mediterraneo. Es de los tiburones que habitan a mayor
profundidad, se les puede encontrar desde los 270 m y puede llegar hasta los 3700 m de

profundidad.

En el Mar Mediterraneo su longitud comun es de 45 a 50 cm, con una longitud maxima
observada de 83 cm, mucho mas pequefios que en otros mares donde superan los 100
cm de longitud total. En el Mediterraneo, se han encontrado individuos maduros desde
50 cm, mientras la talla de primera madurez para los individuos del Atlantico es de unos
100 cm. Es una especie ovovivipara y tienen camadas de 1 a 29 crias. Los neonatos del
Mediterrdneo tienen una talla de 20 cm aproximadamente, mientras en otras zonas
pueden llegar a los 30 cm de longitud total. Es el tiburon mas abundante de las aguas

profundas del Mediterraneo.
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ANEXO 1

Dalatias licha (Bonnaterre, 1788)

Orden: Squaliformes. Familia: Dalatiidae
Nombre comun: Carocho, negret xato, kitefin shark

Estatus UICN Mediterraneo: Vulnerable (VU); Global: Cercano a la amenaza (NT)

El carocho es un tiburon demersal de tamafio medio que se distribuye en el Océano
Atlantico y en el oeste del Indico y Pacifico. Se le puede encontrar desde los 37 hasta

los 1800 m de profundidad.

Su longitud méxima es de 180 cm, aunque probablemente el conjunto del Mediterraneo
represente una subpoblacion ya que son mas pequefios y no suelen superar los 120 cm
de longitud total. La talla de primera madurez fluctiia de 77 a 121 cm en machos y de
117 a 159 cm en hembras, sin embargo en el Mediterraneo se han encontrado individuos
que maduran mucho antes. Es una especie ovovivipara y tiene una camada de hasta 16
huevos por hembra en cada periodo reproductivo. Las crias al nacer tienen una talla de

entre 30 y 42 cm aproximadamente.

Es parte del bycatch de la pescas de arrastre, principalmente de cigala y gamba; y si
bien en el Atlantico se les utiliza para hacer aceite, en la zona de Catalufia en ocasiones

es vendido como cazon.
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ANEXO 1

Etmopterus spinax (Linnaeus, 1758)

Orden: Squaliformes. Familia: Etmopteridae
Nombre comun: Negrito, negret, velvet belly lantern shark
Estatus UICN: Mediterraneo: Preocupacion menor (LC); Global: Preocupacion menor

(LC)

El negrito es un tiburén demersal que habita en el Mediterraneo y en el este del Océano
Atlantico entre Islandia y la zona de Africa subsahariana. Es el tiburén mas pequefio del
Mediterrdneo y aunque la longitud méxima registrada es de 60 cm no suelen superar los

45 cm. Se les puede encontrar desde 200 hasta 2490 m de profundidad.

En las pescas comerciales de arrastre del Mediterraneo suelen capturarse individuos
pequefios y generalmente son devueltos al mar; los individuos mas grandes suelen vivir
a mayor profundidad. Es una especie ovovivipara. En el Mediterraneo, la talla de
primera madurez fluctia entre los 31 y 37 cm y puede tener una camada de hasta 20
crias por afo, aunque generalmente el numero de crias es menor (5 a 9). Cuando nacen

tienen una talla de 12 cm aproximadamente.

Si bien esta especie aparece como una de las especies comerciales capturadas en aguas
del Mar Catalan, son pocos los individuos que finalmente llegan a las lonjas por lo que

probablemente exista un error en el etiquetaje.
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ANEXO 1

Oxynotus centrina (Linnaeus, 1758)

Orden: Squaliformes. Familia: Oxinotidae
Nombre comun: Cerdo marino, porc mari, angular roughshark

Estatus UICN Mediterraneo: Criticamente amenazado (CR); Global: Vulnerable (VU)

El cerdo marino se distribuye en el este del Océano Atlantico y el Mar Mediterraneo. Es

un tiburén demersal poco abundante y se puede encontrar desde los 60 hasta los 777 m

de profundidad.

