A

Universitat Autbnoma de Barcelona

Departament de Biologia Animal, de Biologia Vegetal i d’Ecologia

Dynamics of benthopelagic food webs of the Catalan
slope (NW Mediterranean Sea): environmental drivers
and influence on reproductive cycles.

Tesi doctoral

Memoria de tesi doctoral presentada per Vanesa Papiol Nieves
per optar al grau de Doctora en Aqlicultura realitzada sota la direccié del Dr. Joan E.
Cartes Rodriguez del Institut de Ciéncies del Mar (CSIC).

El director La tutora
Dr. Joan E. Cartes Rodriguez Dra. Maite Carrasson Lopez de Letona
Institut de Ciéncies del Mar (CSIC) Universitat Autonoma de Barcelona

| e urB

Unlversitat Auttinoma de Barcelona

La doctoranda
Vanesa Papiol Nieves
Barcelona, abril de 2013












Solo sé que no sé nada.

Socrates






TABLE OF CONTENTS

ACKNOWIEAGEMENES ....eiiiiieei et e e e e e e e e e s e e et e e e e e e sessnstareeeeeesannsssanneaasanns [
ABSTRACT/RESUM ...ttt sttt sttt ettt sttt be bttt et sae b bt e e e e eneebenaens IX
CHAPTER 1 - INTRODUCGTION .ceiitiiiiiiiiieieieteeteeeeeeeeteteeeeereserereeerereeeeeeeeeaeeaaaeaaaeaeaaaaseaeaeaeasasesasaeesenns 1
1. STate Of the At ettt 3
1.1.  The Benthic BOUNary LAYl ...ttt e e e e e varneee e e 3

1.2.  Fauna of the Benthic Boundary Layer .........ccccueiiiiiieeiccieee ettt e 3

1.3.  Food inputs 1O the DEEP SE@...ciciiiiciiiiiiiee ettt rree e e e e e aarae e e e e e 4

1.4. Spatial trends in fauna and food availability.......ccccccceeveiiiiiniiic e, 5

1.5. Mesoscale temporal trends in fauna and food availability........cccccceeeieiiiicieecnnee. 8

1.6 FOOO WED SErUCTUIE ... 10

R T o] oY ol =Y olo] Lo -V SR USURR 12

1.8. Biological cycles and food availability ..........ccccuimeieiiiicciie e, 15

D (U Lo V- 1 - USRI 17
2.1, EnvironmMental fEatUreS.....cciiiiiiiiiieiieseesee e 17

2.2, Faunal CharaCteriStiCs . .....ooiiiiieiieiiesieesee sttt 19

T o 1V o =T PSRRI 22

. AIMIS i s b ae e s ean s 22

CHAPTER 2 - INFLUENCE OF ENVIRONMENTAL VARIABLES ON THE SPATIO-TEMPORAL
DYNAMICS OF BENTHO-PELAGIC ASSEMBLAGES IN THE MIDDLE SLOPE OF THE BALEARIC BASIN
(NW MEDITERRANEAN)......etitteteetterteesteestte st e sitesieesitesatestesbeesbeesbeessaesaeesseesneesasesnsesnsesnsesnseenses 25

CHAPTER 3 - FOOD WEB STRUCTURE OF THE EPIBENTHIC AND INFAUNAL INVERTEBRATES ON
THE CATALAN SLOPE (NW MEDITERRANEAN): EVIDENCE FROM &*C AND 8'°N ANALYSIS....... 43

CHAPTER 4 - FOOD WEB STRUCTURE AND SEASONALITY OF SLOPE MEGAFAUNA IN THE NW
MEDITERRANEAN ELUCIDATED BY STABLE ISOTOPES: RELATIONSHIP WITH AVAILABLE FOOD
SOURGCES. ..ottt e e a e e s s ebas e 57



CHAPTER 5 - REGULATION OF THE FEEDING DYNAMICS AND REPRODUCTIVE CYCLES OF
BENTHOPELAGIC FISH ON NORTHWEST MEDITERRANEAN CONTINENTAL SLOPES BY FOOD
AVAILABILITY oottt a e e e e s s sbaae e s e s s s e snnne 77

CHAPTER 6 - LINKING FEEDING DYNAMICS AND REPRODUCTIVE CYCLES OF DECAPOD
CRUSTACEANS WITH FOOD AVAILABILITY ON THE NORTHWEST MEDITERRANEAN

CONTINENTAL SLOPES ..ottt saba e s saas e 127
CONCLUSIONS ...ttt ab s sabb e 177
REFERENCES ...ttt bbb s 183



Acknowledgements

En primer lloc vull donar les gracies al director de la tesi, el Dr. Joan E. Cartes, per
haver-me donat la oportunitat de desenvolupar aquest treball i haver dedicat tant de
temps i esforcos per tal que tot el material que hem emprat fos disponible. També
gracies Joan per tots els coneixements que m'has trasmes, que sén moltissims, per
mitja del treball en la propia tesi i en tantes altres feines que hem fet durant aquests
anys. T'agraeixo que hagis comptat amb mi per tantes coses, doncs, tot i que ha estat

una feinada, ha resultat molt enriquidor.

En segon lloc vull agrair la tutora universitaria de la tesi, la Dra. Maite Carrasson, pels
suggeriments aportats en els diversos seguiments per tal d'espavilar-me, i per ser tan
atenta a les peticions burocratiques diverses. També, per haver estat al peu del cand a
I'hora d'organitzar el caos de musculs, fetges, talles, pesos i fulles excel de part del

material en qué es basa aquesta tesi.

A la Dra. Emanuela Fanelli o bé, la Ema, per la paciéncia i disponibilitat infinites per tal
d'aclarir els meus dubtes, en qualsevol ocasid; iqué es este bicho? équé dice este
numero? épor qué me salen los puntos asi? i un llarguissim etcétera. | per treure'm de
la ignorancia en diverses materies. El hecho de que hayas logrado que entienda la
estadistica multivariante y los isdtopos estables demuestra que eres una super profe y
gue has tenido una paciencia de santa. Y bueno, gracias por animarme siempre, hasta
en los momentos mas cocodrilo que he tenido y que te ha tocado aguantar. Tanto a
nivel laboral como a nivel personal ha sido un lujo haberte tenido al lado durante estos

afnos.

A la Cristina Lépez, gracias por tu inestimable ayuda y por tu predisposicion siempre,
siempre y siempre. Aunque eso representase meterse en un bucle de botes, bolsas y
bichos apestosos a 20 2C bajo cero, pulverizar musculos de cientos de bichos y sacar
estdmagos de otros tantos, enviar botecitos seleccionados a las antipodas, leer
parrafos infumables, y otro larguisimo etcétera. Y aparte de eso, por todos los dias
compartidos, que han hecho que el instituto sea un sitio donde pasarlo bien. Las horas
de la comida con Cinta han sido lo mejor, bueno, aparte de las incursiones nocturnas (y

a veces diurnas) a la juerga barcelonesa. Sois las dos unos solazos. Cinta, ets la bombal!

Al Dr. Mario Sprovieri, thanks for allowing me to work at the IAMC and occupy the MS
for such long periods. And Dr. Paola Rumolo, grazie per tutto quello che ho imparato

sugli isotopi stabile e per essere rimasta tante ore con me guardando i pichi e i dati,



cambiando colonne, pasando gli standard e repitendo miliardi di campioni fino a che
mi sentissi soddisfatta. Tantissime grazie anche per avermi resto parte della tua
famiglia quando sono stata a Napoli. Tu sei una delle maggiori responsabili del fatto
che dica: Napoli, sempre nel cuore. Un grazie di cuore anche a tutti i colleghi dell'lAMC

(Serena, Marianna, Lidia, Mattia, Stella) per la compagnia.

Still in Naples | had the opportunity to work with Dr. Christophe Brunet at the Stazione
Zoologica Anthon Dohrn, where | got the chance to learn the logic of HPLC for pigment
analysis. Thank you for the hospitality, the teaching and for the help in making me

understand those freaky peaks that appeared in this deep ecosystem. | would also like

to thank Ferdinando Tramontano for his help in pigment extraction.

Al Dr. Francesc Maynou, per il.luminar la fosca cova on residia I'estadistica en el meu
cervell. | per aquesta porta sempre oberta. Les teves aportacions han estat molt
valuoses. Ah, i per haver invertit perqué pugués fer el curs de PRIMER, tot i pensar que

R és la clau. Reprendré aquell curs introductori que vaig deixar a mitges!

| al Dr. Domingo Lloris per la identificacid de peixots i per les visites sorpresa al

despatx, que sempre m'han acabat fent riure.

A la tripulacié del B/O Garcia del Cid, per I'entrega en els dies de vaixell amb horaris
infinits. | per fer sentir tant bé a tothom en el vaixell. Encara que sigui petit, per mi és

de carrera el millor! | aix0 ho fa sens dubte la tripulacid.

Voldria també reconeixer la labor del personal d'administracié per fer possibles tantes
gestions, especialment la Eva, el Justo i el Jordi, aquest darrer alhora per fer que els

passadissos del institut guanyessin una mica de color.

A la meva familia, perquée és ben petita, pero no li manca de res. Especialment els
meus pares, per la seva paciencia i el suport mostrat durant tot aquest temps, tot i no
saber ben bé per qué serveix tot aix0. Sempre m'heu animat i recordat que séc una
persona que no deixa les coses a mitges, i aixd m'ha ajudat a no tirar la tovallola en
certs moments. | m'heu fet creure que tenieu fe en mi encara que de vegades fés
gairebé impossible. Podria agrair-vos milions de coses més, pero senzillament us dic
gracies per ser-hi sempre. Al Sami, per escoltar les parrafades incomprensible plenes
de paraules estranyes i ser capa¢ de mostrar entusiasme fins la darrera frase. A la Tini,
per encarregar-se de salvaguardar el coneixement sobre els titols del que he estat fent

Al Santi, per fer-me de centre. Aunque no puedas leer esto, sé lo orgulloso que estarias

v



de mi. Bueno, tu formas parte de ello y de todo lo que hago. Bueno, lo que hago bien.
A la Merce per fer de supermama en el sentit més ampli de la paraula. Als meus
germans, per mostrar que us agrada el que faig. Aixo és un gust i anima molt. Ingrid,
tu, a part, per ser un exemple a seguir amb tota la forca i enteresa que has mostrat
durant aquests darrers sis anys. Tot i ser la petita, em serveixes d’exemple per a moltes
coses. Als meus avis, perquée sén una de les coses més boniques que m’han passat mai
i m’inspiren a ser una millor persona. | als meus tiets i cosins, agrair que els moments

que passem junts sempre sén bons i que tingueu tots uns cors gegants.

Als meus compis del PdL, la Ruth i el Manu, per no queixar-se mai de I'ocupacié de la
taula principal i per cuidar-me amb menjars exotics, cerveses d'importacié bonissimes
i “caballitos” inspiradors. | per ser tan collonuts, que carai! Ha estat un periode
excel-lent. Ruth, merci pels anims constants i per aquests 4 anys tan complerts. | visca

les hores de taula extensible plenes de pomodoros! Ho han fet tot molt més lleuger.

Irma, pels platassos nocturns de llenties acompanyats de xerrades terapéutiques i per
posar en marxa el xip organitzador i fer possible que ens haguem vist tan sovint,
encara que hagués de ser en horari ventafocs. | a la Molunita per mantenir-me en

forma en la mesura del possible.

Al Marc i al Rupito, perque estar amb vosaltres em fa felic i m'enteneu totalment i em
coneixeu com si m'haguéssiu parit. Aixo fa que parlar i estar amb vosaltres sigui la

comoditat total. Fou-li nano!

A la Merce, principalment perque si séc aqui és gracies a que em vas fer obrir els ulls i
desistir de les meves paranoies sobre la neurobiologia per lliurar-me a l'estudi del mar.
També per tants anims que m'has donat durant tot aquest temps, pels riures constants

i els dinarots.

A les nenes, perque soéu una meravella. Ja son mooolts anys de coneixer-nos i de fer-
nos costat. Ens veiem més o menys sovint, sempre heu estat en un racé del meu cap,

donant una empenta per seguir endavant.

A l'Ainhoa, qué t'he de dir. Porque te ailofiu i sé que tu a mi, que he acabaaaaat! I a tu

Pillaken, tal que igual. Gracies per sempre donar-me forces i collejas.

| al Ben, perque amb tu he pogut compartir les penes i alegries, les emocionadesi el

desistiment, i tot el que es refereix a fer una tesi.



A mis queridos del norte, y los adoptados para las campafias, porque os he encontrado
durante este camino y habéis dejado huella. Con vosotros da gusto currar, pero
compartir penas vy alegrias es todavia mejor. Sois muy cracks y os quiero mucho. Y

hacéis unos cubatas extrabuenos.

Alle mie belle rincoglionite Ananda y Laurifia pezones de pifa, per essere la mia

famiglia napoletana. Funiculi, Funicula!

Finalmente, quiero agradecerte a ti, Jacobo, por un lado la chulisima portada que me
has hecho. Pero lo mas importante, agradecerte todo el amor, la paciencia, las collejas,
la ilusion y la vida que me das. Gracias por no haber desistido. Ahora vendra nuestro

periodo de compensacion.

\









ABSTRACT/RESUM






Abstract

ABSTRACT

Food is considered the main limiting factor in the Deep Sea, although few studies have
tested this hypothesis. At the same way, seasonality observed in diverse aspects of the
fauna in this ecosystem has been attributed to seasonal changes in food availability.
These relationships have been analysed to date for fauna of low trophic levels, but

such links regarding megafaunal predators remain rather untested.

The present thesis deals with the analysis of the seasonal dynamics of the bathyal
benthic and benthopelagic megafauna communities over a year period, and their
relationship with inputs and availability of food. For this purpose, the thesis is based on
data collected in the four seasons of a natural year in the Catalan Slope (NW
Mediterranean Sea). The Catalan Slope is an oligotrophic system where both vertical
and advective fluxes contribute to organic matter arrival to bathyal depths, both fluxes
presenting marked mesoscale temporal fluctuations. We determined the seasonal
patterns in the structure and functioning of the deep megafaunal assemblages, mainly
fish and decapod crustaceans, by means of the analysis of their composition, food web
organisation and feeding ecology of the dominant species. Understanding the
relationship between seasonality in food inputs and the different seasonal patterns
taking place among megafauna requires comprehensive studies encompassing the
several food sources and faunal trophic levels of food webs. For this reason, besides
data on megafauna, the present thesis includes data concerning the main processes
providing food to bathyal depths (surface primary production and river discharge) as
well as data simultaneously sampled regarding the abiotic characteristics of the
environment (e.g. temperature, salinity) and about the food available there, from
indicators of different organic sources (e.g. total lipids and total organic carbon in
sediments, fluorescence 5 m above the seabed) to densities of potential prey for
megafauna (i.e. zooplankton, suprabenthos and infauna). The relationships between
the food sources and the faunal trends were explored by multivariate statistical
methodologies. In addition, we studied the influence of food on reproductive cycles of

fish and decapod crustaceans.

Data used for this thesis was collected on the continental middle slope of the Catalan
Sea, between 423 and 1175 m, in five oceanographic cruises between February 2007

and February 2008. Samples were obtained from three depth strata.
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Abstract

In Chapter 2, we examined the spatial and temporal (seasonal) patterns of abundance
and biomass of benthopelagic megafauna assemblages. Bathymetric and topographic
(canyon) changes occurred, related to patterns in prey biomass. Megafauna
assemblages also changed seasonally related to the stratification versus homogeneity
of the water column, basically defined by changes in salinity and temperature. Greater
densities of species with low trophic levels (e.g. Cymbulia peroni, Gennadas elegans)
were observed under homogenous water column. Both peaks of surface production in
February and of river discharge in April and the related patterns in near-bottom
turbidity favoured greater densities of megafauna. The same peaks of surface primary
production and of river discharge corresponded to a maximum in megafaunal biomass
in summer after ca. 3—-5 months. Peaks of macrofaunal key prey taxa (zooplankton,
micronekton and benthic infauna) were observed after peaks of primary production
and ca. 2 months before peaks in abundance and biomass of megafauna, suggesting

macrofauna channelled the organic matter inputs to higher trophic levels.

In chapters 3 and 4, we studied the seasonal patterns in the structure of the benthic
and the benthopelagic food webs by analysing the carbon and nitrogen stable isotopes
of macro- and megafauna and of sinking and sedimented particulate organic matter.
We observed a continuum of values in the isotope ratios of benthic fauna, which
indicated a wide spectrum of feeding strategies (from active suspension feeders [ASF]
to top predators) and complex food webs consisting of at least 3 trophic levels. ASF
(e.g. the bivalve Abra longicallus) and surface deposit feeders (e.g. the thalassiniid
shrimp Calocaris macandreae) had similar trophic level, which was the lowest of the
benthic community. Both likely fed upon sinking particles, but ASF responded earlier to
the late-winter surface bloom of production. Enriched *°N of sub-surface deposit
feeders pointed to the existence of a new branch in the food web based on the
consumption of refractory material, bacteria and matter from biodeposition processes.
The benthic community was sustained by multiple carbon sources throughout the
whole year, with a widest array of carbon sources under water column stratification.
Environmental analysis revealed that materials derived from the late-winter peak of
surface primary production were the main food source for the benthic community
under water column homogeneity. Besides, terrestrial inputs channelled through
maximal river discharges in April were an additional food source for benthos in

summer, after ca. 2 months, in periods of low water turbidity.
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The analyses of stable isotopes of benthopelagic fish and decapod crustaceans
revealed a trophic segregation between these two groups: fish had higher trophic
levels and ingested less amounts of benthic prey than decapod crustaceans. Within
each taxon, the community was structured as a function both of the benthic-pelagic
gradient in the water-sediment interface where megafauna species found their prey
and of the own predator and prey size, the latter factor being especially important
among fish. The study of diets of dominant fish and decapod crustacean species
developed in the next two chapters led to similar conclusions. By stable isotopes we
identified two food webs based on pelagic (macroplankton) versus benthic production.
Benthopelagic megafauna relied on marine snow after peaks in surface production.
Conversely, a larger array of food sources, probably from advection, sustained the
community in periods of water column stratification. Seasonal changes in food web
structure agreed with the patterns of macrofauna production, ultimately linked to
inputs of primary food sources. The *C depletion after winter among migratory
macroplankton feeders is consistent with greater consumption of pelagic prey, which
depend on phytodetritus inputs from surface production as food source. The °N
enrichment in summer among benthos feeders suggests greater consumption of
enriched hyperbenthic macrofauna, which feed upon sedimented organic matter or
matter near the seabed. Consistently, seasonal changes in the prey used by
macroplankton feeders were determined by changes in the amount of lipids and of
chlorophyll pigments in sediments, both proxies of phytodetritus inputs. In contrast,
changes in the prey used by benthos feeders were explained by variations in total
organic carbon (TOC) on sediments and in food in the adjacent water layer
(determined by measuring fluorescence 5 m above the seabed), proxies of sedimented

or (re)suspended organic matter respectively.