Aunque gran parte de los individuos miden alrededor de 55 cm, pueden alcanzar una
longitud méxima de 150 cm. Es una especie ovovivipara. La talla de primera madurez
en hembras es de 65 cm en la parte norte de su distribucion y de 52 a 58 cm en la parte
sur; los machos maduran alrededor de los 60 cm. Tiene una camada de 10 a 12 cias por

afio que al nacer miden alrededor de 21 cm de longitud total.

Si bien no tiene interés pesquero, es pescado de manera incidental en redes de arrastre.
En la Costa Brava (Catalufia) el aceite de este tiburdn ha sido utilizado historicamente

como remedio natural.
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ANEXO 1

Squalus acanthias Linnaeus, 1758

Orden: Squaliformes. Familia: Squalidae
Nombre comun: Mielga, agullat, picked dogfish

Estatus UICN Mediterraneo: En Peligro (EN); Global: Vulnerable (VU)

La mielga es un tiburdn bentopelagico migratorio de pequefio tamafio, se distribuye
globalmente en las zonas temperadas y boreales de las plataformas y taludes
continentales. Habita desde la zona litoral hasta los 1460 m, aunque es mas comun
sobre la plataforma continental entre 50 a 300 m. Probablemente es el tiburén mas

abundante del mundo.

En el Mar Mediterraneo su longitud es de 60 a 80 cm mientras que en otras zonas es
comun encontrar individuos de 100 cm. Es una especie ovovivipara. La talla de primera
madurez fluctia entre los 63 y 88 cm. Tiene una camada de 1 a 21 crias, con un amplio
ciclo reproductivo (18 a 24 meses de gestacion). Cuando nacen tienen una talla

aproximada de 18 a 27 cm aproximadamente, dependiendo de la zona donde habiten.

En el Mediterraneo es altamente consumido y tiene un valor comercial relativamente
alto comparado con otros elasmobranquios, en ocasiones se comercializa en algunas

lonjas de Cataluna.
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ANEXO 1

Sommniosus rostratus (Risso, 1827)

Orden: Squaliformes. Familia: Somniosidae
Nombre comutn: Dormildn, tauré dorment, little sleeper shark
Estatus UICN Mediterraneo: Datos Insuficientes (DD); Global: Datos Insuficientes

(DD)

El tiburon dormilén es un tiburon demersal poco abundante de tamafio mediano. Se
distribuye en el Atlantico norte y en el Mar Mediterraneo. Se le puede encontrar desde

los 180 a los 2220 m de profundidad.

Se conoce muy poco acerca de su biologia y ecologia. Su longitud total maxima es de
143 cm, aunque en el Mediterraneo no suelen superar los 100 cm. Es una especie
ovovivipara. La talla de primera madurez en machos es de 70 cm y en hembras fluctiia
entre 80 y 130 cm aproximadamente. Tiene una camada de 5 a 17 crias que al nacer

tienen una longitud total de 21 a 28 cm aproximadamente.

Ocasionalmente es capturado como bycatch en pescas comerciales de arrastre y
palangres de profundidad, suele venderse esporadicamente en algunas lonjas catalanas

bajo la denominacion de “cazon”.
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ANEXO 1

Galeorhinus galeus (Linnaeus, 1758)

Orden: Carcharhiniformes. Familia: Triakidae
Nombre comun: Cazon, cago, tope shark

Estatus UICN Mediterraneo: Vulnerable (VU); Global: Vulnerable (VU)

El cazon se encuentra en el Mar Mediterraneo y ademads estéa distribuido en las costas de
aguas templadas de todo el mundo. Es un tiburén demersal de tamaio medio que habita

comunmente desde la zona litoral hasta los 400 m.