In chapters 5 and 6, we studied the trophic dynamics and the reproductive cycles of
dominant fish and decapod crustacean species, and we observed some common
patterns in both taxa. Fish and decapods were segregated into feeding guilds based on
the consumption of benthic or mesopelagic prey. Additionally small fish species were
segregated from the rest and mainly consumed hyperbenthos and small
macroplankton. Changes in food availability were critical drivers of seasonal changes in
the trophic dynamics of both fish and decapods, and different feeding guilds coupled
distinctively with food inputs. Benthos feeder fishes increased feeding activity upon
hyperbenthic and deposit feeding macrofauna (Calocaris macandreae) in summer, two

months after the peak of surface production when more TOC was available in the
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sediments. Macroplankton feeders and small-sized fish increased feeding activity
towards mesopelagic crustaceans or highly natatory hyperbenthos after spring, in
association with greater inputs of phytodetritus (i.e. lipids in sediments) derived from
surface production blooms. Besides, greater feeding intensity enhanced quick storage
of lipids in the muscle of small-sized fish. Macroplankton feeder decapods responded
earlier to the late-winter surface bloom, increasing feeding intensity towards greater
variety of zooplankton prey in spring (April). Differently, feeding intensity of the
benthos feeder decapod Aristeus antennatus was enhanced by the availability of both
benthic and mesopelagic prey. Consistently, its diet varied between all consecutive
seasons related with the exploitation of hyperbenthic and planktonic macrofauna in
addition to benthos. Besides, the phase of the reproductive cycle also seems to
influence feeding patterns, and increased food consumption and ingestion of more
energetic prey, mainly mesopelagic (e.g. euphausiids, Pasiphaeidae, fish) but also
hyperbenthic (Natatolana borealis), took place in pre-reproductive periods for most

species in spite of their trophic guild.

Gonad maturation (i.e. gonadosomatic index - GSI) was associated with abundances of
primary trophic resources and of specific prey, suggesting trophic availability regulates
the reproductive cycles, at least partially. GSI was controlled by surface production
processes and associated phytodetrital inputs in all feeding groups, with a delay of ca.
2-3 months. Temporal trends in GSI differed among species from the same trophic
guild both for fish and for decapods, indicating that seasonal availability and use of

food do not affect all species reproductive processes equally.
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RESUM

En general, es considera que la disponibilitat d’aliment és el principal factor limitant en
I’ecologia del Mar Profund, tot i que pocs estudis han provat aquesta afirmacid. De la
mateixa manera, |'existéncia d’estacionalitat en diversos aspectes de la fauna batial ha
estat atribuida als canvis estacionals en la disponibilitat d’aliment. La relacid entre
aquests dos fenomens ha estat analitzada a dia d’avui en fauna de nivell trofic baix. No
obstant, existeix molt poca informaciod respecte aquesta connexié en megafauna

situada en els nivells trofics més alts de la xarxa trofica.

La present tesi doctoral consisteix en I’analisi de les dinamiques estacionals de les
comunitats de megafauna bentonica i bentopelagica batial durant el periode d’un any i
en I'estudi de la relacié entre aquestes dinamiques i els fluxos i la disponibilitat
d’aliment. Per assolir aquest proposit, la tesi es basa en dades recollides en les quatre
estacions d’un any natural en el talus continental de la Mar Catalana (Mediterrani NO).
El talus continental de la Mar Catalana és un sistema oligotrofic on ambdds fluxos
vertical i advectiu contribueixen a I'aportacié de matéria organica a profunditats
batials. Aquests dos fluxos presenten canvis estacionals marcats. Hem determinat els
patrons estacionals en |'estructura i el funcionament de les comunitats profundes de
megafauna, essencialment peixos i crustacis decapodes, a través de les analisis de la
seva composicio, I'organitzacié de la xarxa trofica i 'ecologia alimentaria de les
especies dominants. La comprensid de la relacié entre I’estacionalitat en I'arribada
d’aliment i els patrons estacionals que s’observen en la megafauna requereix d’estudis
que integrin les diferents fonts d’aliment i els diversos nivells trofics que componen les
xarxes trofiques. Per aquesta rad, a part de informacié sobre la megafauna, la present
tesi inclou dades sobre els principals processos que proporcionen aliment a
profunditats batials (produccié primaria superficial i descarrega de rius) i també dades
sobre les caracteristiques abiotiques del medi (p. ex. temperatura, salinitat) i sobre
I'aliment disponible en el mateix lloc, des de indicadors de diferents fonts organiques
(ex. lipids i carboni organic en sediments, fluorescéncia 5 m per sobre del fons) fins a
densitat de preses potencials de la megafauna (és a dir zooplancton, suprabentos i
infauna). Hem explorat les relacions entre les fonts d’aliment i els patrons faunistics
mitjancant metodologies estadistiques multivariants. A més, hem estudiat la influéncia

de I'aliment en els cicles reproductius de peixos i crustacis decapodes.
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Les dades emprades en aquesta tesi van ser recollides en el talus continental de la Mar
Catalana, entre 4231 1175 m, en cinc campanyes oceanografiques realitzades entre

febrer de 2007 i febrer de 2008. Les mostres van ser recollides en 3 estrats batimetrics.

En el capitol 2 de la present tesi, hem examinat els patrons espacials i temporals
(estacionals) d’abundancia i biomassa de les comunitats de megafauna bentopelagica.
Hem detectat canvis batimeétrics i topografics (cand submari), relacionats amb els
patrons de biomassa de determinades preses. Les comunitats de megafauna també
van canviar estacionalment en relacié a I'estratificacio versus I’homogeneitat de la
columna d’aigua, basicament definides per canvis en la salinitat i la temperatura. En
epoques d’homogeneitat de la columna d’aigua s’observaren majors densitats
d’espécies de nivells trofics baixos (ex. Cymbulia peroni, Gennadas elegans). Els pics de
produccié primaria superficial al febrer i de descarrega dels rius a I’abril afavoriren
majors densitats de megafauna. Els mateixos pics de produccié primaria i descarrega
dels rius correspongueren a un maxim de biomassa de la megafauna a I'estiu després
d’aproximadament 3-5 mesos. Els pics de preses clau (zooplancton, micronecton i
infauna bentonica) observats en periodes intermedis probablement actuen canalitzant

les aportacions de matéria organica cap a nivells trofics més alts.

En els capitols 3 i 4, hem estudiat els patrons estacionals en I'estructura de les xarxes
trofiques bentonica i bentopelagica mitjancant I’analisi de les proporcions (ratios) dels
isotops estables de carboni i nitrogen en la macro- i la megafauna i en la mateéria
organica particulada (POM) sedimentada i en suspensié. La fauna bentonica
presentava un continuum en els valors de les proporcions dels isotops estables
indicatiu d’un ampli espectre d’estratégies alimentaries (des de suspensivors actius
[ASF] fins a predadors de nivells més alts) i d’'una xarxa trofica complexa en qué s’han
pogut identificar almenys tres nivells trofics. Els ASF (p. ex. el bivalve Abra longicallus) i
els detritivors superficials (p. ex. el decapode talassinid Calocaris macandreae) tenien
un nivell trofic similar, que era el més baix de tota la comunitat bentonica.
Probablement ambdds consumien particules en suspensid, perod els ASF respongueren
abans al pic de produccié superficial que té lloc a finals d’hivern. El *°N altament
enriquit dels detritivors sub-superficials apunta a I'existencia d’'una nova ramificacié en
la xarxa trofica basada en material refractori, bactéeries i mateéria derivada de
biodeposicid. La comunitat bentonica se sostenia en multiples fonts de carboni durant
tot I'any, amb un espectre més ampli de fonts de carboni en eépoques d’aigua

estratificada. L’analisi ambiental ha revelat que la principal font d’aliment per a la
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comunitat bentonica en époques d’homogeneitat de la columna d’aigua consistia en
materials derivats del pic de produccié primaria superficial que té lloc a finals d’hivern.
Les aportacions terrigenes canalitzades a través de la maxima descarrega dels rius a
I"abril constituien una font d’aliment addicional pel bentos a I’estiu, després

d’aproximadament 2 mesos, en periodes de baixa terbolesa de I'aigua.

Les analisis d’isotops estables de peixos i crustacis decapodes bentopelagics han
revelat una segregacié trofica entre aquests dos grups: els peixos tenien nivells trofics
més alts i consumien menys preses bentoniques que els decapodes. Dins de cada
taxon, la comunitat estava estructurada, per una banda, en funcio del gradient béentic-
pelagic en la interficie aigua-sediment on les espéecies de megafauna troben les seves
preses i, per I'altra, en funcié de la grandaria dels propis predadors i de les seves
preses, aquest darrer factor essent especialment important per als peixos. Els estudis
dietaris desenvolupats en els 2 seglients capitols han conduit a conclusions similars. A
través dels isotops estables, hem identificat dues xarxes trofiques basades en la
produccié bentonica o pelagica. La megafauna bentopelagica se sostenia en la “neu
marina” (marine snow) després dels pics de produccio en superficie. Per contra, un
espectre més ampli de fonts d’aliment, probablement provinents de fluxos advectius,
sostenia la comunitat en periodes en qué la columna d’aigua estava estratificada. Els
canvis estacionals en |'estructura trofica de la comunitat concordaven amb els patrons
de produccioé de macrofauna, relacionats per ultim amb les aportacions de fonts
d’aliment primaries. L'empobriment del **C després de I'hivern en els
macroplanctofags migradors és consistent amb un major consum de preses
pelagiques, que s’alimenten de fitodetrits derivats de la produccié en superficie.
L’enriquiment del *°N a I’estiu en els bentdfags suggereix un major consum de
macrofauna hiperbentonica enriquida, que s’alimenta de matéria organica
sedimentada i de materia en suspensioé a prop del fons. De forma coherent, els canvis
estacionals en les preses consumides per la megafauna macroplanctofaga estaven
determinats per canvis en la quantitat de lipids i pigments clorofil-lics en els sediments,
ambdds parametres essent aproximacions de a I'arribada de fitodetrit. En canvi, els de
la fauna bentivora s’explicaven per canvis en el carboni organic total en sediments i en
I'aliment present a prop del fons (determinat a través de la mesura de la fluorescencia
5 m per sobre del fons), ambdds parametres essent aproximacions de la quantitat

d’aliment en el sediment i en suspensio a prop del fons.
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En els capitols 5 i 6, hem estudiat les dinamiques trofiques i els cicles reproductius de
les especies dominants de peixos i crustacis decapodes i hem trobat alguns patrons
comuns per als dos taxons. Els peixos i els decapodes es van segregar en grups trofics
basats en el consum de preses bentoniques o mesopelagiques. A més, les espécies de
peixos petites es van segregar de la resta, consumint principalment suprabentos i
macroplancton petit. Els canvis en la disponibilitat d’aliment van ser determinants en
els canvis estacionals observats en les dinamiques trofiques d’ambdds peixos i
decapodes. Els diversos grups trofics s’acoblaven amb les aportacions d’aliment de
forma diferent. Els peixos bentofags van augmentar I'activitat alimentaria envers
macrofauna suprabentonica i detritivora (Calocaris macandreae) a I'estiu, dos mesos
després del pic de produccié primaria en superficie quan hi havia més carboni organic
total en els sediments. Els peixos planctofags i les especies de peixos petites van
incrementar I'activitat alimentaria envers crustacis mesopelagics i suprabentos amb
elevada capacitat natatoria després de la primavera, coincidint amb increments en les
aportacions de fitodetrits (és a dir, lipids en el sediment) derivats dels pics de
produccié en superficie. A més, I'elevada activitat alimentaria va afavorir el rapid
emmagatzematge d’energia en el muscul en les especies petites. Els decapodes
macroplanctofags van respondre abans que els peixos al bloom de produccio
superficial de finals d’hivern, augmentant I’activitat alimentaria envers una major
varietat de preses del zooplancton a I'abril. En canvi, I'activitat alimentaria de la gamba
bentofaga Aristeus antennatus es va veure afavorida per la disponibilitat de preses
tant bentoniques com planctoniques. D’acord amb aixo, la seva dieta va canviar entre
totes les estacions consecutives, en relacié amb I’explotacié de macrofauna
suprabentonica i planctonica a més de la bentonica. A més a més, la fase del cicle
reproductiu aparentment també influeix en els patrons alimentaris, i I'activitat
alimentaria i la ingestio de preses més energetiques, sobretot mesopelagiques (p. ex.
eufausiacis, Pasiphaeidae, peixos) pero també suprabentoniques (Natatolana
borealis), van augmentar en periodes pre-reproductius en la majoria d’espécies,

independenment del grup trofic al que pertanyen.

La maduracié de les gonades (index gonadosomatic — GSI) es va veure associada a les
abundancies de recursos trofics primaris i de preses especifiques, suggerint que la
disponibilitat d’aliment regula els cicles reproductius, almenys parcialment. El GSI
estava controlat en tots els grups trofics per processos de produccid en superficie i per
les aportacions de fitodetrits associades, amb un retard d’entre 2 i 3 mesos. Els

patrons temporals de GSI diferien entre espécies del mateix grup trofic tant en peixos
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com en crustacis decapodes, cosa que indicava que |’estacionalitat en la disponibilitat i
en I’Gs de I'aliment no afecta els processos reproductius de les diferents espéecies de la

mateixa manera.
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INTRODUCTION

1. State of the art
1.1. The Benthic Boundary Layer

The Deep Sea is usually defined as beginning at the shelf break, where the continental
shelf ends, usually at a depth of ca. 200 m (e.g. Gage and Tyler, 1991; Thistle., 2003). In
this environment, the water column is generally characterised by an exponential
decline of pelagic biomass with depth (Vinogradov and Tseitlin, 1983). Instead,
biomass of living organisms increases near the Deep Sea floor, in a region called the
Benthic Boundary Layer (Wishner, 1980; Angel, 1990). The Benthic Boundary Layer
(BBL) is the near-bottom region that extends from the top of the benthic nepheloid
layer (ca. 50-100 m above the bottom) to about half a metre within the sediment
(McCave, 1976). It is a complex physical structure (Gage and Tyler, 1991) in which an
increase in the suspended matter is recorded. This matter brings nutrients and energy

to organisms living within the BBL.
1.2. Fauna of the Benthic Boundary Layer

Swimming capacity, size, and feeding habits are common criteria for classifying BBL
fauna. This is comprised of those animals living either on the ocean floor, the benthos,
or those associated with the immediately overlying water, the benthopelagic fauna
(Gage and Tyler, 1991). The benthos can be subdivided into those usually active,
crawling or attached organisms living on the surface of the ocean bed, the epifauna,
and those living buried in the sediment, the infauna. The benthopelagic fauna either
inhabit the BBL most of their lives or only temporarily, the latter with an average
distribution principally linked to the water column in which they swim (nekton) or drift
(plankton) (Vereshchaka, 1995; Mees and Jones, 1997; Cartes, 1998a; Cartes et al.,
2010).

At high taxonomic levels (i.e., phylum, class, and order), the soft-bottom deep-sea BBL
fauna essentially consists of: the megafauna (fauna collected with bottom trawls, or
distinguishable by means of bottom photographs taken at more than about one meter
off the bottom: Rowe, 1982; Thistle, 2003), comprising primarily fishes, decapod
crustaceans and echinoderms; the macrofauna (fauna retained by sieves with meshes
of about 62 microns or smaller: Mare, 1942; Mcintyre, 1969), mainly including

polychaetes, bivalve molluscs, isopods and amphipods (Thistle, 2003); and the
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meiofauna (those animales retained by the finest screens down to a mesh opening of
62 microns or smaller), consisting mostly of foraminifers nematodes and harpacticoid
copepods (Gooday, 1986). The benthopelagic macrofauna that constitutes a
permanent part of the BBL is called the suprabenthos or hyperbenthos, which is mainly
composed of peracarid crustaceans (e.g. mysids), and that spending only some time of
their lives in the sediment-water interface is known as the near-bottom zooplankton,
which consists of several taxa (e.g. euphausiids, natantian decapods) (Sainte-Marie and
Brunel, 1985; Mees and Jones, 1997). Both macro- and meiofauna have both benthic
and hyperbenthic (swimming) species. In addition to the category to which organisms
belong, they are also classified in terms of their feeding mode. These include the usual
categories of suspension feeders, deposit feeders, carnivores and scavengers (Gage

and Tyler, 1991).
1.3. Food inputs to the Deep Sea

The relative importance of the diverse taxa and feeding modes varies through the
worlds’ oceans both at the macro- and the mesoscale. In addition to the geological
history of each area (e.g. Mediterranean Sea versus Atlantic Ocean: Barrier, 1989;
Bouchet and Taviani, 1992; Salas, 1996), its trophic characteristics have been described
as a key factor defining the faunal composition and abundance (Sokolova, 1997). In
fact, food availability is considered as the most important limiting factor in deep sea
ecology (Gage and Tyler, 1991). The arrival of particulate organic matter (POM), as
main food source, to the BBL is through two main pathways: the vertical and the
advective fluxes of material (Fig. 1). The vertical flux of material constitutes the main
input of OM to the deep-sea (e.g. Rowe and Staresinic, 1979; Miquel et al., 1994;
Gooday, 2002). Downward flux of matter derives from primary production in the
euphotic zone and it mainly consists of what is loosely referred to as marine snow
(Sumich, 1999), which is a combination of phytodetritus (i.e. aggregated detrital
material mainly containing exopolymers, mucous, phytoplankton, plankton
exoskeletons, faecal pellets and bacteria) and zooplankton (e.g. Miquel et al., 1994;
Beaulieu, 2002). Additionally, active transport through vertical migrations of
mesopelagic organisms takes place (Sardou et al., 1996; Gardner, 1997). The vertical
flux from the epipelagic zone provides a potential link between surface and the deep
sea communities (Rowe, 1983; Watts et al., 1992). Advective fluxes comprise

suspended sediments supplied by rivers or resuspended on the shelf that are
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Fig. 1. Scheme of energy fluxes in the Benthic Boundary Layer (BBL). Adapted from Cartes et

al. (2004).

transferred down the slope mainly through near-bottom nepheloid layers (Gartner,

1989), especially within submarine canyons (Durrieu de Madron, 1994; Puig and

Palanques, 1998; Palanques et al., 2006). In addition, advective fluxes sort upper

sediment layers causing resuspension of organic matter from the bottom.

1.4. Spatial trends in fauna and food availability

The spatial differences in productivity regimes and the associated food inputs enhance

the proliferation of different meiofauna and macrofaunal groups, resulting in food

webs where top predators prey on pelagic or benthic organisms (e.g. Maynou and

Cartes, 2000; Cartes et al., 2002a; Carrasson and Cartes, 2002; Serrano et al., 2011;

Fanelli et al., 2011a,b) (Fig. 1). For example, the oligotrophic deep Mediterranean

(Minas et al., 1988; Miquel et al., 1994) is dominated by decapod crustaceans (Cartes

and Sardd, 1993; Politou et al., 2008), characterised by low levels of food consumption
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(Cartes and Maynou, 1998) and mainly feeding on macrofauna (e.g. Cartes, 1993a-c;
1994; Kapiris, 2004; Fanelli and Cartes, 2008). Instead, the megafaunal invertebrate
community of the more productive deep Atlantic (Laborde et al., 1999; Heussner et al.,
1999) is dominated by suspension and deposit feeding echinoderms (lken et al., 2001)
(e.g. Haedrich et al., 1975; Lampitt, 1986; Billett et al., 2001). Also at the macroscale,
differences have been recorded within the Mediterranean Sea. Deep water fish
assemblages of the Eastern Mediterranean present a particularly low number of
species and low abundances (Stefanescu et al., 1992; Labropoulou and
Papaconstantinou, 2000; Kallianotis et al., 2000; Madurell et al., 2004), and deep
meiofaunal and macrobenthic communities (Tselepides and Eleftheriou, 1992;
Danovaro et al., 1999) are impoverished compared to the Western. In connection with
this, food webs in the Eastern Mediterranean are, in general, more sustained by
mesopelagic food resources, notably Myctophidae (e.g. Blaber and Bulman, 1987
Merrett and Haedrich, 1997; Madurell et al., 2004). Instead, in the Western Basin, we
find trophic webs in which benthic resources are more important (Cartes and Maynou,
1998; Cartes et al., 2004), especially near submarine canyons. These differences have
generally been attributed to the greater oligotrophy of the Eastern Mediterranean
waters, which owes to low surface primary production and low continental influence
(Danovaro et al., 1999). A similar situation is observed at the mesoscale level, when
comparing continental and insular slopes within the western Mediterranean basin.
Greater benthos densities (Cartes and Maynou, 1998; Cartes et al., 2009a) and the
consequent greater contribution of benthos to the food supply for megafauna
(crustaceans and fish) in the continental slopes have been linked to the presence of
several submarine canyons in the continental margin of the NW Mediterranean (i.e.
Catalan Sea) (Buscail et al., 1990; Cartes et al., 2002b; Palanques et al., 2006). In
contrast, communities living around insular slopes are more based on pelagic
production due to the lack of continental advective fluxes (Madurell and Cartes, 2005;
Cartes et al., 2009a).

Mesoscale spatial changes in faunal communities and in food availability also take
place through the bathymetric gradient. As a matter of fact, such faunal changes have
repeatedly been associated to the generalized decrease in the flux of labile organic
material with depth (Alldredge, 1992; Miquel et al., 1994) due to the consumption and
to the biodegradation of organic matter in the microbial loop (Pomeroy and Wiebe,
1988; Legendre, 1990; Legendre and Le Fevre, 1995) (Fig. 1). Of the several aspects of

assemblages that change with depth, the most well-known are enumerated next. As a
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general rule, the densities of meiofauna (Pfannkuche, 1985; DeBovée et al., 1990;
Danovaro et al., 1995), macrofauna (Flach and Heip, 1996; Cartes et al., 2002a; Brandt
et al., 2007) and megafauna (e.g. fish: Stefanescu et al., 1993,1994; Bergstad et al.,
1999; decapods: Haedrich et al., 1980; Cartes and Sarda, 1992; benthic invertebrates:
Lampitt et al., 1986; Cartes et al., 2009a) decrease with depth. Changes in the
composition of assemblages take place through a more or less continuous substitution
of dominant and subdominant species (e.g. Hecker, 1990; Merrett and Haedrich, 1997;
Wei et al., 2010) along the bathymetric gradient, and size-spectra of the different taxa
change (e.g. Rex and Etter, 1998; Morales-Nin et al., 2003). A generalized bigger-
deeper trend is observed among fish up to ca. 1200 m (e.g. Macpherson and Duarte,
1991; Fujita et al., 1995; Moranta et al., 1998) but no such clear pattern is found
among decapods or echinoderms (Polloni et al., 1979; Sarda and Cartes, 1993;
Morales-Nin et al., 2003; Follesa et al., 2009). The relative contribution of the different
feeding guilds also varies with depth (Gage and Tyler, 1991; Cartes, 1998b; Cartes et
al., 2009a). Additionally, there is a decline in the feeding activity of megafaunal fish
and decapods with depth (Cartes, 1998b; Carrassén and Cartes, 2002).

The general pattern of decreasing flux of particles with increasing depth is not always
valid, and advective phenomena usually cause increases in the flux of particles in deep
areas. Lateral inputs often take place through submarine canyons, being especially
important where they indent sedimentary slopes (Macquart Moulin and Patriti, 1996;
Vetter and Dayton, 1999). Particulate organic matter (POM) accumulates within
canyons (Vetter and Dayton, 1998; Buscail and Germain, 1997) and also on the
adjacent slopes, such as the depositional areas (e.g. Duineveld et al., 2001; Epping et
al., 2002; Cartes et al., 2002b). Such accumulation provides more labile sediments
enriched in organic carbon and with high C/N ratios (Epping et al., 2002; Cartes et al.,
2002b; Cartes et al., b). Concurring with the relative eutrophy found within submarine
canyons, the general pattern of faunal decrease with depth is interrupted and greater
densities and biomasses of fauna within canyons are usual (Macquart Moulin and
Patriti, 1996; Vetter and Dayton, 1998; 1999; Cartes et al., 2010b; De Leo et al., 2010).
These structures are also recruitment areas for species of quite different trophic levels
from suprabenthos (Cartes and Sorbe, 1999; Cartes et al., 2010b) to fishes (Stefanescu
et al., 1994), and may also become local “hotspots” of production (Vetter, 1994; Vetter
et al., 2010) and diversity (sensu lato after Myers et al., 2000), more strictly habitats
with on average greater diversity than surrounding areas (Rowe et al., 1982; Vetter,

1994; Vetter et al., 2010).
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Faunal changes with depth or geomorphological discontinuities may not only be a
consequence of changes in food availability, but marine organisms may actually
respond to a combination of different factors (e.g. salinity, temperature, pressure,
turbidity) that often change along these spatial gradients. Because of this, it is difficult
to specify which factors are primarily responsible for the spatial biotic changes
observed. Many authors have discussed the role of the possible factors structuring
bathyal communities with depth (e.g. Farifia et al., 1997; Colloca et al., 2003; Fock et
al., 2004; Menezes et al., 2006; Fanelli et al., 2007; Politou et al., 2008), but such
studies have been usually based in comparisons with biotic and abiotic data available
from previous descriptions. Studies encompassing simultaneous samplings of fauna
and environmental and/or trophic factors in order to relate them are limited. In
addition, most of them concern meio- or macrofauna or fauna feeding at low trophic
levels (Danovaro et al., 1995; Witte, 2000; Riaux-Gobin et al., 2004; Escobar-Briones et
al., 2008; Wei et al., 2010; Cartes et al., 2010a), but such studies in predator
megafauna are very scarce (Vetter and Dayton, 1999; Cartes et al., 2008a; 2009b;
Serrano et al., 2011; Fanelli et al., 2012).

1.5. Mesoscale temporal trends in fauna and food availability

The main seasonal variations in the Deep Sea are associated to (i) changes in the
hydrographic conditions and to (ii) fluctuations in the quantity and quality of available
organic material. Hydrographic conditions vary in relation to seasonal circulation of
water masses, which can originate changes in the physical parameters (e.g. Font, 1987;
Steele et al., 2004; Ivanov et al., 2009) that in turn affect the distribution of organisms
(Cartes et al., 1994; Williams et al., 2001; Colloca et al., 2003; Fock et al., 2004; Riaux-
Gobin et al., 2004; Menezes et al., 2006; Capezzuto et al., 2010; Cartes et al., 2010a). In
general, transfer of material from the surface layers varies mainly according to
seasonal variations in primary production in the photic zone (e.g. Estrada, 1991; Karl et
al., 1996; Gong et al., 2003), which often take the form of highly seasonal pulses of
particles (e.g. Miquel et al., 1994; Rice et al., 1994; Smith et al., 1996; Beaulieu et al.,
2002; Cartes et al., 2002b). Changes in advective fluxes vary mainly in relation to
discharges of continental run-off (Monaco et al., 1990; Buscail et al., 1990), to storms
(Puig et al., 2004) and to cascading events, such as those in the Gulf of Lions (Canals et
al., 2006; Palanques et al., 2006). In addition, physical gradients such as the
thermocline (e.g. Arthur et al., 1983) and shelf-slope density fronts (Font, 1988;

Palanques and Biscaye, 1992), and main flows like geostrophic currents (Baker and
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Hickey, 1986; Durrieu de Madron et al., 1990), can act as barriers for the flux of matter
to the sea both by vertical and advective fluxes, thus also exerting some control in the
transfer of particulate matter to the open sea. Besides altering food inputs to bathyal
depths, these phenomena also entail variations in physical properties of the

environment.

Seasonality observed in several aspects of deep sea fauna suggests some ecological
response to the mesoscale environmental changes. Community and population
responses within small benthic organisms (i.e. from bacteria to meiofauna: Soltwedel,
1997; Pfannkuche and Soltwedel, 1998) are relatively well known so far (see Gooday,
2002 for a review). These organisms feature the strongest and more rapid responses to
seasonal organic matter inputs, presenting generalized positive relationships between
their density, biomass, growth and reproduction and food availability (Gooday and
Turley, 1990; deBovée et al., 1990; Guidi-Guilvard et al., 2000; Danovaro et al., 2000;
Riaux-Gobin et al., 2004).

Regarding larger fauna (i.e. macro- and megafauna), some studies have identified
seasonal changes at the community level (e.g. macrofauna: Sardou et al., 1996; Cartes
et al., 2008b; megafauna: Cartes et al., 1994; Sarda et al., 1994; Kallianotis et al., 2000;
Moranta et al., 2008). Short-term temporal variations in megafaunal communities are
mainly due to both the replacement and the variation in size structure of some
dominant and subdominant species (e.g. Moranta et al., 2008), related to the
periodicity in reproduction and recruitment (Gage, 1994). Besides, seasonal shifts in
the composition of the community of benthopelagic megafaunal predators take place
(Cartes et al., 1994; Sousa et al., 2005; Sanchez et al., 2008). Also, intrannual changes
in abundance and biomass at the community level have been detected, although
results are not consistent across studies (e.g. Kallianotis et al., 2000; Maynou and

Cartes, 2000; Labrapoulou and Papaconstantinou, 2000; Colloca et al., 2003).

Because of the large size, longer life-histories and higher trophic levels of macro-and
megafauna compared to small benthic organisms, their responses to food inputs are
more lagged (Galéron et al., 2001) and thus more difficult to establish. The
associations between BBL macrofaunal densities or biological cycles and fluxes of food
to bathyal depths have been discussed (Drazen et al., 1998; Sorbe, 1999; Cartes,
1998a; Vallet and Dauvin, 1999), and only more recently delayed responses of
macrofauna communities to food inputs have been established (Cartes et al., 2002b;

Fanelli et al., 2009a; Cartes et al., 2008b; 2010a; Mamouridis et al., 2011). For
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megafauna, changes in communities have been attributed to seasonal fluctuations in
the availability of their prey (i.e. BBL macrofauna) (Cartes, 1998a; Cartes et al., 2002b).
With respect to this, oscillations in the relative abundances of the different
macrofauna compartments (i.e. infauna, suprabenthos and zooplankton) favour
greater densities of organisms from different trophic guilds in different seasons
(Madurell et al., 2004; Sanchez et al., 2008). Yet, the relationship between megafauna
community responses and fluctuations in organic matter inputs to bathyal depths has
seldom been established (Madurell et al., 2004; Cartes et al., 2007; 2008b; 2010b;
Moranta et al., 2008; Sanchez et al.,2008). Identification of such relationships requires
comprehensive studies encompassing the several food sources and faunal trophic
levels of food webs. Also, as considered for depth, inclusion of the main environmental
variables associated to hydrographic conditions in such studies would allow the
discrimination between the influence of hydrographic and trophic factors on the

temporal patterns taking place.
1.6. Food web structure

The recurrent findings on the strong influence of food availability on many aspects of
deep-sea communities highlight the limiting role of food in deep-sea processes that
was summarized by Gage and Tyler in 1991. This may be especially important in
oligotrophic systems such as the deep Mediterranean Sea. Under such condition,
organisms develop strategies that contribute to partition their food resources, thus
reducing feeding overlap (competition for food). Depth, food size (Carrassén and
Cartes, 2002; Gage, 2003; Colloca et al., 2010), and the vertical distribution of food in
the sediment or in the water column are the main factors contributing to food

partitioning among both macro- and megafauna within the BBL.

Among BBL macrofauna, vertical partitioning (Cartes et al., 1994) results in a gradual
decrease in the dependence on suspended matter and an increase in the exploitation
of sedimented material from zooplankton to benthos, with hyperbenthos exploiting
both resources (Fanelli et al., 2009a). In agreement, temporal dynamics of zooplankton
depend primarily on variations in the vertical inputs (Cartes et al., 2003; 2008b;
2010a), and seasonal pattern of the benthic and hyperbenthic fauna are more affected
by variations in the amount and quality of food in the sediment (Cartes et al., 2002b;

Fanelli et al., 2009a; Mamouridis et al., 2011).
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The consumption of suspended material in the water-sediment interface by
benthopelagic macrofauna and by bacteria leads to lower organic content on
sedimented compared to suspended matter (Buscail et al., 1990). This implies an
additional food restriction for benthic species that may be overcome by efficient
foraging strategies and an activity targeted to where maximum return on effort is
obtained. Although some knowledge of the overall structure of deep-sea benthic food
webs exists (Iken et al., 2001), it still remains to be fully investigated. In general, it is
known that suspension feeders depend either on sinking POM or on resuspended
material (Lampitt, 1985). On the sea floor, fresh POM inputs that become mixed with
the superficial sediment layer by benthic storms, tidal movement and bioturbation
(e.g. Lampitt, 1985; Smith, 1992), are the principal food source for all surface deposit
feeders. Besides, meiofauna constitute an additional food source (lken et al., 2001).
Depending on the amount of sedimented matter, sediment reworked by bioturbation
and the feeding activity of larger animals incorporates only a relatively small fraction of
this material into deeper sediments, making it available to sub-surface deposit feeders
(Lisitsyn and Vinogradov, 1982; Gooday and Turley, 1990). Considering all these
processes by which organic matter becomes available to the different trophic levels
found on benthos, different temporal responses to food inputs are expected. However,
it is still poorly understood how the different trophic niches among the bathyal benthic
macrofauna community are sustained by the energy inputs throughout the year. This
issue presents an additional complexity in areas where not only the vertical
component is implied in the food inputs but also advective fluxes have an important
effect on the dynamics in food availability (e.g. NW Mediterranean Sea: Cartes et al.,
2009a).

Regarding benthopelagic megafauna, partitioning of food resources has been well
defined and it has been described as the main driver of niche segregation
(Macpherson, 1981; Jumars and Gallagher, 1982; Ross, 1986). Megafaunal predators
partition the vertical space for feeding and they tend to exhibit some preference
towards benthic, hyperbenthic or planktonic prey. This has led to a major classification
of organisms in trophic guilds (e.g. Cartes et al., 2002a). Within each main guild, prey
and predator size is an important driver of food partitioning. Besides, most species
with similar trophic preferences segregate along the depth dimension (Cartes, 1993b).
Despite the preference of megafaunal predators for some prey taxa, their dietary
composition varies seasonally and predators can even change trophic guild transitorily

in order to use a specific resource (Macpherson, 1977). These changes entail variations
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in the feeding relationships among organisms and in the trophic structure of the
community. For example, some studies have revealed seasonal variations in dietary
overlap among species in response to changes in prey consumption (Macpherson,
1977; Cartes, 1998b). Although still poorly understood, these variations have been
attributed to seasonal fluctuations in abundances of the potential prey of megafauna
(i.e. BBL macrofauna) (Cartes, 1998a; Cartes et al., 2008a; Fanelli and Cartes, 2008;
2010), especially pelagic prey. However, the role of the different source materials
reaching bathyal depths in sustaining the megafaunal community and the
corresponding seasonal patterns in food webs remains little known. Dependence of
deep-sea predator megafauna on surface production has been already reported both
at bathyal (Polunin et al., 2001) and abyssal (Drazen, 2008; Stowasser et al., 2009)
environments, but such information in areas subjected to both vertical and horizontal
fluxes is not available. As observed for benthic macrofauna, how the different food
inputs contribute to sustaining the BBL benthopelagic megafauna from the different
trophic guilds throughout the year is rather unknown (Stowasser et al., 2009) and

would be important for understanding the functioning of deep-sea ecosystems.
1.7. Trophic ecology

Traditionally, studies of food web dynamics and on their seasonal changes have used
gut content analyses to explain aspects of community structure (e.g. Carrassén and
Cartes, 2002; Jennings et al., 2002; Madurell and Cartes, 2005; Cartes et al., 2007). Gut
contents reflect food consumed at particular points in time and space, and they
provide a great deal of information on gut fullness variation, on specification of prey
and of trophic effects of the density and distribution of both food sources and
consumers. Nevertheless, this approach has limitations. During analyses of gut
contents certain types of dietary materials that may be rapidly digested (e.g.
gelatinous plankton, detritus) but may yet be important in sustaining marine food
webs (Fanelli and Cartes, 2008; Fry, 2006) can be underestimated. Also, voiding of gut
contents upon capture and the crushing or grinding of food makes identification of
prey difficult (Fanelli and Cartes, 2008), particularly when refractory or amorphous
foods are ingested (Pinnegar and Polunin, 2000). This becomes especially important
when analysing suspension and deposit-feeding fauna, since the impossibility to
identify the composition of detritus ingested (Tyler et al., 1992a, b). This has often led
to poor characterization of those organisms (Hall and Raffaelli, 1993) that often results

in excessive lumping together of species that may greatly affect the apparent
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properties of food webs (Goldwasser and Roughgarden, 1997). Additionally, while gut
content analysis of secondary consumers is useful for assessing prey consumption and
selectivity, it does not reveal the end members sustaining megafauna communities,
specifically not the origin (terrestrial versus marine) of organic matter. Gut contents
therefore offer a partial basis for elucidating the detailed interactions which must exist
(Paine, 1988). Limitations of gut contents can be especially important in the study of
food webs in the deep ocean, because of the constraints associated with sampling at
great depths (e.g. everted stomachs in fish, low feeding intensity among deep sea
fauna). In this respect, there are additional tools available (analyses of pigments, of
lipid biomarkers and of stable carbon and nitrogen isotopes) that help overcoming the
shortcomings of gut content analyses, and that may be especially useful in the study of

deep-sea food webs.

Analysis of pigments by means of high-performance liquid chromatography (HPLC) has
allowed determining the composition of phytoplankton both in sea water samples (e.g.
Bustillos-Guzman, 1995; Vidussi et al., 2000; Uitz et al., 2006) and in detrital material,
either deposited in the sediments (Rice et al., 1986; Freiberg et al., 2011) or contained
in guts of suspension and deposit feeders (Wigham et al., 2003; Howell et al., 2004;
Cartes et al., 2007). HPLC allows the identification of a suite of phytoplankton pigments
(chlorophylls and carotenoids): chlorophyll a (and divinyl-chlorophyll a), that is the
universal proxy for phytoplankton biomass, and some accessory pigments, which can
be used as taxonomic biomarkers (Jeffrey et al., 1997). Through analysis of the
pigments within the stomach content of an organism ingesting phytodetritus it is
possible to determine the algal components of its diet. The question as to if, and how,
phytodetritus is partitioned is key to understanding the functioning within the benthic
ecosystem. Selective or non-selective feeding in deep-sea benthic species has been
identified by comparing pigmentary composition of gut content and surrounding
sediment, and partitioning of the phytodetrital matter among species has been studied
by comparing pigmentary composition of gut contents in coexisting species (Duineveld
et al., 1997; Wigham et al., 2003; Howell et al., 2004).