En el Mar Mediterraneo es un tiburén poco comun, su longitud méxima es de 200 cm.
Es una especie ovovivipara. La talla de primera madurez varia entre zonas geograficas,
siendo en el Mediterraneo de 155 cm para hembras y 121 c¢cm para machos. Tiene una
camada de 6 a 52 crias con un promedio de 35, que eclosionan luego de permanecer 12
meses en el utero de la madre. Cuando nacen tienen una talla aproximada de entre 26 y

40 cm aproximadamente, dependiendo de la zona donde habiten.

En el Mediterraneo y en Espaiia el “cazon” es altamente consumido, sin embargo en los
puertos de Catalufia esta especie es muy rara, y generalmente la denominacion de

“cazon” esta dada para un grupo de tiburones y no una especie en particular.
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ANEXO 1

Galeus melastomus (Rafinesque, 1810)

Orden: Carcharhiniformes. Familia: Scyliorhinidae
Nombre comun: Olayo, moixina, blackmouth Catshark
Estatus UICN Mediterraneo: Preocupacion Menor (LC); Global: Preocupaciéon Menor

(LC)

El olayo es un tiburon demersal, se distribuye en el Mar Mediterraneo y el noreste del
Océano Atlantico. Es uno de los tiburones demersales mas abundantes del noroeste del
Mediterraneo. Se puede encontrar desde los 55 hasta los 1200 m de profundidad,
aunque en el Mediterrdneo es comln encontrarlos entre los 300 y los 800 m. Los
individuos mas grandes tienden a vivir a mayor profundidad; en el Atlantico se ha

observado una segregacion por sexo y tamafio.

La longitud méxima registrada para esta especie es de 70 cm. Tienen una longitud de 50
cm, aunque los ejemplares del Mediterraneo suelen ser mas pequefios. Es una especie
ovipara. La talla de primera madurez fluctia entre los 38 y 51 cm. Las hembras tienen
una camada de entre 13 a 14 crias por afio. Cuando las crias nacen tienen una talla de 5
cm aproximadamente. Es muy habitual en las pescas de arrastre y los individuos mas

grandes son vendidos con el nombre genérico de “cazdn” o “gat” en las lonjas catalanas.
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ANEXO 1

Prionace glauca (Linnaeus, 1758)

Orden: Carcharhiniformes. Familia: Carcharhinidae
Nombre comun: Tintorera, tintorera, blue shark
Estatus UICN Mediterraneo: Criticamente amenazado (CR); Global: Cercano a la

amenaza (NT)

La tintorera tiene su distribucion en aguas temperadas y tropicales de todo el mundo. Es
el tiburdn peldgico mas abundante del Mediterraneo y su rango de profundidad es de 1 a

1000 m, aunque se le suele encontrar mas habitualmente entre 80 a 300 m.

Suele tiene una longitud de 3 m pero en la subpoblacion del Mediterraneo los
individuos tienden a ser mas pequefios. Es un tiburdén viviparo, y a pesar de que es
relativamente fecundo las poblaciones del Mediterraneo estan criticamente amenazadas
de extincion. La talla de primera madurez fluctia entre los 200 y 215 cm (aunque hay
individuos que maduran mucho antes) y tiene una camada promedio de 35 crias.
Cuando las crias nacen tienen una talla de 30 cm aproximadamente. Es muy habitual en
las pescas de tinidos y los individuos més grandes son vendidos en las lonjas catalanas
como tiburén azul, aunque en algunas lonjas se suele etiquetar genéricamente como
“condrictios” o “elasmobranquios” generando incertidumbre en los desembarques reales

en la zona.
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ANEXO 1

Scyliorhinus canicula (Linnaeus, 1758)

Orden: Carcharhiniformes. Familia: Scyliorhinidae

Nombre comun: Pintarroja, gat, small-spotted catshark
Estatus UICN Mediterraneo: Preocupacion Menor (LC); Global: Preocupacion Menor

(LC)

La pintarroja se distribuye en el Mar Mediterraneo y el noreste del Océano Atlantico, es
el tiburén demersal més abundante de la plataforma continental del Mediterraneo. Se le
puede encontrar desde los primeros metros de la zona litoral hasta los 400 m de

profundidad.