In contrast to gut contents and HPLC methods, other techniques applied to the study
of food webs provide information of food assimilated instead of that ingested. Lipid
biomarkers (Graeve et al. 1994a) and stable isotope analyses are increasingly common
in the last decades in marine studies. Fatty acid markers are specific to a particular

individual organism or groups of organisms (Cook et al., 2010), and retain a signature
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of the food sources through the trophic web (Sargent et al. 1987; Dalsgaard et al.
2003). By the lipid biomarker approach certain fatty acids, or ratios between “marker
lipids”, can provide precise indication of the diet of marine animals and of their trophic
position, without however precise quantitative (e.g. relative proportion of each prey)
information on their diet. As HPLC, these methods are particularly useful when gut
content analyses are difficult to perform, which is especially true in small species and
in detritus feeders. The use of stable nitrogen (N) and carbon (C) isotopes has become
popular for gaining extra insights into the functioning of marine and estuarine food
webs (e.g. Cabana and Rasmussen 1996; Pinnegar and Polunin 2000; Fisher et al. 2001)
and for providing time-integrated information about feeding relationships and food
pathways through food webs within complex systems (Peterson and Fry, 1987;
Kharlamenko et al., 2001; Persic et al., 2004). Stable isotopes have been used to
estimate the trophic levels of organisms (Owens 1988) and to identify the relative
trophic position of various organisms within the food web (Vander Zanden et al. 1996),
integrating the assimilation of energy or mass flow through all the different trophic
pathways leading to an organism. Given that stable isotopes analysis is based on the
preferential release of lighter isotopes during respiration and excretion, it can be used
to differentiate assimilated food from that initially ingested (Guiguer et al., 2002;
Persic et al., 2004). Analyses of stable isotopes can provide an indication of the prey
assimilated over a considerable period of time (Hesslein et al., 1993), thus, are less
subject to temporal bias. In addition, they have the potential to simultaneously
capture complex interaction, including trophic omnivory, and to track energy or mass
flow through ecological communities (Peterson and Fry., 1987; Cabana and
Rasmussen, 1996). The ratio of stable isotopes of nitrogen (§°N) can be used to
estimate the trophic position of an organism because consumers are usually enriched
by 1-5%o (average 3.4%o) compared with their diet (Minagawa and Wada 1984; Owens
1987; Peterson and Fry 1987). In contrast, carbon isotope ratios (6'°C) are widely used
as indicators of sources of primary production in the ecosystem and the flow of carbon
from primary producers to consumers (Gu et al., 1997). Consumers have an isotopic
carbon composition similar to their diets and typically they are enriched by only 1.1%e.
or less within oceanic systems (e.g., DeNiro and Epstein 1978; Fry and Sherr 1984;
France and Peters 1997). In a marine or coastal ecosystem, different potential sources
of carbon have different §"3C signatures; e.g., macroalgae (—27%o to —8%o), seagrasses
(—15%0 to —3%0), marine phytoplankton (—24%. to —18%o), and terrestrial outflow (—
30%o to —10%o) (Fry and Sherr, 1984). The relationship between 6"*C versus §*°N can

14



Introduction

be a useful indicator if there is one or more source material supporting biological
communities (Polunin et al., 2001): weak correlations between 8C and 8N are
indicative of an array of possible sources of production. Conversely, strong correlations
are indicative of a single type of primary source as the case of deep-sea communities
(Polunin et al., 2001). Given the constraints and paucity of gut-content data, stable
isotopes can clearly help to elucidate some aspects of the structure of deep-sea food
webs. Like gut-content data, though, stable isotopes have several limitations. Among
these, there is the resolution of only broad categories of prey organisms by 8°N or
8"3C values (Polunin and Pinnegar, 2000). This is particularly true for deep-sea
communities, where primary food sources arrive from the photic zone after being
remineralised, enriched and degraded by microbial activity, which potentially reduces
the chances of correctly identifying types of source material (Pinnegar and Polunin,
1999).

Studies on food web structure and seasonal changes using stable isotopes are
relatively common in shallow waters (e.g. Pinnegar and Polunin, 2000; Daveport and
Bax, 2002; Carlier et al., 2007), but knowledge on this issue at bathyal depths is scarce.
At the deep sea, studies considering macrofauna are limited (e.g. suprabenthos:
Madurell et al., 2008, Fanelli et al., 2009a; benthos: lken et al., 2001; zooplankton:
Fanelli et al., 2011b), and no knowledge has been yet developed regarding the benthic
compartment in areas with strong continental influence. With respect to megafauna,
some studies on temporal dynamics of food web structure using stable isotopes have
focused on specific taxa (e.g. pandalid shrimps: Fanelli and Cartes, 2008; fishes: Fanelli
and Cartes, 2010; cephalopods: Fanelli et al., 2012), but studies on megafaunal
communities have been barely addressed and are usually restricted to areas with low
or none continental impact (Polunin et al., 2001; Cartes et al., 2007; Mincks et al.,
2008; Jeffreys et al., 2009; Stowasser et al., 2009).

1.8. Biological cycles and food availability

Considering that natural fluctuations in the environment are the trigger of seasonal
reproductive processes (Gage and Tyler, 1991), it is likely that intrannual changes in
food inputs are the main drivers of seasonal biological cycles in a physically stable
environment such as the deep sea. Accordingly, both continuous and seasonal
reproductive cycles and recruitment patterns have been found in deep sea fauna, from
macrofauna (Saltzman, 1996; Cartes and Sorbe, 1998; Cartes et al., 2001; Albessard

and Mayzaud, 2003) to megafauna (e.g. benthic invertebrates: see Gage and Tyler
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(1991) and references therein; cephalopods: Barratt et al., 2007; Hoving and Lipinski,
2009; decapods: Maiorano et al., 2002; Company et al., 2003; Vinuesa, 2007; fish:
Martino et al., 2001; Rotllant et al., 2002; Drazen et al., 2002; Tsikliras et al., 2010). To
date, the study of the coupling between reproduction and seasonality in food inputs
has been mainly limited to the organisms situated at the lowest levels of the trophic
chains. Phytodetritus deposition stands out as a key environmental factor favouring
the reproduction of some groups of deep-sea macrofaunal (Bishop and Shalla, 1994;
Tyler et al., 1994; Cartes and Sorbe, 1996) and detritivorous megafaunal (Wingham et
al., 2003; Hudson et al., 2004; Howell et al., 2004) species. In areas subjected to
advective flow, associated inputs of organic carbon also enhanced recruitment of
hyperbenthic and benthic macrofauna species (Cartes and Sorbe, 1998; Cartes, 1998a;
2001). However, the influence that such changes in food availability may have on the
biological cycle of high trophic level megafauna remains largely unknown. Biological
cycles of benthopelagic shrimps have been associated to vertical fluxes of organic
matter reaching bathyal depths (Puig et al., 2001), and delayed responses to blooms in
surface production have been observed (Cartes et al., 2008a; Fanelli and Cartes, 2008;
Briones-Fourzan et al., 2010). The time lag between the physiological response of
secondary consumers and the organic matter inputs is attributable to the additional
trophic step between them. Consistently, the biological cycles of some bathyal
benthopelagic shrimp species were related to changes in prey consumption (Cartes et
al., 2008a; Fanelli and Cartes, 2008). In this respect, greater feeding intensities and
greater consumption of energetic prey preceded gonad growth. However, studies
linking feeding dynamics and reproductive patterns in deep-sea benthopelagic
decapods are few and the relationship between food availability and reproduction

remains still more largely unexplored (Drazen, 2002).

Studies on the biological cycles of both fish and decapod crustaceans have usually
focused on single or congeneric species that are bathymetrically segregated (the case
of macrourids in Deep Sea: e.g. Massuti et al., 1995; Fanelli and Cartes, 2004), but such
work considering coexisting species belonging to different families has barely been
addressed. For decapods, a pattern of successive reproductive cycles among middle-
slope species has been described (Company et al., 2003). For fish, instead, no
consistent pattern in reproductive timing has been found, and distinctive species-
specific timing of biological cycles of coexisting slope fish is usual (e.g. Massuti et al.,
1995; Rotllant et al., 2002). On one hand, this suggests that seasonal availability of

energy does not affect all species’ reproductive processes equally. Although some
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biological aspects related to energy allocation and use could be responsible for these
differences, the diverse responses to seasonality in relation to the feeding guild of
each species could have some effect on their timings of reproduction. On the other
hand, different timings of reproduction suggest segregation of spawning in time, which
should be useful for reducing competition among offspring and thus increasing
reproductive success. This is consistent with the spatial partitioning in recruitment
grounds according to season and/or depth of closely related species that has been
observed in some areas (e.g. Moranta et al., 2008). Therefore, not only could trophic
resource partitioning among adults be important in the biological cycles of megafauna,
but also avoidance of the simultaneous use of the same food source among offspring
could contribute to regulation of timing of their reproduction. Understanding the
coupling of specific aspects of megafaunal life-histories with the availability of different
trophic resources that are directly used by other taxa requires more detailed studies,

involving the joint dynamics of the deep macrofauna.
2. Study area
2.1. Environmental features

The continental slope is the area located seaward of the continental shelf edge,
constituting the boundary between oceanic and continental crust. The slope is
characterised by a marked steepness (Marshall, 1954). The Catalan Sea slope is located
in the continental side of the north western Mediterranean Sea (Fig. 2) and is
characterised by muddy bottoms with fine, mostly silty sediment particles dominating
along the entire slope (Emelyanov, 1972). This slope has a narrow continental shelf cut
by submarine canyons that transfer organic matter from the continent to the deep sea
(Puig and Palanques 1998, Sanchez-Vidal et al. 2009, Cartes et al. 2010a,b). At depths
of ca. over 500 m there is a permanent nepheloid layer located at 350-450 m, the
position and intensity of which is related with water masses and the position of the
shelf-slope front (Puig and Palanques, 1998). We sampled the continental slope off
Barcelona, in a fishing ground known as Serola (Fig. 2). Additionally, samples were
obtained inside the Besds submarine canyon, in the southern wall locally called E/

Buscarré and on a neighbouring area 20 km south of Serola, called Abissinia.

The Mediterranean Sea is characterised by annual thermal stability of the water mass

(~12.82 C) below ~200 m (Hopkins, 1985). However, important temporal fluctuations
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Fig. 2. Map of the study area

associated with pulses of food to bathyal depths take place. These changes derive on
one hand from seasonal changes of primary production (Estrada, 1991) and the
variable vertical flux of particles (Miquel et al., 1994; Cartes et al., 2002a). In the
Catalan Sea, primary production peaks during a late winter surface bloom (Margalef
and Catsellvi, 1967; Bosc et al., 2004), whereas there is a deep chlorophyll maximum
(DCM) in open waters during the stratified period (Estrada, 1991) (Fig. 3). A
homogenised water column is present in winter and early spring, with most downward
flux occurring in those mixed waters. Stratification of the water column is usual from
April to November, and is associated with much lower vertical particle fluxes (Miquel
et al., 1994) (Fig. 3). On the other hand, changes in advective fluxes may also play an
important role in variations of organic matter input in the deep sea. The advective flux
of OM and the physical conditions in the canyons vary in relation to discharges of
continental run-off (Monaco et al., 1990; Buscail et al., 1990), to cascading events in
the Gulf of Lions and to water column conditions along the NW Spanish coast (Canals
et al., 2006; Palanques et al., 2006). They are usually greatest in spring and least in

summer.
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The distribution of water masses also varies seasonally at bathyal depths in our study
area. The Levantine Intermediate Water (LIW), characterised by a maximum of salinity
(S~ 38.5 pss) and temperature (T ~ 13.52 C) (Font, 1987; Brankart and Pinardi, 2001), is
present throughout the year between 300 and 800 m, presenting its maximum flow
before or close to the period of stratification (Font et al., 1987; Brankart and Pinardi,

2001; Salat et al., 2002; Lépez-Jurado et al., 2008).

Summer Autumn
Stral:lﬂg_d

Season Winter

Water column condition

Spring

Fig. 3. Scheme of the seasonal pattern in main features controlling food inputs to bathyal
depths.

Vertical production

ﬁiver discharges

2.2. Faunal characteristics

The continental slope of the Catalan Sea presents the generalised decline in biomass
with depth except for a characteristic biomass peak of demersal fish, specifically
Alepocephalidae, at depths of ca. 1200-1400 m which was also found in the N Atlantic
(north-western Mediterranean: Stefanescu et al. 1993, North Atlantic: Gordon 1986).
This peak has been linked to increases of their main prey (i.e. near-bottom jellyfish:
Hargreaves et al., 1984; Cartes et al., 2013) by different authors (Cartes and Carrassén,
2004; Lebrato et al., 2012; Cartes et al., 2013). In addition, submarine canyons
indenting the slope present generalised greater megafaunal abundance and biomass
than the adjacent slope, although species composition is similar (Cartes et al., 1994;

Stefanescu et al., 1994).

In the Catalan slope depth boundaries based on faunal changes comparable to those
described in other parts of the world’s oceans have been reported (e.g. Mediterranean
Sea: Massuti and Moranta, 2003; Cartes et al., 2004; Atlantic Ocean: Koslow, 1993;
Menezes et al., 2006; Indian Ocean: Koslow et al., 1994; Pacific Ocean: McClatchie et
al., 1997; Antarctic Ocean: Pakhomov et al., 2006). Consequently, three depth zones
have generally been identified: the upper, the middle and the lower slopes (Abellé et
al., 1988; Abelld and Valladares, 1988; Cartes and Sarda, 1992; Cartes, 1993d).

The middle slope is a distributional zone between ~ 600 m and ~ 1200 m that has been

consistently identified in studies of crustacean and fish assemblages along the
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Catalonian coasts (Abell6 et al., 1988; Cartes and Sarda, 1993; Stefanescu et al., 1993;
1994). It is situated below the shelf-slope break and the upper slope, and is
characterised by homogeneous communities (Cartes et al., 2009a) and maximum
diversities, e.g. among decapods (Cartes et al., 1994). The composition, distribution
and dynamics of megafaunal communities in this area have been studied extensively
(e.g. Stefanescu et al., 1992; 1994; Cartes and Sarda, 1993; Cartes et al., 1994; 20093;).
In the Mediterranean Sea, studies have been usually carried out on the distributions of
fish (Stefanescu et al., 1994; Madurell et al., 2004; Menezes et al., 2006; Moranta et
al., 2008) and of decapods (Cartes et al., 1994; Farifia et al., 1997; Fanelli et al., 2007),
but fewer studies have considered jointly the whole community (fish, decapods and

other invertebrates: Morales-Nin et al., 2003; Colloca et al., 2003; Cartes et al., 2004).

Megafauna communities of the bathyal domain of the Catalan Sea are dominated by
benthopelagic fish and decapod crustaceans. Fishes represent the largest biomass
among all megafauna, and decapod crustaceans dominate the middle slope of the NW
Mediterranean Sea in terms of numerical abundance (Cartes and Sarda, 1992;
Stefanescu et al., 1994). Over the middle slope, fish communities are dominated by
relatively small species, such as macrourids (i.e. Trachyrhynchus scabrus and Nezumia
aequalis) and Phycis blennoides (Stefanescu et al., 1994). Decapod communities are
characterised by high diversities of benthic and nektobenthic decapod species and
some typical bathypelagic species that coexist (Cartes and Sarda, 1993). This
assemblage is dominated by the nektobenthic shrimp Aristeus antennatus and the
benthic shrimp Calocaris macandreae, but assemblage composition varies seasonally
and high densities of mesopelagic shrimps (e.g. Pasiphaea multidentata) are observed
in spring over the upper and the middle slopes (Cartes et al., 1994). Calocaris
macandreae is also a basic component of the diets of the majority of the megafaunal
groups, such as A. antennatus (Cartes, 1994), crabs (Cartes, 1994), macrourids
(Macpherson, 1981), and other fishes (Macpherson, 1979). Megafaunal benthic
invertebrates are poorly diversified (Alva, 1987) and not generally dominant in terms
of biomass (Cartes and Sarda, 1992). Most characteristic species at mid-slope depths
are the echinoid Brissopsis lyrifera and the holothurian Molpadia musculus, which
attain their highest densities in areas of high local production (Cartes et al., 2009a). In
contrast, benthic macrofauna are relatively abundant compared to other areas of the
Mediterranean Sea (Mamouridis et al., 2011), related to the continental influence in
this area. The macroinfaunal compartment is dominated by surface and subsurface

deposit feeding polychaetes and crustaceans (Mamouridis et al., 2011) and it is
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especially important for being a dominant trophic resource for fish and large
crustaceans inside Catalonian canyons (e.g. Macpherson, 1981; Cartes, 1994; Cartes
and Maynou, 1998; Carrassén and Cartes, 2002).

Despite this difference in abundance between fish and decapods, these two taxa
consume similar amounts of food annually over the middle slope around Catalan
canyons, and play leading roles in the consumption of virtually all macrobenthic and
macroplanktonic production (Cartes and Maynou, 1998). Thus it seems that food

constitutes a limited resource.

High levels of food resource partitioning in the area have been well established both
for decapods and fish (Cartes, 1998; Carrasson and Cartes, 2002). Dominant species
have mixed diets based on benthopelagic and mesopelagic prey (e.g. Mauchline and
Gordon 1986; 1991; Cartes, 1993a-c; 1994; Fanelli and Cartes, 2010), but usually have
distinct preference towards one of these categories. In addition, fishes and decapods
generally employ different trophic strategies (Haedrich et al., 1980; Cartes and Sarda,
1993) in respect to prey selection (mainly affected by prey size). Fish and decapod
species inhabiting the middle slope of the Catalan Sea are secondary consumers mainly
feeding on macrofauna, and only large specimens of P. blennoides and some sharks
also prey on larger fauna (decapods, cephalopods and other fishes) (fish: Macpherson,
1978; 1979; Fanelli et al., 2009b; Fanelli and Cartes, 2010; decapods: Cartes, 1993a-c;
1994; Fanelli and Cartes, 2008). The macrobenthos (including hyperbenthos) is their
main source of prey, and pelagic resources are secondary although seasonally
important. Bathymetric zonation among species with similar trophic preferences is also
patent, and especially intense among species situated at high trophic levels (e.g. sharks

among fish: Cartes and Carrassén, 2004).

Seasonal changes in dietary composition of deep-sea megafauna species from this area
have been reported repeatedly (Cartes, 1994; Madurell and Cartes, 2005; Cartes et al.,
2008a; Fanelli and Cartes, 2008; 2010), for example to at least 1200 m in Aristeus
antennatus (Cartes, 1994), and have been linked to seasonality of prey (e.g. Cartes et
al., 2002a). Related to dietary variations, resource partitioning is weaker during some
periods, usually autumn, following peaks in abundance of specific prey, essentially the
euphausiid Meganyctiphanes norvegica (Macpherson, 1981; Cartes, 1998b). Regarding
the knowledge of the slope species’ life histories, temporality in reproductive cycles
and recruitment patterns of both fish and decapods of the Catalan Sea is relatively well

documented to ca. 1000 m (e.g. Massuti et al., 1995; 1996; Rotllant et al., 2002;
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Company et al., 2003), with increasing gaps in species biology information deeper. To
the current knowledge, different patterns in the reproductive cycle of slope species

have been identified, so the life strategy of species seems rather species-specific.