En el Mar Mediterraneo su longitud es de 40 cm y es dificil encontrar animales sobre
los 55 cm de longitud total. En aguas atlanticas su longitud es de unos 60 cm. Estos
pequeiios tiburones tienden a segregarse por sexo y entre adultos y juveniles. Es una
especie ovipara. La talla de primera madurez fluctia entre los 39 y 44 cm y tiene una
camada de 20 a 115 crias por afio. Las hembras ponen capsulas durante todo el afio y las

crias al nacer tienen una talla de 7 cm aproximadamente.

Es muy habitual en las pescas de arrastre y los individuos mas grandes son vendidos con
el nombre genérico de “cazon” o “gat” en las lonjas catalanas, también es vendido en

algunas lonjas como parte de la “morralla”.
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ANEXO 1

Alopias vulpinus (Bonnaterre, 1788)

Orden: Lamniformes. Familia: Alopiidae
Nombre comun: Tiburén zorro, guilla, thresher shark

Estatus UICN Mediterraneo: En Peligro (EN); Global: Vulnerable (VU)

El tiburén zorro se distribuye en aguas temperadas y tropicales de todo el mundo y es
uno de los tres tiburones de la familia Alopiidae. Es una especie relativamente costera,
que habita sobre la plataforma continental, es epipelagica y puede encontrarse desde la

zona litoral hasta los 650 m de profundidad.

En el Mar Mediterraneo su poblacion estd disminuyendo y se encuentra en peligro de
extincion, debido principalmente a la sobrepesca y a su baja resiliencia. En el
Mediterraneo existen dos zonas donde podrian estar pariendo, el Mar Adriatico y el Mar
de Alboran. Pueden alcanzar los 600 cm de longitud total y su talla de primera madurez
se encuentra entre los 300 y los 350 cm de longitud total. Tienen una camada de 2 crias

promedio, que al nacer miden entre 100 y 160 cm de longitud total.

Esta especie es capturada como bycatch en palangreros y también en trasmalleros, como

vive cerca de la costa es muy susceptible a las pesquerias.
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ANEXO 1

Dipturus oxyrinchus (Linnaeus, 1758)

Orden: Rajiformes. Familia: Rajidae
Nombre comun: Raya picuda, caputxo, longnosed skate
Estatus UICN Mediterraneo: Cercano a la amenaza (NT); Global: Cercano a la amenaza

(NT)

La raya picuda es una especie que habita sobre los fondos fangosos y arenosos del
Atlantico noreste, el Mar Mediterraneo y el Mar Negro. Se le puede encontrar entre 90 y

900 m de profundidad.

Pueden llegar a medir 150 cm de longitud total maxima, aunque su longitud mas comun
esde 110 a 130 cm. Es una especie ovipara. La talla de primera madurez es de 83 cm en
machos y 104 cm en hembras. Tienen una muy baja tasa de reproduccion. Las hembras
depositan sus capsulas en primavera y cuando las crias eclosionan tienen una longitud

total de 17 cm aproximadamente.

En el Mediterraneo es ocasionalmente pescada como bycatch en las pescas comerciales
de arrastre de cigala y gamba. Es poco habitual en las costas catalanas y no tiene

importancia comercial.
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ANEXO 1

Leucoraja naevus (Miiller & Henle, 1841)

Orden: Rajiformes. Familia: Rajidae

Nombre comun: Raja santiaguesa, bastina, cuckoo ray
Estatus UICN Mediterraneo: Cercano a la amenaza (NT); Global: Preocupacion menor

(LC)

La raja santiaguesa es una raya de pequeiio tamafio que se distribuye en el Atlantico este
y el Mar Mediterraneo. Se le puede encontrar desde los 12 m hasta los 500 m de

profundidad.

Su longitud suele ser de 40 cm, pero pueden medir hasta 75 cm. Es una especie ovipara.
La talla de primera madurez es de 45 a 48 cm aunque puede variar geograficamente.
Tiene una camada de 60 a 63 crias por afio y los embriones tardan alrededor de ocho
meses en desarrollarse. Cuando nacen tienen una talla de 12 cm aproximadamente.
Aunque no es una raya muy abundante, es capturada como bycatch en la pesca de
trasmallo y en la pesca de arrastre de cigala y gamba. En Cataluna es vendida en las

lonjas catalanas bajo el nombre de otras especies de raya o Raja sp.
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ANEXO 1

Raja asterias Delaroche, 1809

Orden: Rajiformes. Familia: Rajidae
Nombre comun: Raya estrellada, rajada estrellada, mediterranean starry ray

Estatus UICN Mediterraneo: Cercano a la amenaza (NT); Global: Cercano a la amenaza

(NT)

La raya estrellada es una especie que se distribuye en el Mar Mediterraneo y en
Atlantico noreste. Se le puede encontrar desde los primeros metros de la costa hasta los
300 m de profundidad, aunque estan mas concentradas entre los 100 y 300 m de
profundidad. Los juveniles nacen cerca de la costa y a medida que crecen descienden a

profundidades mayores.

Los machos pueden llegar a medir 72 cm mientras las hembras alcanzan los 76 cm de
longitud total maxima. Es una especie ovipara. La talla de primera madurez en el
Mediterraneo fluctua entre los 45 y 60 cm segun el area geografica. Pueden llegar a
producir entre 34 a 112 huevos por afo. Es relativamente comun en las pescas de
arrastre de cigala. En Catalufia aparece como la raya mas vendida en las lonjas, sin

embargo esto se debe a que habitualmente se confunde con otras del mismo género.

259



ANEXO 1

Raja clavata Linnaeus, 1758

Orden: Rajiformes. Familia: Rajidae
Nombre comun: Raya de clavos, clavellada, thornback ray

Estatus UICN Mediterraneo: Cercano a la amenaza (NT); Cercano a la amenaza (NT)

La raya de clavos es una especie con distribucion en el Atlantico este, el Mar
Mediterraneo y el Mar Negro. Se la puede encontrar entre los 10 y 300 m de

profundidad.

Los machos pueden llegar a medir 118 cm mientras las hembras alcanzan los 98 cm de
longitud total maxima. Es una especie ovipara. La talla de primera madurez en el
Mediterraneo fluctia entre los 42 y 45 cm y pueden llegar a producir 48 a 167 huevos
por afio. Las crias miden entre 11 y 13 cm de longitud total que eclosionan del huevo
después de unos 5 meses de incubacion. Cuando nacen tienen una talla de 7 cm
aproximadamente. Es habitual en las pescas de arrastre de cigala y gamba. En Cataluna
es vendida en las lonjas catalanas bajo el nombre de otras especies de raya como Raja

asterias o Raja sp.
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ANEXO 1

Raja montagui Fowler, 1910

Orden: Rajiformes. Familia: Rajidae
Nombre comun: Raya pintada, rajada dolca, spotted ray
Estatus UICN Mediterraneo: Preocupacion menor (LC); Global: Preocupacién menor

(LC)

La raya pintada es una raya de pequefio tamafo que se puede encontrar en el noreste del
Atlantico y en el Mar Mediterraneo. Habita desde los primeros metros de la zona litoral
hasta los 500 m de profundidad. Cuando nacen tienen una talla de 7 cm

aproximadamente.

Su longitud es de unos 60 cm y pueden llegar a medir 80 cm de longitud total. Es una
especie ovipara. La talla de primera madurez es de 55 cm de longitud total. Tiene una
camada de 60 a 70 crias por afo y los embriones tardan aproximadamente 5 a 6 meses
en desarrollarse. No es una raya muy abundante en la zona de Cataluna y suele ser

confundida con otras especies como R. polystigma y R. brachyura.
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ANEXO 1

Raja polystigma Regan, 1923

Orden: Rajiformes. Familia: Rajidae
Nombre comun: Raya manchada, bastina, speckled ray

Estatus UICN Mediterraneo: Preocupacion menor (LC)

La raya manchada es una especie endémica del Mar Mediterraneo. Se la puede
encontrar desde los 20 hasta los 633 m de profundidad, aunque en las costas catalanas

estan mas concentradas entre los 100 y 200 m.