In summary, despite the temporal changes in both the structure and dynamics
(including different temporal scales) of deep-water communties and in the trophic
relationships among dominant species inhabiting the Catalan slope have been
relatively well described and analysed, we are still far from a good knowledge about
which environmental variables control such changes. This is due to the scarcity of
multidisciplinary studies, like this one, that attempted to relate the biological
responses of species and communities with abiotic and biotic variables controlling

them.
3. Hypothesis

Deep Sea ecosystems are no longer considered as stable environments in the
small/mid temporal scales, and knowledge of the existence of seasonal processes in
deep-sea ecosystems is steadily increasing. More and more, studies point to
seasonality in food inputs as the main regulator of short-term temporality, although
such connections are still scarcely known when considering fauna belonging to high
trophic levels. We hypothesize that, as observed in fauna at low trophic levels,
seasonal changes found in diverse aspects of communities and populations of
megafauna respond to seasonality in food inputs. Both the vertical and the advective
fluxes of food may exert some influence on the patterns observed in the megafaunal

communities.
4, Aims

The global aim of the present thesis is to assess the seasonal changes occurring in
bathyal benthopelagic communities (the Benthic Boundary Layer), both in their
structure and trophic dynamics, and to identify which (and whenever possible how)

environmental variables, including food availability, exert a control on these changes.
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More specifically we aimed:

s

to describe the main spatial and, especially, temporal (seasonal) patterns of
distribution of the middle slope megafaunal community.

to identify those environmental variables/factors having the greatest influence
on the structure and dynamics of megafaunal assemblages on the Catalan
(Balearic Basin).

to describe the trophic web structure and seasonal changes of the benthic and
the benthopelagic communities in the middle slope.

to assess the food sources sustaining the benthic and the benthopelagic
megafaunal communities together with the main environmental variables
controlling them.

to define the trophic and reproductive seasonal patterns of the whole
assemblage of fish and decapods.

to determine the relationship between the reproductive and feeding strategies,
and their coupling with primary food sources and environmental variability,

both for fish and for decapods.
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1. Introduction

ABSTRACT

The spatie-temporal dynamics of benthic and bentho-pelagic assemblages of megafauna from the middle
dlape of the Catalan Sea (NW Mediterrancan 5ea) were studisd, Nineteen battom trawls were performed
to collect megafauna on 5 cruises bebseen February 2007 and Febmary 2008 Samples wene abiained
from three depth sirars inclsding a submanine canyon. Simultancously, environmental variables were
recorded and theee levels of bottom-boundary layer macrofauna (infauna, suprabenthos and zooplank-
tonl, potential prey of megafauna, were sampled. Fish and decapod assemblages wene explored
individually. Depth weas the main factor structuring megalounal assemblages, with larger organisms
usually observed ar greater depths (based on mean individual weight). Mevertheless, in April, coinciding
with the reproductive period of the dominant species, larger fish and decapods were observed inside the
submarine canyon rather than at greater depths. Assemblages inside and outside the submarine canyons
differed in species abundance and biomass, rather than in species composition: larger densities of
endobenthic species were lound imside the canyon. Also, higher abundance and biomass of megalauna
were recorded inside the canyon on all cruises, generally linked to higher prey availability there.
A seasonal trend related to size was also observed, associated with the stratification (AT e totim wae =
837 + 0.33 'C for summer=-autumn ) versus homogeneity [ AT e temom wae =209 + 176 °C for winter-
apring] of the water columin, Larger amounis of smaller species feeding at bower trophic levels were found
in periods of homogensity, while assemblages during periods of stratification were characterised by
larger species feeding at higher trophic levels. Envirenmental variables most strongly explaining changes
in megafaunal assemblages (from Spearman rank comelation and generalised linear models) wene
temperature (T) and salinity (5] close to the sea bottom, river discharges and turbidity abowve the sea
bottom, Also, micronekton biomass explained changes in fish assemblages, while Polychaeta biomass and
surface primary production were explanatory for decapods. All these vamables directly or indinectly affect
avatlability of moghic resources ar bathyal depths. T and 5 are intrinsically related 1o depth, and are the
variahbles to which organisms may be acually responding. Prey biomass plays an important role in the
bathymetric and the topegraphic distribution of megafauna. T and 5 are also linked to the stratification or
homagenesty of water maszes, Peaks of surfage primary production [SPF) in Febneary and maximum river
discharge in April corresponded to 4 maximum in megalaunal biomass in summer after ea. 3=-5 montlis.
High river discharges, channelled 1o bathyal depths through submarine canyons, were related (o
imcreases in water turbidiny, assoclated with resuspension of organic matter (food for low trophic levels)
On the other hand, low turbidity coincided with minimum river discharges, Gvouning deposition of
organic matter in the sediments. Peaks in abundance amnd biomass of megalauna were observed after
peaks in key prey (zooplankton, micronekton and benthic infauna) with a lag of ca. 2 months, Diversity of
megalaunal assemblages was coupled 1o food availabdliny.

e 2001 Elsevier Lid. All rights reserved.

comparable to those described for the Atlantic continental slope
(Ermdg. 1997 ). Different depths for these boundaries were proposed

The continental slope in the Mediterranean Sea is relatively in the past (Carpine, 1970; Pérés, 1985; Hecker, 1990)L Never-
well studied, with depth boundaries based on faunal changes theless, a disiributional zone between -~600m and -~ 1200m,

* Corresponding author. Tel,: + 34 93 22055000 fax: + 34 93 2308555,
E-maii address: vpapdolemacsices (V. Papiol)L

aften termed the middle slope, has been consistently identified
in studies of crustacean and fish assemblages along the Catalonian
coasts {NW Mediterrancan Sea) (Abello et al, 1988: Cantes and
Sardd, 1993; Stefanescu ev al. 1993, 1994),

967 -D637 15 - sew front matter © 2011 Elsevier Ledl All righis reserved,
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The middle slope is situated below the shell-shope break and the
upper slope, and in the western Mediterranean Sea it is charactenised
by homogeneous blocenoses/communities (Cartes et al, 2009a) and
maximum diversities, e among decapods (Cartes et al. 1994}
Species composition along the middle slope undergoes some changes
at regional or larger scales; in particular, it changes castwards in
the Mediterranean Sea (Labropoulou and Papaconstantinow, 2000;
Kallianiotis et al, 2000; Madurell et al, 2004

Continental slopes in the western Mediterranean, especially off
Catalonia and the Balearic lslands. have been studied extensively
regarding the composition, distribution and dynamics of megalfaunal
communities {OfF Catalonia: Cartes and Sarda, 1993; Cartes ef al.,
1994, 200Ma; adjacent to the Balearic islands: Maynou and Cartes,
2000; Moranta et al, 2008} In the Mediterranean Sea as a whole,
several separabe studies have been carmied out on the distributions
of fish (Stefancscu et al. 1994; Madurell et al, 2004; Menezes ¢t al.,
2006; Moranta et al, 2008) and of decapods (Cartes e al., 1994;
Farha et al, 1997, Fanelli et al. 2007), but fewer studies have
considered jointly the megafaunal fish, decapods and other inverte-
brates (Sarc ef al., 1994; Morales-Nin et al. 2003; Colloca et al.,
2003; Cartes et al, 2004). Moreover. the ecological factors control-
ling distmbutions of megalaunal assemblages at bathyal depths
remain poorly known, largely because simultancous information
on envirsnmental variables and faunas remains scarce.

Regarding the main natural gradients structuring assemblages
of megalauna, several studies have revealed depth to be the
dominant factor (Cartes and Sardd, 1992 Srefanescu et al,
1993; Gaenner ef al, 1999; Labropoulou and Papaconstantinou,
2000; Colloca et al., 2003 ], Also, in recent years temporal changes
in bathyal assemblage compasition have been studied, and season
has been found to affect significantly the structure of megafaunal
assemblages (Cares, 1994; Maynou and Cartes, 2000, Madurell
er al. 2004; Moranta & al, 2008} Both spatial and temporal
gradients may act as proxies for many other enwvironmental
factors, eq. temperature, salinity and food availability {Francis
et al., 2002; Colloca et al., 2003; Cartes et al, 2004; Fock et al.,
2004:; Menezes ¢ al., 2006), o which organisms may actually be
responding. While factors structuring bathyal communities and
assemblages have been discussed previously [Labropoulou and
Papaconstantinow, 2000; Carrassén and Cartes, 2002 Moranta
et al,, 2008; Cartes et al, 2009a), and while the biotic and abiotic
characteristics of the study arca have been described, the rela-
tionships among bathymetric andjor seasonal changes in com-
munity structure and the environmental variables driving them
have received little antention.

The Mediterranean Sea is characterised by annual thermal
stability of the water mass (~12.8 C) below ~200m (Hopkins,
1985). Howewver, important temporal fluctuations are associated
with pulses of food to bathyal depths. These changes derive on one
hand from seasonal changes of primary production (Estrada, 1991
and the variable vertical flux of partiches (Migquel et al, 1994;
Cartes et al, 2002a) In the Catalan Sea, primary production peaks
during a late winter surface bloom, whereas there is a deep
chlorophyll maximum [DCM) in open waters during the stratified
penod (Estrada, 19911 A homogenised water column is present in
winter and early spring. with most downward flux occurring in
those mixed waters, Stratification of the water column is usual
from April to Movember, and is associated with much lower
vertical particle fluxes (Miquel et al, 1994). On the other hand,
changes in advective Muxes, such as those that generate nepheloid
layers in submarine canyons, also seem to play an impantant role in
variations of organic matter input in the deep sea The submarine
canyons are contact zones between the circalittoral and bathyal
commiunities (Reyss, 1971}, and in the study area they channel
significant amounis of sediment and associated organic matter
(O ) across the slope [Buscail ot al, 1990; Palangues et al., 2006]

enhancing the food supply (Vetter and Dayton, 1998) in depocen-
ters. Those become local hotspots of secondary  produection.
Additienally, advective NMuxes sort upper sediment layers causing
resuspension of OM fram the bottom, The advective Mux of OM and
the physical conditions in the canyons vary in relation to dis-
charges of continental run-off {Monaco ot al., 1990; Buscail et al,,
1990}, to cascading events in the Guif of Lions and to water column
conditions along the NW Spanish coast (Canals et al, 2006;
Palanques et al., 2006).

Organic matter reaching bathyal depths s channelled 1o
megafauna by zooplankton in the near-bottom waters and by
suprabenthos and infauna that constitute the diet of bathyal
demersal fish (Cartes and Maynou, 1998). Thus, OM inputs and
macrafaunal communities (potential prey of megafauna) both
have significant influences on the biology and density of large
benthopelagic fish and invertebrates, For this reason, comprehen-
sive studies of trophic web dynamics are necessany to identily the
factors structuring megalaunal assemblages.

The characteristics of water masses also affect the distribution
of assemblages at bathyal depths (Colloca et al. 2003; Menezes
et al. 2006; Pakhomowv et al, 2006). In our study area, the
Levantine Intermediate Water, characterised by a maximum
of salinity [ ~38.5 pss) and temperature [~ 13.5 C) (Font, 1987;
Brankart and Pinardi, 2001), is present throughout the year
between 300 and B0D m, presenting its maximum (ow belone or
close to the period of stratification (Font, 1987, Brankart and
Pinardi, 2001; Salat et al., 2002; Lopez-lurado et al., 2008}

We have sought to identify those environmental factors having
the greatest influence on the structure and dynamics of mega-
faunal assemblages on the slope of the Balearic Basin. Specifically,
wie aim bo

i) describe the main spatial and temporal patterns of distribution
of the middle slope megafaunal community and

i) identify the physical, chemical and biological environmental
drivers of those patterns.

2, Materials and methods

2.1, Sampling of megafauna

The study was carried out in the bathyal Catalan Sea (Balearic
Basin, NW Mediterranean: Fig. 1) at depths ranging from 423 to
1175 m. Within the project BIOMARE, a tetal of 5 multidisciplin-
ary {incleding trawl) surveys (BIOMARE B1, B2, B3, B4 and BOS)
wiere carried out between February 2007 and February 2008 on a
seasonal basis (February, April, June/july and October) (Tahle 1),
thus covering an entire year.
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Tabile 1
Sampling locations and sampling detakls of trawls performed within the RICMARE
project.

Servey  Trawl 1D Location Dare [eth
OTSE- 14 range {m]
Winter
i ar2 405N 2257 February 25th, 2007 785-810
1] oars 41 19N 2II2E  February Z8ch, 2007  B52-658
i oTe AV ILTYN2I53E  Apail ZHih, 2007 EAB-653
Spring
H ara 41008N 2I62E  Apnl 28ch, 2007 Ta91-R0Q2
B2 aT4 A1098N 2 PEZE  Aprl Toth, 2007 Tag-819
B2 oTs* A1'TASN I ZIIE  April Eheh, 2007 B54-667
5] a2 41 TLVN 2255  June 300k, 207 G37-668
Sumumer
B3 aT3 AIORSN 2 IIAE  June 0k, 2007 T86-B22
3] oT4 A10L1UN 2 ILSE  Jaly 151, 2007 105%-1103
5] oTs" A1 T4ASN T IRVE  uly 1w, 2007 G53- 658
Bl oTE 41 058N 2130 July Sch, 2007 BE3-6T0
B3 oT? d103EN 2 102E  July Sth. 2007 T2-B13
Mgt
4 are 41'108N 2 I52'E  Ocrober e, 2007 64667
B4 aT3 41085N 2 734E  October 2nd, 2007 THA-HIT
I oTd 4107 ¥N 2 221'E  October Ird, 2007 5451105
iz} oTe* A1'I45'N 227 7E  Ocrober Ird, 2007 G70-761
Winler
Ry an A10E9N 2 722E  Febraary 24ch, 2008 10131175
B8 oTs A10EIN 2 IRGE  Febroary 26th, 2008 5751018
(UK oTe* 41 145N 2 Z7.RE Februsry Mith, 2008 G65-724

* Canyon.

Benthopelagic megafauna (fish and large invertebrates) were
sampled using a semi-balloon otter trawl (OTSB-14) (Merrett and
Marshall, 1981 A total of 19 bottom hauls were performed from
the oceanographic research vessel Garcio del Cid. Details of the
trawl are given by Cartes et al. (2009b) Briefly, OTSB-14 is a
T=warp trawl used by LCM.=CS.LC teams since 1985 (Rucabado
et al., 1991 ), The mesh size at the cod end is 6 mm, the bridles are
8 m long, vertical height of the opening is 1.2 m and hanizonial
opening is 13,5 m (from SCANMAR records), Although the 6-mm
mesh cod end of the OT5B-14 allows capture of large macrofauna,
wie will refer the fauna captured by bottom trawls as megafauna
to avoid confusion with the simultancous sampling of prey
[described below).

Three stations in the fshing ground known as Serolo were
sampled seasonally along the ca. 650, 800 and 1000 m isobaths.
The April survey did not include hauls at 1000 m. In addition,
sampling was performed inside the Besos submarine canyon, at a
site at o GO0 m depth in the southern wall locally called EI
Buscarmd ground, also on a seasonal basis. The middle slope
between 650 and 800 m & commonly exploited by red-shrimp
trawlers. However, fshing on El Buscarrd ground has been
stopped since the 1990s, The deepest part of the slope below
900 m is free of any trawling activity in the Balearic Basin (Cartes
et al, 2004; Maynow, 2008} Further sampling was performed in
summer (B3} at 650 and 800 m depth over a neighbouring area
20 km south of Serala.

All hauls were carfied out during daytime (06:58-20:55 h
GMT), and the duration of each haul (time on bottom) ranged
between 45 and 90 min at a towing speed of around 2.6 knots.

22, Sampling of macrofouna | prey of megafawnn)
Macrofauna was sampled to assess the trophic resources

available for megalauna. Three levels of the macrofauna occupy-
ing dilferent positions with respect to the sediment/water

inperface were sampled on a seasonal basis during BIOMARE
cruises (B1, B2, B3 and B4). Briefly, infauna was collected from
the top 20 om of sediment with a box corer (box area =0,065 m™;
3-7 replicates at each station); suprabenthos in the sediment-
wiater interface [0-1.5 m above the sea bottom ] was taken with a
Macer-GIROQ suprabenthic sledge (hauling time co 10 min);
zooplankton in the water column 10-50m above the seabed
was collected with a WP2 net (Fraser. 1966) (hauling time ca.
10 min}. The WP2 net was provided with a CTI000 General
Oceanics opening-closing system. Mesh size in the sledge and
net was 0.5 mm (see more details in Fanelli et al. (2011a]),
Infawna was sieved through 05 mm screens. Although supra-
benthos was sampled during BIOMARE, previous analysis of this
group revealed it is secondary as prey of megafauna, especially
within submanine canyvons (Cartes, 1994) and in terms of biomass
{Cartes et al., 2010a),

As mentioned above, the OTSB-14 also caught large macro-
fauna, The biomasses of large Polychaeta, Calocaris macandreos
and micronekion obtained by the OTSE-14 were also analysed
and considered as possible explanatory (trophic) variables in
megafauna analyses.

2.3, Faunal anolyses

All benthopelagic megafauna collected were identified to
species level, counted, measured and weighed (wet weight],
either on board or at the laboratory when further identification
was necessary and when mass was not Large enough for precise
weighing, Most of the specimens were immediately frozen at
=20 C, for future (sotopic and High Pressure Liguid Chromato-
graphy (HPLC) analyses,

Macrofauna samples were immediately frozen at - 20 C, and
biomasses (wet weight) and abundances of taxa were determined
in the laboratory. In this paper macrofauna is considered as a
possible explanatory varable for megafaunal dynamics, thus only
total biomass values are presented,

24, Environmental (physico-chemical) variables

CTD casts were performed at each starion using an SBE
9 equipped with a flusrometer, and turbidity and oxygen sensors.
Temperature, salinity, oxygen, fluorescence and turbidity were
recorded for cach CTD profile at a rate of 24 data per second. The
avierage values of these variables at surface (5 m depth) and 5 m
above sea bottom (mab) were also obtained, Each CTD was
deploved for 2 min at 5 mab at each station in order to obtain a
sufficient data record close to the seafloor,

Phytoplankton pigment concentration (ppc, mg Chlam ),
obtained from hitp:/freason.gsfc.nasagov/Giovanni, was used as a
rough estimate of surface primary production in the area.
Monthly average ppc values at the bottom travw| positions coin-
cident with sampling, and 1, 2 and 3 months before sampling,
were used (Cartes et al., 2004

Mean monthly river discharges (m"s '} at the mouths of the
main rivers discharging close to the Besos canyon, the Besos and
Llobregat Rivers (Cartes et al., 20010a) were obtained from hirpz)f
aca-webgencal.cat/acafappmanager/acafaca’ as potential sources
of OM and causes of disturbances at bathyal depths.

25, Sediment sampling

Sediment was sampled by means of a multicorer both inside the
canyon (depth range 557-588 m) and outside [746-786 m depth).
Since infauna is the macrofaunal group most affected from a
trophic point of view by sediment quality, sediment sampling
wias performed inside the canyon in parallel with infauna collection.
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Sediment was immediately frozen at —20 C for later analyses.
Total organic carben (TOC) and total mitrogen [TN] were determined
from the CO; and Ny produced by combustion using a Thermo
Electron Flash EA 1112 elemental analyzer. REDOX potential (mV)
was obtained from sediments using a ThermoOrion 2504 sensor,
Voltage was read at the sediment surface, at Gom and 10cm
depths.

The percentage of sediment organic matter was quantified as
loss on ignition (LO1) by ashing 2-3.5 g of sediment (dry weight
after 60 C during 24 h or until reaching constant weight) fior 2 h
ar 550 'C,

26, Dafa analysis

Megalaunal species recorded in less than 5% of the samples
wiere omitted from the data set to prevent an undoe influence on
the resulis (Gauch, 1982, Abundance and biomass were stanclar-
dized to a common swept area of 1 ha (indha ' and gha ',
respectively), according to the values proposed by Cartes et al,
(2009b) for an OTSB-14 bottom trawl.

First, in order to evaluate megafaunal species groupings,
cluster analysis was applied to the abundance data matrix, using
the non-parametnc Spearman rank correlation as a distance
index. Second, to explain observed similarities or dissimilarities
(distances) between the groups resulting from the cluster ana-
Iyses, multidimensional scaling (MD5) analyses were carried ouwt
on abundance data. ANOSIM (AMalysis Of SIMilarities) was
employed to test the significance of differences among the groups
resulting from the cluster analyses, and SIMPER was used to
identify those species that most typify each of the groups. For this
latter rowtine, a square rood transformation was applied to adapt
the data to the Bray=Curtis distance (Clarke and Warwick, 1995).
Since fishes and decapods are the two dominant taxa in the deep
Mediterranean [ Cartes et al 2004, analyses were also performed
separately for these megafaunal groups.

Trends in abundance and biomass of megafauna were analysed
also on a seasonal basis, as was macrofaunal biomass (wet weight of
infauna as g m~ ¥ of sediment and of suprabenthos and sooplankton
as mgm " of fltered water) Temporal trends of biomass of large
Polychaeta, Calocaris mecendrege and micronekton obtained by the
OTSB-14 were also analysed, because of the substantial role they
play in the diet of megafauna Diversity of each assemblage
identified was calculated using the Shannon-Wiener (H') and the
ipecies nichness (5) indices. Spatial and temporal trends in diversity
were also obtained. In addition, Ash and decapod mean individual
wieights were calculated for each sampling period and depth.

Environmental and trophic (e, macrofaunal biomass) vaniables
were normalised and standardized before analyses, A drafisman plot
{iue. scatter plots of all painsise combinations of varables) (Clarke
and Warwick, 1995) was applied to environmental variables to
identify whether amy of them were strongly cormelated, thus
providing redundant information. Redundant variables (jp = 0.70)
could be discarded, simplifving the matnx, ‘Water column homo-
geneity or stratification was calculated as the difference berween
water temperature at surface and 5 m above the seabed.

To identify which environmental variables explained differences
in the distributions of the distinct assemblages, non-parametric
Spearman rank correlation coefficients were calculated between the
set of environmental vanables and (1) the two dimensions of the
MDS and (2) standardised values of abundance, The relationships
between abundance of species (the dependent variable) and envir-
onmental variables were also analysed by two  multivariaie
approaches: (1) Generalised Linear Models (GLM) and {2) Canonical
Cormespondence Analysis [(CCA) (Ter Braak, 1986L GLMs were
carried out considering (a) the abundance and (b) the diversity
(1) of all taxa, as well as the abundance and diversity of fishes and

decapods separately. The independent varables explored were
temperature 5 mab (Ts qusl, salinity 5 mab (Ss mus ), water turbidity
5 mab [Turbs sl fiver Now at the time of sampling as well as river
flow 1, 2 and 3 months before the sampling. and 5PP simultaneous
and 1 month before the sampling. Also, the trophic vanables
considersd were the biomass of suprabenthos, infauna, zooplankton,
micronekton, Polychaeta and C mocondreae, the last three from
OTSB-14 hauls. For the GLMs and CCAs biomass of suprabenthos,
infauna and zooplankion were excluded, given the lack of data for
some hauls.

The generalised linear model (GLM) is a Mexible generalisation
of ordinary least squares regression, The GLM generalises linear
regression by allowing the linear model to be related to the
response variable via a link function and by allowing the magni-
tude of the vanance of each measurement o be a function of its
predicred value. The distribution family used was Gaussian with
logarithmic link. Model selection was based on minimising
Akaike's Information Criterion (AIC)

CCA analyses were performed on abendance data for dominant
megafaunal species and the set of environmental variables previously
mentioned. Ordination axes generated by CCA are linear commbina-
tions of environmental vanables, arrows in the plots representing
environmental explanatory varnables are proportional in length o
their imporiance (Ter Braak, 1986), Therefore, community variation
can be directly relaved o emvironmental variation. Abundance data
wiere log-transformed prior to OCA caloulations and a permutation
test (based on 1000 permutations) was performed (o evaluate
whether the set of environmental variables could significantly explain
the observed species composition in terms of abundance.

All the urivariate and multivariate analyses were carmied out
using the software packages PRIMER & & PERMANOVA 4 (Clarke
and Warwick, 1995]), STATISTICA 6.0 and XLSTAT {Addinsoft),

3. Resulis

A total of 7859 specimens belonging to 160 species (47 fish, 40
decapod crustaceans and 73 other invertebrates) was collected,

3.1, Megafounal assembloges

The MIOS analyses performed on OTSE-14 data showed that depth
wias the main assemblage structuring factor (Fig. 2). Combining the
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Fig 1. MD5 ordination plot of abundance data from OTSE-14 catches based on
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(Enside canyon]; circles =650 m [ootside campon |z triangies = 200 m; diamonds =
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results of cluster analysis with the MDS ordination, it is possible to
distimguish rwo main groups: samples from the 1000 m station wene
segregated from those from shallower depths (800, 650 and 800 m ).
ANOSIM demonstrated that assemblages at all depths were distingt
{all ANOSIM comparisons gave p < 0,05], particularly for hauls taken
at 1000 m.

SIMPER analysis revealed which species were typical for each
depth group [Table 2L The assemblage at 1000 m was more
homogeneous than the rest, having the greatest within station
similarity among the four depths (62.59%]), At 1000 m cumulative
abundance of 43% was reached by including only four species:
Aristews antennaius, Ponrtophilies norvegicus, Lepidion lepidion and
Mumida renuimana. At B0 m, M. temumana, P norvegicus and
A anternatus were again dominant, but 7 species were required
1o account for 41% of the abundance, At 650 m, M. tenuinana,
Monodaeus couchfi, Processa canaliculota amd Sergestes arciicus
were dominant, accumulating 265 of the abundance, while
9 species were required to reach 43X of the abundance, Finally,
inside the submarine canyon (600 m) Calecaris mecandrece
dominated, together with M. tenuinrano, Plesionika mortio and
A antenmatus, altogether accumulating 29% of the abundance.

The MDS erdination revealed a grouping related to the homo-
geneity v, stratification of the water column (Fig. 2} ANOSIM
confirmed a significant segregation between samples belonging to
the period of water column homogeneity (B1, B2 and BOS) and
those from the period of stratification (B3 and B4) (R=0D.162;
p=005L Seasonally, AMOSIM indicated significant segregation
between assemblages present in spring (Apnl) and in summer
(Jurefuly) (R=0528; p = 0.01), but not among other seasons,

SIMPER performed on samples collected under different con-
ditions of the water column (homogenous vs stratified ) revealed a
greater contribution of smaller species (eg Cymbulia peroni,

Tabile 2

Calocaris macandreae, Gennadas élegans) when the water column
was homogenous (winter and spring) (Table 3). Larger species
were more important in peniods of stratification. In the same
sense, SIMPER performed on seasonal data revealed that smaller
species, such as those mentioned above, characterised the assem-
blage in spring. while larger species (eg. Ansteus antennaius,
Lampanyctus crocodilus, Phycs blennoides) were found in summer.

32 Fish and decapods assemblages

Since fishes and decapads are the two dominant taxa in the
deep Mediterranean and occupy, on average, a different trophic
fevel (Cares et al., 2004, 20009¢), analyses of these megafaunal
groups were performed separately.

32.1. Fish assemblages

Fish assemblages at 600 m inside the canyon differed signifi-
cantly from those at 650, 800 and 1000 m outside the canyon
(ANOSIM all p-005) Outside the canyon fish assemblages
changed progressively down the slope: the difference between
the 650 m and 1000 m assemblages was statistically significant
{ANOSIM R=0.744, p < 0,05}, but the intermediate comparisons
| G50-800 m, B00- 1000 m) did not reveal shifts in faunal compo-
sition of the same magnitude.

Regarding temporality, fish assemblages did not change sig-
nificantly according to the conditlen of the water column,
alihough significant changes were found between assemblages
present in spring and in summer. Water column stratification was
a significant segregation factor only for the stations at 650 and
E00 m outside the submarine canyon.

Percentage contribation of typifying species [5IMPER analysis) to within-group similarry by depth, based on abundance data for samples obtained by the OTSB-14, Cut-off

for lovw contribuation: GO

Species A, abuandance Contribuiban Cum. T Species Av. abundance Comiribuiion T Cum T
G50 e assemblage RO e asermblage

Average similarity; 57.93 Average shmilarity; 56.52

lumddn enuimana 1112 1192 Afunida femimana 176 Ll L]
Monodaeus cowchii 166 589 170 Pontophnius morvegious 138 820 1746
Procéwi camabiciiato 438 466 2167 AR FUS @nleraanus 77 7.54 404
SEVEeSIeET QTS .38 40 5467 Pagurus aforus 1.78 4569 68
Beveomis arclica 145 182 a9 Abvr Tongicallus 185 441 .08
Myeis blémanides 162 17 3122 Calovani macandieos 1492 427 IR3T
Pomiocens focerel 163 355 ko Amapagurus lars 143 14 41,7
Mesionika mantio 155 146 023 Cermnodas elegans 1493 130 EE|
Cadacaris mocondreae 1.57 138 AT61 Pontocoris [ncmsel 107 313 4R.0T
Sypimplautin lighfaous 1.3 133 46,04 Cirolama borralis 139 184 S0AE
Pmifphoea mulhidemiotn 117 330 .24 Lampanyones oreoodifies 147 266 5354
Lompaapetus crocodilus 152 121 5347 Polychieles typhiops na4 218 3572
Cetimidias ehigar 146 312 56.59 Noradamift barnepartei 084 FAL 5783
Arisieus onérnnotus 169 159 5957 Acanthephyra eximia 0.7 207 50,90
Cymbulta peron 129 2185% BrAY Nezumio eequolis 0.78 197 1,88
00 m (Comyon | assemisloge 10 m assemblage

Average similaricy: SE20 Average similarity: 62.59

Cadecaris marandneee 8 L] 986 O.RG Arfilrus auierenars 347 1348 1348
fdumida eenuimana 305 [ 1667 Pontophiius morvegious 3138 134 26,70
Pesiomika martio 210 602 2269 Lepition kepidion 143 1084 1753
Ariséus areeanotus LG 592 861 Munida Iemuiimana 140 5.4 4267
Lampemperus erogodilus 246 577 3438 Nenmin sequadls 145 495 762
Polychrles byphlops 215 507 1945 Lampanycius crogodifes 114 4.9 2
Meruriia aequalii 1.73 187 43131 Cotmritidiny elégani 10 138 55.39
Cymbuibe perani 1.83 167 4508 Noracandfes bomepaned 123 136 58,75
Srrgestes artices 155 L 051 Alepocepinaluy resiTorus 1.1% 11 B2.08
Hymenocephobes ftofivus 1.75% 136 5187

Manosfeus Qowchin 31 330 5717

Fomtpcants fonazei L&l 325 BlAY
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Tahble ¥

Percemiage contribution of typifying species (SIMPER analysis) 1o within-group
[water column stratification) similarity, based on abundance data from samples
abtaimed by the OTSB-14. Cut-oll for low contribution: G0

Species Av, abundance Contribation X Cum, &
Homogemoss waler coliisin apicmblage

Average similarity; 4515

Murriddo tenuimana 339 a17? 447
Arnisrew anienmarus 2.53 6.0 1587
Pomiophilus norwgious 247 57 21,58
Cymbubia peroni .73 468 726
Calssaris mocaadrese 2,68 458 11.84
Genmadar clegamy L7 ire 3563
Podychides hyphlops 1.29 349 39,12
Boreomyss arolica 1.80 i 4221
Lampaaidrin crocodilus 1.22 282 45.02
Merumiz argualis 1005 .75 47,78
Porlocaris locaze 1.0% 262 50,40
Piyris blemaoides 1.0 244 5284
Galeus melosremis DAz i1 55.16
Lepidion lrpldion 133 2325 3741
Paviphora multidemtotn i k] N 062
Cyclolisatie traweri 138 220 6182
Serarificd warer colisnm

Average similarity: 51.40

Arisfews améennatus 4= a3 L ]
Murrida tenuimana 2.89 BAY 17,60
Lampamperus crooodilus 1.08 58 2341
Pominpdilus norvegicus 1,53 472 8,13
Sergeslfes ancticus 140 444 32.57
Phyein blermnaidics 147 308 .55
Muonodaeus cowchil 1B 3155 0,10
Ampyropefens hemdgymns 1.0 133 4343
Potycheles yphlops 1.22 3i0 #6.53
Colenarts movdadnnge L7z 293 4947
teennadas plegars 1.15 249 52.35
Bereommysis arciica 1.0 2m 50a
Porlocariy locase 12l 238 5746
Nerumiz oequal [k ] 20 549.57
Caleus melasnen i [LE: 2] Zm 61.58

322 Decopod ossembloges

Decapod assemblages differed among all depths {Global B=0.743;
p=0001) and were homogenous throughout the whole vear in all
depth strata

3.3, Trends in abundance and biomass

33.1. Fish

Fish abundance was consistently higher in June/july (inside
canyon) and October (650 and 800 m) than in February=April
(Fig. 3a) at depths shallower than 1000 m, increasing in most
cases from February to Juneluly and reaching a maximum in
October (except inside canyonl At 1000 m we found an opposite
trend with abundance decreasing from February to October, By
stations (depths), the most common tendency was for fish
abundance to be higher inside than outside canyons,

Al the two shallowest stations (inside canyon and 650 m) we
found a similar seasonal pattern for fish blomass: Increase from
February to June/July, dropping in October (Fig. 3a), At G600 m, for
instance, fish hiomass increased from February (1220 g ha ") to
Jumefjuly {1984 gha ') and then decreased to B11gha ' in
October. An exception was at 800 m, where biomass was higher
in February than in April. At 1000 m biomass was very similar all
wear round. Regarding trends of biomass vs, depth, biomass
consistently reached the highest values at two stations: inside
the canyon and at 1000 m. Biomass outside the canyon was
higher at greater depths all the year { = 1.6 kg ha ' ar 1000 m).

332 Decapods

At = 1000 m we regularly found the highest decapod abun-
dance in April and Ociober, the lowest abundance in June/july
(Fig. 3b). Deeper than 1030 m we did not find this pattern and
abundance showed small oscillations with the highest value in
June/july. Decapod abundance decreased with depth (Fig. 3b) with
the highest values inside the canyon (at GO0 m), and with some
exceptions at B0Dm in April and June/july Decapod biomass
showed more irregular patterns than abundance (Fig. 3b), espe-
cially at the two shallowest stations (inside the canyon and at
650 m outside]. At greater depths (800 and 1000 m) biomass
peaked in June/uly (502-762 g ha "),

333 Al megafauna

Since decapod crustaceans were the numerically dominant
taxon, total abundance of megalauna showed the same decreas-
ing rendency in abendance with depth (Fig. 3cL Because fish
always dominated megafaunal biomass, patterns in fish and total
megalaunal biomass were similar [Fig. 3a-cl

14, Trends in mean individieal weight

Mean fish weight (W, Biomass/Abundance) increased with
depth in February and increased further in October, when the
highest W recorded was found at 1000 m. In contrast, a strong
drop in W was observed from 600-650 m wo S00 m in April with a
similar, though less clear, tendency in June/july (Fig. 4a) The Wol
decapods increased with depth in June/july and October (Fig. 4b),
but W decreased from 600-650 m to 800 m in February and April,

3.5 Trends in diversily

Fish diversity was generally higher inside the canyon than at
the statiens located outside. H' for fish showed a different temporal
pattern at the two shallowest stations from that at the two deepest
(Fig. 5a). At GO0 and G50 m H was highest in February, decreasing
to thee lowest values in JuneJuly and increasing again in October.
At both 800 and 1000m the highest B values were found in
Junefjuly. H values for decapod crustaceans peaked in junefjuly
(Fiz. 5b), with an increase from February and April. The only
cxception was at 650 m, where H was highest in April.

A peak of diversity [H, total megafauna) was regularly found
in June/July all across the slope (Fig. 5], with only the exception
of the station at 650 m. as described for decapod crustaceans,
At 1000 m H showed greater stability (smaller oscillations) all
year compared o the shallower stations, In terms of species richness
(5, not presented ) trends were similar to those descnbed for H.

In general, diversity was lowest at the deepest station
(oo 1000 m) in all cases.

16, Macrafaumna

Infaunal biomass at 600 m (inside the canyon) was much higher
than at 800m (outside the canyon) except for Febwuary 2007
(Fig. Gal. At GO0 m, minimum infaunal biomass was observed in
February of bath 2007 and 2008 (around 3 g m- ). There was a big
increase from February to June/july, when maximum biomass was
reached (6393 g m L In Ociober, this biomass staried decreasing
and reached a minimum again in Febreary, The rend ar 800 m was
opposite, with maximal values of biomass in February (3753 gm %),
and minimal ones in Junefuly (1173 gm )

Large Polychaeta (Fiz 6b) and the burrowing decapod Colooors
nncamdrear (Fig 6c) caught by the OTSE-14 trawl were considerably
more abundant inside the canyon than outskde it, as was found for
infauna collected in box cores. Inside the canyon, temporal trends
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in biomass of Polychaeta and C macondreae from the trawl were
similar to those of infauna from the box corer, except for a
remarkable decrease in Junefjuly. Outside the canyon, biomass
values remained low throughout the whole year and madmum
values were found in April for both taxa. No large Polychaeta were
collected at 1000 m.

Zooplankton biomass increased sharply from February to
April at all depths (Fig. 6d), decreased considerably by Junefluly
and then increased slightly again by October, The April peak in
biomass attained 26 mgm * at 650 m and 21 mgm ' at $00 m,
because of a population burst of the thecosomatous pteropod
Cavolinio inflexa. A general increase of micronekton biomass was

observed from February to Junefjuly (Fig. Gel, when micronekton
biomass was greatest at all depths, except for a single peak
ohserved in October at 800 m.

3.7. Environmentol variobles

Temperature at 5 mab was between 131 and 134 “C(Fig. 7a) at
B30, B00 and 1000 m throughout the vear, with the lower values in
deeper water. At 600 m, temperature increased in June/luly and
showed maximum values in October, A temperature peak was
observed at 800 m only in April. Comparison of temperature (T] at
the surface and at 5 mab [Ty ) allowed us to identify when the
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calculated as Shannon-'Wiener function (FF) for all the depth strata sampled.

water column was stratified or homogenous. It was homogenous
in February and April (AT from 0.50 to 3.94 C), and stratified in
June and October (AT from 7.90 10 893 "C)L

Salinity at 5 mab {55 ) was 38.43-38.56 pss (Fig. 7bL Near-
Bortom salinity was greater at 600 and 650 m and greacer in June/
July and October than the rest of the year. A peak of 55 qub
ocourred in April at 800 m. parallel to a peak of T.

Water turbidity at 5 mab (Turby ) was highest in February
at all stations outside the canyon (Fig. 7c) Inside the canyon at
600 m, turbidity was lower in February than in April. In all
observations outside the canyon turbidity decreased from Febru-
ary 1o June/July and increased afterwards,

Surface Primary Production followed the same temporal sequence
at all sites: minimum values in June/july (0143 mg Chla m ™), and
maximum values in January and April {0332 and 0,383 mg Chlam 3,
respectively) [data not shown as a lgurel

Runoffs of Liobregat and Besds Rivers presented similar varia-
tions, Uobregat discharge peaks being considerably higher than
those of Besds (Cartes o al, 20010a), Flow of both rivers was
maximal in April (15m"s " and 6 m* s 7 for the Llobregat and
the Besds, respectively). and secondary peaks in river flow were

observed in August and October. Minimum flow in both fivers
wias in March and July. Inside the canyon at 600 m, TOCL was
highest in February and lowest in June, increasing afterwards,
An inverse cycle was found at 800 m (Fig. 7d).

3.8 Correlorions with explanatory environmental variables

The non-parametric Spearman’s rank correlations established
that the main axis of the MDS [dimension 1), defining the
disiribution of distinct assemblages, were significantly correlated
mainly with Ty g and 5s qun (p < 0001 ), but also with Turbs, b,
zooplankton biomass (p= 0.01), river discharge at the tme of
sampling and Polychaeta and C macandreae biomass (p < 0,05)
(Table 4). Dimension 2 of the MDS was not correlated with any
variable, although hauls were separated according to whether
they were canducted inside or outside the canyons.

Total megalauna and decapods were correlated (Spearman g}
with Ty mate 55 mab. Z200plankton biomass, river flow at the time of
sampling and C mecandreae and Polychacta biomass (Table 5).
Fish abundances were correlated to microneklon biomass.

39 Multivariole omalyses

38l GLM

GLM performed on abundance of all taxa explained 77.9% of
thee deviance with 4 variables that were T s 55 mans SPP 1 month
before the sampling and river flow,. (Table 6). For fish abun-
dance, 55 qan Was once again a significant variable in the model,
together with Turby e the fish model explained 41.9% of the
total deviance. In the case of decapods, 82, 3% of the total deviance
was explained by the same 4 vanables explaining all taxa
abundance, reflecting the fact that decapods were the most
abundant taxon.

GLM carried owt on diversity (H) of the whole assemblage
explained 32.5% of the wtal deviance [results not included ), includ-
ing only one variable, which was micronekton biomass. In the case
of fish diversity, Ts mun and C macandreae bismass were the madel
explanatory varables, explaining 44.5% of the total deviance., The
GIM for decapod diversity also consisted of two vanables (T o,
and SPPy onets ) and covered 41.4% of the total deviance.

392 CCAs

A total of 58.92% of the variance in our CCA ordination was
explained by factors correlated with the first two axes (Fig. 8),
results parallel to those for the MDS ordination based on the
OTSB-14 hauls (Fig. 2). In this sense, the hauls grouped according
to depth and the location of hauls insidefoutside the canyon,
Hauls froem 1000 m were found on the upper right side of the plot.
A gradavion towards the left and centre was found with decreas-
ing depth, with hauls inside the canyon being on the upper left
part of the plot.