Su longitud méxima es de 60 cm aunque es comun encontrarlas entre 30 a 40 cm. Es
una especie ovipara. La talla de primera madurez es de 40 a 53 cm. Pueden llegar a
producir 20 a 62 huevos por afo. Es una de las rayas mas comunes del Mar Catalan, y
en ocasiones suele aparecer en las pesca de arrastre de merluza. En Cataluiia es vendida

en las lonjas catalanas bajo el nombre de otras especies de raya o Raja sp.

262



ANEXO 1

Torpedo marmorata Risso, 1810

Orden: Rajiformes. Familia: Torpenidae
Nombre comun: Tembladera, vaca tremolosa, marbled electric ray
Estatus UICN Mediterraneo: Preocupacién menor (LC); Global: Datos Insuficientes

(DD)

La tembladera es una raya pequefia con una amplia distribucion en el Atlantico este y el

Mar Mediterraneo. Se la puede encontrar entre los 10 y 100 m de profundidad.

Su longitud méxima es de 61,2 cm. Es una especie ovovivipara. La talla de primera
madurez fluctiia entre los 21 y 29 cm en machos y entre los 31 y 39 cm en hembras.
Tienen una camada de 5 a 32 crias, probablemente cada dos afios, con un periodo de
gestacion de 10 a 12 meses. Cuando nacen tienen una talla de 10 a 14 cm
aproximadamente. Pueden producir descargas eléctricas de hasta 200 volts. Es habitual
en las pescas de arrastre y trasmallo. En ocasiones los individuos pescados son

comercializados en las lonjas catalanas.
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ANEXO 1

Torpedo torpedo (Linnaeus, 1758)

Orden: Rajiformes. Familia: Torpedinae
Nombre comun: Tembladera de lunares, vaca comt, common torpedo
Estatus UICN Mediterraneo: Preocupacion menor (LC); Global: Datos Insuficientes

(DD)

La tembladera de lunares es una raya pequeia que vive en el Océano Atlantico oriental
y en el mar Mediterrdneo. Se le puede encontrar desde la zona litoral hasta los 300 m de

profundidad, aunque es mas comun cerca de la costa.

Su longitud maxima es de 60 cm y es una especie ovovivipara. El tamafio de primera
madurez fluctia entre 18 a 22 cm y tiene una camada de 3 a 21 crias cada afio. Cuando

nacen tienen una talla de 8 a 10 cm.

Pueden producir descargas eléctricas de hasta 200 voltios. En ocasiones los individuos

pescados son comercializados en las lonjas catalanas.
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letronarce nobiliana (Bonaparte, 1835)

Orden: Torpediniformes. Familia: Torpedinae
Nombre comun: Tremolina negra, vaca negra, electric ray
Estatus UICN Mediterraneo: Preocupacion menor (LC); Global: Datos Insuficientes

(DD)

La tremolina negra tiene una amplia distribucion; habita en todo el Mar Mediterraneo y
en el Océano Atlantico, desde Nueva Escocia hasta Brasil en el oeste, y desde Escocia
hasta el sur de Africa occidental en el este. Se la puede encontrar desde los primeros

metros del litoral hasta los 800 m de profundidad.

Su longitud méxima es de 180 cm de longitud total y la talla de primera madurez es de
55 cm en machos y de 90 cm en hembras. Es una especie ovovivipara. Pueden tener
hasta 60 crias cada dos afios y un periodo de gestacion de 12 meses. Cuando nacen

tienen una talla de 17 a 25 cm aproximadamente.