Regarding abundances of the dominant species, . macandreae,
the brachyuran crab Monodoeus couchi and the shnmp Plesionika
martia were linked with the biomasses of large Polychacta and
C. mocandreae. In contrast, two macroursds, Trochyrynchus scobries
and Nezusmia aequalis, the gadid Phiyveis Wennoddes and the myctophid
Lampamyctus crocodilus had positive relationships with micronekion
biomass, as well as with nver flow; oo and inverse relationships
with PPy, and SPPy o, TUMDs gy and river flow.,,. The opposite
situation was found for Munida fenuimmna and Symphones gulatus,
Abundances of the red shrimp Aristews antermaius and the morid fish
Lepidion lepidion, had negative relationships with Ts o, and 55 0
implying a positive relationship with depth (these pao species were
maost abundant in samples at 800 m and ar 1000 m, respectively).
On the contrary, an inverse relationship was found between
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Brissopsis hrifero and depth. The thaliacean Salpe fusiformes, and o a
lesser extend the mesopelagic shrimp Germadas elegans, wene
strongly related 1o SPPum. River oW, memp and ver (OWs mentis
before sampling were excluded from CCA duee to their overlap with
other explanatory variables,

4. Discussion
Several authors have examined the changes with depth or season

in deep-sea megafaunal assemblages, including the causal rodes of a
number of environmental variables (Tyler, 1988; Cartes et al., 1994,
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2007; Moranta ¢t al, 2008). However, there are still few studies
analysing the influence of in sire environmental variables on the
spatio-temporal distribution of deep-sea fauna (Cartes et al., 2007,
2008a; Moranta et al. 2008; Sinchez et al. 20081 We designed our

Tahbe 4
Significant Spearman comelations (p « 005] bétween envirommental varables and
thee td ddarmaensaond of the MDS performssd an OT58- 14 abundanoe carches.

Dimension 1 Valid ¥ Spearman B HN-2Z)  pelevel
Ts s 18 o812 5.565 4=107"
. A 8 748 4.507 4w 10
Tiarlty, I8 D659 1506 LT
Enoplankton bsomass 14 GTH EN L 00
Polychaeta bsomass 19 0,551 2721 [T
RV T i 19 516 2484 0024

. mocomdrege blomass 19 0512 1455 LS

Ty s temperatare 5m above bottom: Sy e Salinity S5m above bottom:
Tty pus: Tatdity 5 m above bottam: River Now,.,,: river ew simulaneoss 1o

ampling.

Tabie 5

Significant Spearman cormelations (p « 0.05) between environmental variables and
total assemblage, fsh and decapod abundances obtained by OTSB-14 catches.

Total abumdance Walid ¥ Spearman & iHN-2) pelevel
. mocamdreae bioenass 19 hH4E4 B.fid S 10"
Polychacta biomass 18 [T R 1870 [ili ]

5 e 13 [T 1707 e

T vmuss I8 k562 4718 oS
River flow, . 19 515 2479 o
Zooplankton béomass 14 059 2462 [iXiani]
Fishes abundance

Micromekion biomass 19 0514 247 noz4
Decaposds abumidanoe

. mocandrege biomass 8 LRSS TE 5x 10"
5oma 18 [LE:Tef 5345 G 102
Polychacta beomass 19 [ 1510 LTV

Ts i 18 658 1406 LLTLEE]
Eooplankton beomass 14 [T 2841 (i1 R
River fow, 19 [LE -] 2330 e

Ty e femperature 5 m above botbom; 55 ey salinity 5 m above bottom; Turbs e
turbadity 5 m above bottom; River fow,e® river Aow simultaneous to sampling.

Tabir 6

73

miultidisciplinary approach to achieve such an analysis for bathyal
depths ar a multispecies level, analysing the spatial and temporal
variations in the distribution and diversity of megafaunal assem-
blages in relation to environmental variables measured simulta-
neously. The analysis is based on samples taken with a single trawl
iype, the OTSB-14, to remove the effects of varying trawls on the
composition and biomass of megafaunal samples (Cartes et al,
20096). A parallel sampling pedformed with a commencial trawl
{ar the same stations and on the same dates) gave similar trends in
the spatial and temporal patterns described here (e.g. there was a
significant change in assemblages as a function of the stratification/
homogeneity of the water column), although the compasition of
assemblages was different (authors’ unp. data), as expected from
previous comparisons (Cartes et al. 20090)

4.1, Spanal and temporal changes in megafauna

It is well established that depth is the main gradient structuring
the abundance, diversity and size spectra of deep-sea megafaunal
communitics (Macpherson and Duarte, 1991; Cantes and Sarda,
1992; Stefanescu et al. 1993; Sarda et al, 1994; Fugita ot al, 1995;
Merrett and Haedrich, 1997; Rex and Etter, 1998; Gaeriner et al,
1999; Clain and Rex, 2000; Colloca et al. 2003; Moranta e al,
2004), We sampled the middle slope fauna, the distribution of
which off Catalonia is well defined at depths between co. 600 and
1200 m (Abelld et al, 1988; Cartes and Sarda, 1993; Stefanescu
et al., 1993; Sarda et al, 1994). Although we analysed the same
faunal assemblage, previously characterised by homogeneous com-
munities (Cartes ef al., 2009a), we still found some influence of
depth in our sampling. This s partly because changes in faunistic
composition between megafaunal assemblages consist of a more or
less continuous substitution of dominant and subdominant species
with depth (Hecker, 1990; Merrett and Haedrich, 19971 In this way,
wee found some species at 1000 m that have their main distribution
centre deeper, on the lower slope (eg. Alepocephalus rostratus and
Lepidion lepidion: Stefanescu et al, 1993), Also, a regular pattern of
larger individuals at greater depths was observed at 1000 m. Depth-
size related trends (discussed among Mediterranean fish by
Macphersan and Duarte (1991) and Stefanescu et al, (1992)) can
be explained by various factors e.g. the depth range occupied by
cach species, by ontogenic migratory movements, both by larger
animals migrating deeper (bigger-deeper) (e.g. Pollom et al., 1979)

Generalized Lingar Models perfomsed on abundance of all 1axa, fishes and decapods off the Catalonian slope.

Total abundance Degrees of freedam - 17
Explaimed dev, Rewideial dev, T Explained AlT F p-Value Estimuate

NULL 600474

Ts ma 1198271 2411202 1320 1252 T4 - 1648

[ S S007. 32 172071 1904 11245 005 231951

Chila memin 4670473 1253428 1254 151 oo o108

River M 4552 66 TaR62 1261 742 oomy 003in

Total modsd TTED I7e.78

Fishes abundance

MNULL 126579

[ T 27768 G881 2194 5661 oo 11862

Tarby i 1685 5537 154 5047 O03R ~OR0E

Total moded 4188 12587

Decapods abumndanoe

MULL 12587.71

Ts mak FRA0R5 G SR 4481 33,060 Te-05 - 141

5 01398 412 ER 1600 11,784 000 1527

417 FR—— 106651 IBGE XY LT G240 ooy 0134

it Tow, 164453 122185 1306 eI CLONE: 003n

Tozal neoded A5 140,76
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(Cardner, 1989) by bottom curments, slumps and river discharges
(Rowe et al, 1982; Houston and Haedrich, 1984; Gardner, 1989) The
decrease of TOC in sediments inside the canyen at 650m (from
February to June-july L parallel to the increase at 800 m {maximum in
June-July) outside canyons and deeper, suggest new food inputs are
mainly channelled through submanne camyons over the slope off-
shore from Barcelona, as already reported by Puig and Palangues
(1998), Nittrouer o1 al. (2006) and Fabrés et al (2008

Assemblages also changed seasonally at slope depths, with
varations in megafauna mainly reflecting the replacement of
species throughout the year and changes in population size
structures, as already reported by Moranta et al. (2008L Our
analysis further revealed that these seasonal changes in mega-
faunal assemblages were related to the condition of homogeneity
(February and April) or stratification (Junefjuly and October) of
the water column, basically defined by changes in salinity and
temperature of water masses. Larger densities of species more
dependent on fresh inputs of OM and that feed at lower trophic
levels (Fanelli and Cartes, 2010; Fanelli et al. 20011b), such as
Calocaris mocandrene, Cymbulio peroni or Boreomysis archica, wene
observed in periods of water column homogeneity. On the other
hand, species that feed at higher trophic levels (eg. Aristeus
antennatus, Phycis blernoides) (Polunin er al, 2001) were more
abundant in periods of water column stratification.

4.2, Explanatory environmental variables

Mear-bottom salinity (3s mes 5m above the bottom] and
temperature |Ts manl. turbidity (Turbs gup) and river discharge
were the variables more frequently entering models explaining
changes in assemblage composition and biomass/diversity trends,
Zooplankton/micronekton biomass explained fishes distrubu-
tions, and benthic macrofauna biomass and SPF 1 month prios
to the sampling explained decapods distnbutions, Some of these
varnables, specifically Ts un 54 man @nd micronekion biomass, are
correlated with depth. All of them directly (e.g. micronekton) or
indirectly (T, § and river discharge) affect availability of trophic
resources for megafauna at bathyal depths: for example, zoo-
plankton (Cartes e al., 2008a) and river discharge (Cartes et al.,
2010a} Food is probably the main factor causing spatio-temparal
changes of deep-sea fauna, and it has repeatedly been indicated as
the most plausible explanation for patterns found in species
distribution and zomation (Cartes and Sarda, 1993; Cartes and
Carrasson, 2004}, especially in an almost thermally stable envir-
onment such as the deep Mediterranean.

4.2.1. Envirommenital variohles and spatiol changes

Depth was the main factor structuring megafaunal assemblages
in the present study. However, depth is in fact a proxy for a
combination of several environmental variables affecting deep-sea
organisms. For example, temperature and salinity are correlated
with depth and they may have a more direct influence on species
distribution (e.g. in the case of the shrimp Anstosomorpha folfocea:
Cartes et al. (2011)) than depth per se.

Also, spatial distnbution of prey has been suggested to
structure megafaunal assemblages (Stefanescu er al. 1993;
Bergstad et al., 1999; Colloca et al, 2003: Menezes et al., 2006).
Zooplankton/micronekron and benthic infauna are the main fooed
source for megafaunal fish (BIOMARE unp, daia) and decapods
[Cartes ef al., 20104, b) over the Catalonian slope. The significant
relationships between potential prey and megabenthos biomass
must, at least partially, be attributable to a gradual decrease with
depth of key prey for fish and decapods, especially mesopelagic
lantern fish and euphausiids (Cartes, 1998b; Cartes et al., 2002b),
Mesopelagic macroplankton has some influence on bathyal

communities at 1200 m (Cartes and Sardd, 1993; Srefanescu
e al., 1993), though the maximum biomass of macreplankion
occurs ai shallower depihs, Macroplankion even tends 1o aggre-
gate at night ca. 200-400 m over the shelf-break (Sardou et al,
1996; Genin, 2004; Cantes et al, 2009d) and in canyon heads
{Macguart-Moulin and Patmt, 1996), where it 5 consumed by
shelf-slope dwelling species such as M. merfuccius (Cartes et al,
2009d). Put mare simply, there is less food available for mega-
fauna at greater depths (Mauchiine and Gordon. 1991). The
general bigger-deeper trend we observed between 600 and
1000 m is probably linked to decreasing food resources. The
dominance of larger amimals at greater depths results from their
lesser energetic requirements. Within  species, relative food
consumption or encrgy requirements decrease with increasing
size, e per unit of biomass (e.g. among fish: Koslow, 1996,

As trophic resources have important seasonal variations (see
Fig. &) size trends with depth can also vary as a function of
season. At mid-slope depths, we observed in April (both for fish and
decapods) a strong increase in mean weight from 800 m to 6500 m
amnd into the submanne canyon, contrary to the general bigger-
deeper tremd, This may be explained by seasonal migratory moee-
ments of slope fauna into canyons in search of prey (e.g. micronekion
and infauna; Fig. 6] Temporal migrations into or out of camyons have
been reported previously, e.g. for fish (Stefanescu et al., 1994) and lor
the decapod Aristeiss antermans (Tobar and Sarda, 1987, Sarda et al.,
19594), Over the middle slope a number of dominant species
reach ponad maturity from spring to early summer, immediately
before their spawning periods (eg Anstews anterehes frome July
to September Cartes ef al. (2008b); Plesionika martia from June
o August Fanelli and Cartes [2008); Plyvols blesncddes from June (o
August Gallardo-Cabello and Gual-Frau (1984)). The size (and
abundance) increases inside the canven in April may be attributable
ta the symchronisation of high energy requirements of individuals for
gonad development in spring before reproduction and the high
avallability of key prev (eg infauna in general, large polychaetes
and the burmowing decapod Calocars macandreae) inside canyons in
April. This will bead to the aggregation of predators inside canyons for
feeding (e.g Fanelli and Cartes, 2008; Cartes et al. 2008b) Indead,
higher macrofauna biomass can be found close o the canyon heads
(as reported inside La Jolla Camyon to 500m: Vetter and Dayton
(1998]L

In contrast to our results, a drop in mean fish weight was
observed by Stefanescu et al. (1994 inside La Berenguera canyon,
which they antributed to a recruitment event. This was probabily
because they worked in more productive areas located closer o
the canyon head.

422 Envirommental varables and temporal changes

Changes in Ts g and 55 5. also reflect changes in the water
masses, which affect distributions of megalaunal assemblages
(Williams et al., 2001; Colloca et al, 2003; Fock et al, 2004;
Menezes et al, 2006), The Levantine Intermediate Water (LIW)
was present all year in the water column during BIOMARE cruises,
with the LIW core at co. 350-550 m. Nevertheless, starting in
Junefjuly 2007 just above 650m on the middle slope of the
Catalan Sea, we found increases of T from -~ 133 Cwo ~134°C
and § from ~38.52 pss (o ~38.55 pss that match the character-
istics of the LIW (Font, 1987) (Fig. 7). Although present all year
round, LIW moves maore rapidly (speeds of 5cm/s) over Catalo-
nian slopes in winter (Foni, 1987}, and its T and § maxima were
clearly differentiated from overlying waters during July and
October in 2007; thus, the increases of S, o and Ts gan i0
summer and thereafter appeared 1o be related o LW influx,
coinciding with the period of water column stratification. Assem-
blages of megafauna and deep-macroplankion (Cartes et al.,
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20108} had important seasonal variatioens that should, in tum, be
mainly coupled to homogeneity/stratification of the water
column.

Water column condition seems to be an important parameter
regulating OM inputs to bathyal depths. The condition of the
water column affects the vertical Muxes of OM; there is greater
bulk particle flux from surface primary production [SPPL with
maximum values of mass, total organic carbon and nitrogen
Muxes during vertlcal mixing events, The Mux of particles from
the surface is less in stratified perfods (Miguel et al, 1994), in
which the thermocline produces a strong density gradient that
retains particles (Puskaric et al., 1992 ), Advective fluxes are also
subject to temporal variability of physical conditions related o
the condition of the water column (Puig and Palangues, 1998;
Palangues et al. 2006), as well as to river discharges [Monaco
et al., 1990; Buscail et al, 1990; de Bovée et al, 1990; Cartes et al,
20093, 2010a). The thermocline, present in perlods of stratifica-
thon, constituies an interface that also retains sediment particles
discharged by the rivers {Puig and Palangues. 1998; Palangues
et al., 2006). Apart from the OM matter they channel to bathyal
depths, adwvective currents have an important influence on
food availability at bathyal depths by affecting the dynamics
of resuspension/deposition of particles in the sea bottom
(Mittrower et al., 2006) and the quality of the deposited particles.
Peaks in river discharge in the area were strongly related to the
high values of water turbidity found near the bottom in April and
October (Fig. 7)1, which may indicate resuspension ol PFOM and
formation of bottom nepheloid layers. Zooplankion, feeding on
suspended POM in near-bottom waters as well as on material
from surface production (Fanelli et al, 2011a) had maximum
biomass in April after the peaks in SPP, river discharge (Fig. 7) and
turbidity. Thiel (1983) and de Bovée et al. (1990) pointed out the
reflatienship of meiofaunal and macrofaunal biomass to produc-
tion processes in the surface layers of the water column, which is
reflected in the existence of seasonality among different habitats,
Larger densities of macroplankton/micranekion (mostly preving
on mesozooplankion, Fanelli et al,, 201 1a) were found close to the
bottom over the Catalonian slope afterwards (Fig. 6e; Cartes et al.,
20106}, enhanced by the formation of the thermacline and by the
reinforcement of the permanent front at the shelf-slope break (at
ca. 400 m) duning summer (Font et al. 19881 Micronckton was
preyed upon by megafaunal fish and decapods (Cartes, 1998a, b:
Fanelli et al, 2009). We consistently observed peaks of mega-
faunal biomass, specially of fish, in June=July and Ccrober after
peaks in (mesojzeoplankion (April] and micronekton (June-july],
and oo 3-5 months after the peaks of surface production (in
February) and the maximum of river discharge (in Aprl].

By contrast, minimal river discharge in June/July was related to
loweest turbidity at all depths, suggesting a decrease of both near-
bottom Muxes. These relatively tranquil conditions near the
seafloor, enhanced by the presence of a thermacling in periods
of water column stratification (from June/luly to October) (Puig
and Palangues, 1998), favour POM depaosition in the sediments, as
supporied by TOCE results (Fig. 7d) ar 800 m {out of canyon].
Higher TOC in the sediments implies higher food availability for
benathos (macreinfauna), which directly influences the abundance
and biomass of meiofawna and macrofauna (de Bovee et al. 1990;
Buscail et al., 1990 and references therein). In fact, the temporal
trends found in infaunal bicmass in the area follow those of TOCS
with a delay of co. 2 months (Mamouridis et al, 2011} The
biomass of megafauna also increased from February to Apnl and
June-July, suggesting the development of feeding aggregations at
the same time and after ca. 2 months to the same periods of
infauna peaks. Thus, as already described by Moranta et al. (2008)
and Cartes et al, [Z009a) for the Balearic Basin, the temporal
variations in megalauna might ultimately relate to seasonal

production in the surface layers and transfer of this organic
matter 1o greater deprhs,

Processes other than local river [e.g Besds) inflow. however,
can have important effects on the dynamics of deep waters in the
area, such as the peak of turbidity found in February outside of
the canyon. lsotopic analyses of POM in the near-bottom water
column {5y, have pointed to an important advective influx of
terrigenous organic matter [(6'3C= —26.40%) (Fanelli et al,
20011b) Cascading events taking place in the Gull of Lions in
winter and affecting the northern Spanish Mediterranean coast
(Font et al., 2007) could enhance advective Nuxes. These events
could be triggered by higher runofl from the Rhone River., situated
to the northeast of the study area, in the December to February
period (data from Global Runoff Data Centre)

4.3, Influence on diversity

We did not find the inverse bell shaped tendency defined by
Gage and Tyler (1991) for faunal assemblages over the slope.
Instead, we observed slightly lower diversity at the deepest
station, in accordance to the depth-pattern described by Rex
and Etter (2010) for the Mediterranean Sea. Due to the relatively
narrow (423=1175 m) depth range we explored, our sampling put
mare emphasis on temporality.