Puede producir descargas eléctricas de hasta 200 voltios. Es ocasionalmente capturada
con artes de arrastre y trasmallo. Los ejemplares capturados como bycatch son

comercializados en las lonjas catalanas.
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ANEXO 1

Gymnura altavela (Linnaeus, 1758)

Orden: Myliobatifomes. Familia: Gymnuridae
Nombre comun: Raya mariposa, mantellina, spiny butterfly ray

Estatus UICN Mediterraneo: Criticamente amenazada (CR); Vulnerable (VU)

La raya mariposa es una especie que se distribuye en aguas tropicales y temperadas del
Atlantico, el Mar Mediterraneo y el Mar Negro. Habita desde la zona litoral hasta los

150 m de profundidad.

El tamafo maximo registrado es de 220 cm de amplitud total (amplitud de las aletas
pectorales), en el Atlantico noroeste, aunque los ejemplares del Mediterraneo no suelen
medir mas de 150 cm de amplitud total. Es una especie ovovivipara. La talla de primera
madurez fluctia entre 150 cm en machos y 102 cm en hembras de amplitud total. Tiene
una camada de 1 a 8 crias, que cuando nacen tienen una talla de 38 a 44 cm de amplitud
total. En ocasiones es pescada como bycatch en artes de trasmallo, arrastre y en la pesca

deportiva en el noroeste del Mediterraneo.
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ANEXO 1

Mobula mobular (Bonnaterre, 1788)

Orden: Myliobatifomes. Familia: Myliobatidae
Nombre comtn: Manta, manta, devil ray

Estatus UICN Mediterraneo: En Peligro (EN); En Peligro (EN)

La manta es una raya epipeldgica de gran tamafio que se distribuye en el noroeste del
Atlantico y en todo el Mar Mediterraneo. Cuando nacen tienen una talla de 160 cm y
pueden alcanzar los 520 cm de amplitud total. Habita desde los primeros metros de la

columna de agua hasta los 700 m de profundidad.

Es una especie ovovivipara y tiene una muy baja capacidad reproductiva. Se cree que
pueden dar a luz solo a una cria, que al nacer alcanza un gran tamafo. Se han observado
varios avistamientos en el noroeste del Mediterraneo, principalmente en los meses de
verano. Esta especie forma parte del bycatch de varias pesquerias y es ocasionalmente
comercializada en la zona sur del mar Adridtico y Turquia. Actualmente su poblacion
estd disminuyendo por lo que es una especie con estricta proteccion en el Mar

Mediterraneo.
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ANEXO 1

Mpyliobatis aquila (Linnaeus, 1758)

Orden: Myliobatifomes. Familia: Myliobatidae
Nombre comuin: Aguila de Mar, milana, common eagle ray

Estatus UICN Mediterraneo: Vulnerable (VU); Datos Insuficientes (DD)

La raya aguila o aguila de mar es una raya semipeldgica de tamafo medio que se
distribuye en el Atlantico noroeste y el Mar Mediterraneo. Se le puede encontrar desde

los primeros metros de la zona litoral hasta los 537 m de profundidad.

Su longitud maxima es de 79 cm de amplitud total, los machos maduran a los 38 cm y
las hembras a los 42,5 cm. Tienen una camada de 3 a 7 crias y periodos de gestacion de
6 a 8 meses. Es una especie ovovivipara y las crias cuando nacen tienen una talla de 7

cm aproximadamente.

Es parte del bycatch de diferentes artes de pesca del litoral catalan, y aunque no es muy
abundante, en ocasiones se comercializa en las lonjas catalanas bajo la denominacion de

“otros elasmobranquios”.
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AVIS IMPORTANT

El text exclos de la present seleccié ha estat retirat seguint instruccions de
I'autor/lI'autora de la tesi, en compliment de la legislacié sobre
drets de propietat intel.lectual

AVISO IMPORTANTE
El texto excluido de la presente seleccion ha sido retirado siguiendo
instrucciones del autor/ de la autora, en cumplimiento de la legislacion sobre
derechos de propiedad intelectual.
IMPORTANT NOTICE
The text excluded from the present election has been withdrawn on the

instructions of the author, in compliance with the
Intellectual Property Rights law.
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