Diversity (') of megafauna was related to temperature/salinity
and to prey availability. As H'is based on species abundance, it is
legical that the same variables (T and 5) discussed for abundance
are alsa related to diversity. More strikingly, we found diversity
relationships with bicmass of some micronekton (midwater dec-
apadds, myctophids or euphausiids) and of Calocans macadrese,
Both are key prey for a wide number of top predators. including
shriimps (A antennanes, Cartes, 1994), ramtails such as Nezumia
oeqgualis, T. trochyriynchus and gadids like Phoycls blevmoides [Cartes
and Carrassén, 2004; authors unp. data) in the slope systems of
the Balearic Basin. So, prey availability may affect the abundance
of a substantial number of megafaunal predators (eg. by aggrega-
tion) on the Balearic slope, thus affecting H'. Related o this, the
decrease of mesopelagic micronekton biomass with depth (as
signalled by Cartes (1994)) may cause a decrease inm diversity at
1000 m, by the decreasing predator abundance. This fits with the
general idea that decreases in diversity (with depth) have usually
been associated to productivity and food supply (Rex et al. 2005;
Mirtelbach et al.. 2000: Walde e al., 1999) and may be related (o
the regularly reported decline of diversity from regions of moder-
ate productivity to regions of low productivity (Levin et al., 2001).
Seasonally, peaks of H' were regularly found in June-july, well
after the highest peaks of food bicmass [zooplankton and benthic
infauna) and the highest values of SPP in Apnl. These results are
clearer for decapods than for fish, the latter on average feeding in a
higher trophic level than the former. In any case, diversity panems
vary from taxon (o taxon being group-specific, with no single
environmental driver apparent for the patterns observed
(Snelgrove and Smith, 2002; Haedrich et al., 2008). Therefore, a
mare extensive study delimited to concrete functional groups may
reveal environmental drvers that could be masked by the broad
resolution of the taxa considered in the present study.

In conclusion, changes in the composition, biomass and
diversity of benthopelagic fish and decapods (megafauna) were
closely related over Catalonian slopes with water mass conditions
{stratified, homogenised), basically defined by changes in salinity
and temperature, that are generally linked to food inputs for
megafaunal prey. River discharges may also play an important
role in these dynamics, contributing to changes observed in near-
bottom turbidity. At the level of broad taxa analysed here,
megalaunal diversity was mainly driven by food availability.
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2010k} had important seasonal variations that should, in tum, be
mainly coupled to homogeneity(stratification of the warer
column.

Water column condition seems to be an important parameter
regulating OM inputs to bathyal depths. The condition of the
water column affects the vertical Muxes of OM; there is greater
bulk particle flux from surface primary production (SPP) with
maximum values of mass, total organic carbon and nitrogen
Muxes during vertlcal mixing events, The Mux of particles from
the surface is less in stratified periods (Miguel et al, 1994), in
which the thermocline produces a strong density gradient that
retains particles (Puskaric et al, 1992}, Advective fluxes are also
subject to temporal variahility of physical conditions related o
the condition of the water column [Puig and Palangues, 1998;
Palangues et al. 2006), as well as to river discharges (Monaco
et al., 1990; Buscail et al,, 1990; de Bovée et al., 1990; Cartes et al,,
20093, 20100). The thermocline, present in perlods of stratifica-
thon, constitutes an interface that also retains sediment particles
discharged by the rivers (Puig and Palangues. 1998: Palangues
et al., 2006). Apart from the OM matter they channel to bathyal
depths, advective currents have an important influence on
food availability at bathyal depiths by affecting the dynamics
of resuspension/deposition of particles in the sea bottom
(Mittrower et al., 2006) and the quality of the deposited particles.
Peaks in river discharge in the area were strongly related to the
high values of water turbidity found near the bottom in April and
October (Fig. 7), which may indicate resuspension of POM and
lformation of bottom nepheloid layers. Zooplankton, feeding on
suspended POM in near-bottom waters as well as on material
from surface production (Fanelli et al, 2011a) had maximum
biomiass in April after the peaks in 5PP, river discharge (Fig. 7) and
turbidity, Thiel (1983) and de Bovée et al. (1990) pointed out the
relatignship of meiofaunal and macrofaunal biomass to produc-
tion processes in the surface layers of the water column, which is
reflected in the existence of seasonality among different habirats,
Larger densities of macroplankton/micronekton (mostly preying
on mesozooplankion, Fanelli et al., 201 1a]) were found close to the
bottom over the Catalonian slope afterwards (Fig. 6e; Cartes et al.,
2010b), enhanced by the formation of the thermocline and by the
reinforcement of the permanent front at the shelf-slope break (at
o 400 m) duning summer (Font et al. 1988} Micronckton was
preyed upon by megalfaunal fish and decapods (Cartes, 1998a, b:
Famelli et al, 2009). We consistently observed peaks of mega-
faunal biomass, specially of fish, in June=july and October afier
peaks in (mesojzooplankion (April] and micronekion {June-july],
and ¢ 3-5 months after the peaks of surface production (in
February) and the maximum of river discharge (in April 1.

By contrast, minimal river discharge in June/July was related to
lowest turbidity at all depths, suggesting a decrease of both near-
bottom Muxes. These relatively tranguil conditions mear the
seafloor, enhanced by the presence of a thermocline in periods
of water column stratification (from june/luly to October) {Puig
and Palangues, 1998), favour POM deposition in the sediments, as
supported by TOCH results (Fig. 7d) ar 800 m {out of canyon),
Higher TOC in the sediments implies higher food availability for
benthos (macrainfauna ), which directly influences the abundance
and biomass of meiofauna and macrofauna (de Bovée et al., 1990;
Buscail et al., 1990 and references therein). In fact, the temporal
trends found in infaunal bicmass in the area follow those of TOCS
with a delay of co. 2 months (Mamouridis et al, 2001}, The
biomass of megafauna also increased from February to Apnl and
June-July, suggesting the development of feeding aggregations at
the same time and after ca. 2 months to the same periods of
infauna peaks. Thus, as already described by Moranta et al. (2008)
and Cartes et al. (2009a) for the Balearic Basin, the tempaoral
variations in megalauna might ultimately relate to seasonal

production in the surface layers and transfer of this organic
matter 1o greater deprhs,

Processes other than local river (e.g. Besds) inflow, however,
can have important effects on the dynamics of decp waters in the
area, such as the peak of turbidity found in February outside of
the canyon. lsotopic analyses of POM in the near-bottom water
column {5qu,) have pointed 1o an important advective influx of
terrigenous organic matter ($'C= —26.40%) (Fanelli et al,
2011b) Cascading events taking place in the Gull of Lions in
winter and affecting the porthern Spanish Mediterranean coast
(Font et al., 2007) could enhance advective Nuxes. These events
could be triggered by higher runoff from the Rhone River. situated
to the northeast of the study area, in the December to February
period {data from Global Runoff Data Centre)l

4.3, Influence on diversity

We did not find the inverse bell shaped tendency defined by
Gage and Tyler (1991) for faunal assemblages over the slope.
Instead, we observed slightly lower diversity at the deepest
station, in accordance to the depth-pattern described by Rex
and Etter (2010) for the Mediterranean Sea. Due to the relatively
narrow (423=1175 m) depth range we explored, our sampling put
more emphasis on temporality,

Diversity (M) of megafauna was related to temperature/salinity
and to prey availability. As H'is based on species abundance, it is
logical that the same variables [T and 5) discussed for abundance
are also related to diversity, More strikingly, we found diversity
relationships with biomass of some micronekton [midwater dec-
apads, myctophids or euphausiids) and of Calocars macadreos,
Bath are key prey for a wide number of top predators. including
shrimps (A anrennanes, Cartes, 1994), rattails such as Nezumia
aequalis, T, trochyrfynchus and gadids like Phoecis blennoides (Cartes
and Carrassén, 2004; authors unp. data) in the slope systems of
the Balearic Basin, 5o, prey availability may affect the abundance
of a substantial number of megafaunal predators (e.g. by aggrega-
tion) on the Balearic slope, thus affecting A'. Related to this, the
decrease of mesopelagic micronekton biomass with depth (as
signalled by Cartes { 1994}) may cause a decrease in diversity at
1000 m, by the decreasing predator abundance. This fits with the
general idea that decreases in diversity (with depth) have usually
been associated 1o productivity and feod supply (Rex et al. 2005;
Mirtelbach et al.. 2001: Walde et al,, 1999) and may be related to
the regularly reported decline of diversity from regions of moder-
ate productivity to regions of low productivity (Levin et al., 2001 ).
Seasonally, peaks of H were regularly found in June-july, well
after the highest peaks of food biomass (zooplankton and benthic
infauna) and the highest values of SPP in Apnl. These results are
clearer for decapods than for fish, the latter on average feeding in a
higher trophic level than the former. In any case, diversity patterns
vary from taxon 1o taxon being group-specific. with no single
environmental driver apparent for the patterns observed
(Snelgrove and Smith, 2002; Haedrich et al, 2008). Therefore, a
more extensive study delimited to concrete functional groups may
reveal environmental drvers that could be masked by the broad
resolution of the taxa considered in the present study.

In conclusion, changes in the composition, biomass and
diversity of benthopelagic fish and decapods (megafauna) were
closely related over Catalonian slopes with water mass conditions
(stratified, homogenised), basically defined by changes in salinity
and temperature, that are generally linked to food inputs for
megalaunal prey. River discharges may also play an important
role in these dynamics, contributing to changes observed in near-
bottom turbidity. At the level of broad taxa analysed here,
megalaunal diversity was mainly driven by food avallability.
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1. Introduction

Tt fowonid-vweehs structure of the epibenthic and infaunal imvertebrates on the continental sbope of the Catalan
Sea [ Balearic basin, MW Medierranean was investigated using carbon and nitregen stable isotopes on a total
of 34 species, and HPLE pigment analyses for three key species. Samples were collected close to Barcelona
{MEIberian Peninsula), between 650 and 800 mdepth and between Februany 2007 and February 2008. Mean
"0 values ranged from — 2100 (small Calocaris mocandreae and Amphipholis squomarg) to - 14.5%
{Siptnciehes norvegicus). Values of 6**N ranged fnom 4,00 (A squamara) to 12,1% (Malpadia misculus), The
stable isotope ratios of benthic funa displayed a continuum of values (e.g. 6'"N range of 8%, confirming a
witle spectrum of feeding strategies [ from active suspension feeders to predators) and complex food webs.
According fo the avallable information on diets of benthic faena, the lowest valwes were found for
surface deposit feeders {(small C mocmndroe and the two ophiwrids A squamoto and Amphde cldoed) and
active suspension feeders (Abva longicoths and Scolpelfum scalpelhom ) feeding on diferent sices of particulate
osrganie marter (POM], among which small particies may exhibit lower 84 High anneal mean &' N values
were found among sub-surface deposit feeders, exploiting refractory or frequently recycled  organic
matter that i enriched in 8N, Camivorous polychaetes (Mephtys spp., Denonidae and Polynoidse) and
large decapods (Geryon longipes and Poromole cuviers) abo displaved high 8'°N values. 8'%C ranges
were parthcularly wide amaong surface deposit feeders [ranging from - 2100 10 - 16.4%) suggesting
exploitation of POM of both terrigenous and occanic origins. Correlation between 8'%C and 5N was
generally weak indicating multiple carbon sources, likely due to the consumpéion of different kinds of
sinking particles (e.g. marine snow, phytodetritus, et ) sedimented and frequently recycled POM. together
with macrophyte remains, The stronges 5'°C-56""N correlations found in February and April suggest
that during the period of water column homogeneization (winter=spring . the benthic community was
sustained by phytodetritus inputs originating from the peak of surface primary production i February.
Conversely, weaker §' 'C-3"*N correlations were observed during the peniod of water columin stratification
{beginning in fune-|uly L suggesting that the benthic community in this period was sustained, with a delay of
. 2/3 months, by multiple carbon sounces inchading continental inputs fraom river discharge (with the
maxima i April-hMay), Thas both advective anmd vertical fluges secim bo be food sounces for benithos on the
Catalomian slope. Pigments in the guts of key speches were generally degraded, and only the active
susperisbon feeder A longiomllies ingested fresh chlorophyll during peniods of hgh primary produection at the
surface { February and April 2007 )

© 2010 Elsevier Ltd, All rights reserved.

benthos is derived from the downward flux from the epipelagic
zone of aggregated detrital material (eg. phytoplankton, plankion

Imputs of material to the deep sea include phytodetritus from
the photic zone (Meyers, 1997, falls of large animals [e.g. Wilte,
1999) and the export of material oniginating from littoral plants
such as macroalgae (Vetter and Dayton, 1999) However, in most
open sea areas, the main input of primary production to the

* Corresponding author, Tel: + 34 93 2309500; Gnc: +34 93 1309555,
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ol DL V01&/dksr 2000, 1 2005

exoskeletons, faecal pellets and bacteria), zooplankton [e.g. Miguel
et al. 1994) and marine snow.

The downward flux of this material may be rapid (Riemann,
19849), and phytodetritus can be at times up to 1 cm thick an the
sealloor (Smith et al, 1996) at abyssal depths [4000m) With
increase in depth, the Aux tends to decrease {Miquel et al,, 1994;
Aldredge, 1992; Sumich, 1999) and particles change in their
chemical nature [Williams and Gordon, 1970); it also tends to
vary spatially and temporaily in response to changes in surface
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production (Riemann, 1989; Miquel et al, 1994). Food supply is
generally comsidersd the main limining factor in deep-sea commu-
nities (Gage and Tyler, 1991 ), and consequently marine snow cons-
titutes a valuable food resource for deep-sea microbes, metazoans
and bathyal detritivores (Smith et al, 1996). Bacteria may have
important ecological roles in the highly oligotrophic deep envir-
onments of the Mediterranean, for example through decomposi-
tion of particulate matter derived from the upper layers { Danovaro
et al., 1993), In spite of the evident role of marine snow in food
supply, there has been litthe attempt to assess the diversity of source
materials consumed by organisms in deep-sea ecosystems, Commu-
nities in proximity to canyon systems, where strong advective fluxes
channelling terrestrial material or manne macrophyie remains to the
deep-seafloor are frequent, may derive food from different sources
(Vetter and Dayton, 1998, 19949

Benthic deep-sea communities are species-rich, abundant and
productive (reviewed by Rowe [1983)), and it has been suggested
that their diversity is close to that of rain foresis and other tropical
sysiems (e.g. Grassle et al,. 19%0) Although meiobenthos, espe-
cially foraminiferans, account for a large proportion of this high
species diversity (Gooday, 1986), macro and megabenthic species,
especially polychaetes, contribute significantly to the richness of
benthic communities [Cosson et al., 1997 L Although knowledge of
the ecology of single deep-sea species is steadily increasing. the
overall structure of deep-sea food webs remains o be fully investi-
gated. The majority of species are reporied (o be deposit feeders,
ingesting and reworking vast amounts of sediments, Consequently,
competition for food is expected 1o be extremely highe On the other
hand, in a severely food-limited system, one would expect the deve-
lopment of feeding strategies serving either to reduce or to avoid
competition (Jumars et al, 195900

On the floor of the Balearic Basin the bivalve Abra longicallus and
the holothurians Molpadia rusculus and Mesothuria intestinalis
artain their highest densities on the mainland slope in production
hotspots (Cartes et al., 2009). However, how the bathyal commu-
nity is sustained, despite the restricted energy input from the water
colummn, is still poorly understood [ Smith, 1987 L Clearly, the advective
fiux of organic matter (OM) via submarine canyons is an important
factor (Canes et al., 2009,

Traditional approaches to food web analysis include gut content
analysis, together with feld and laboratory observations. Those
approaches are difficult when studying the deep sea because of res-
tricted accessibility, low temporal and spatial resolution of sam-
pling, as well as technical problems. These problems include the
fact that live organisms for experimental studies are difficult to
obtain and gut content analyses are hampered by damage to

specimens during sampling and from pressune effects. In the last
decades, stable sotope analysis has been established as an alter-
native approach o investigate the relative trophic positions of
organisms and their sources of carbon (e.g Fry and Sherr. 1988),
Carbon isotope composition in living animals usually prowvides clues
to the origin of the ingested organic matter through an increase in
&"%C of ca. 1% per trophic level (De Niro and Epstein, 1978; Wada
et al, 1991} and is useful to disciminate between the pelagic vs.
benthic originof food {France, 1995) or between terrestrial vs. marine
spurces {Hobson, 19871 Nitrogen isotope signature can be used (o
define the trophic level of organisms as "M usually increases of ca,
2.5-3.4% from food to consumer (Minagawa and Wada, 1984; Post,
2002). Experimental and field studies demonstrate that naturally
ocourming stable isotopes of carbon and nitrogen show a stepwise
ennchment between prey and consumer tissue during the assimila-
tion processes (De Miro and Epstein, 1978; Minagawa and Wada,
1984 ). Selective metabolic ractionation leads to a preferential boss of
lighter isotopes during respiration (carbon) and excretion (nitrogen)
(De Miro and Epstein, 1978; Tieszen et al,, 1983),

As part of a Spanish-funded project (BIOMARE] in the present
study, information on stable isotope signatures is integrated with
our own data on gut contents and pigment analyses (available for
some detritivore species)and data from the literature vo (1 Jidentify
the trophic web structure and the potential food sources of the
epibenthic and infaunal invertebrates community on the Catalan
slope; (2] elucidate temporal patterns in isotoplc signatures; and
(3} explore and identify which environmental variables best explain
the observed pattems.

2. Materials and methods
2.1. Sampling and study aréa

Benthic invertebrates were collected from the Catalan Sea slope
area (Balearic Basin, NW Mediterranean: Fig. 1) within the BIO-
MARE project by trawling the seafloor with a semi-balloon otter
traw! [OTSE-14)L The OTSB-14 is a 1-warp trawl| with & mm mesh at
the codend, a homzontal opening bebween wings of ca. 7 m and vertical
miouth height of ca 1.2 m. Horizontal and vertical mouth dimensions
were recorded by SCANMAR sensors mounted in the mouth of the
trawl. A total of 23 hauls were performed off Barcelona, between
Febmary 2007 and February 2008 at depths between 651 and 1105 m;
v in February 2007 (BIOMARE 1 or B1), four in April 2007 { BIOMARE
2 or B2), six in june-]uly 2007 (BIOMARE 3 or B3), five in October 2007
[BIOMARE 4 or B4) and three in Februany 2008 (BIOMAREDS or BOS),
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i 1. Map of the whole BIOMARE sfudy area The quadrate indscates the area where samphes used in this stody wene collected and in grey Che sites wisene trawl hauals,

b -garers and CTDE were carmied out,
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Four stations sitwated at ca. 650, 800 and 1000 m isobaths were
sampled with a seasonal persodicity along the area kiiwn as Serola, an
open area adjacent (o submarine canyons, except in April when no
hauls were performed at 1000 m, Finally. three additional deeper hauls
were taken in February 2008 between 1300 and 1694 m. However,
only data on Mesathuria infestinalis collected from these hauls were
considered in this study, because it was the most abundant benthic
species at these depths and the only holothurian forming aggregations
in the Western Mediterranean.

Samples of water for the amalysis of particulate organic matterin
the water column [POM..,) were collected with Niskin bortles
during all the cruises at the 80 -m station, ca. 5 m above the Botiom
(5 mab), and fltered on board onto precombusted (450 € for 4 k)
Whatman GF/F filters (0.7 pm pore size) using an HCl-cleaned 5 |
glass filtration unit. Samples of surface sediment {0-2 cm depth)
for the analysis of particulate organic matter in sediments [ POM...)
were collected with a multi-corer from the 650 and 00 m stations
throughout the sampling period to determine Cand N contents and
isotopic ratios,

Primary production dynamics in the Catalan Sea are charac-
terised by a late winter bloom at the surface and by a deep
chlorophyll maximum { DCM | 0 open waters in summier. Advective
inputs depend on river discharges through submarine canyons,
which are numerous in the area. Besds River mouth, close to our
sampling station (ca. 31 km northeast), had maximum flow in
April-May (6-4.5 m'/s) with a secondary peak in October 2007
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(4.4 m*fs)(data available at hitp: f{aca-web gencal.cat/acalappma-
nager/acajacal). Uobregat River mouth close to Berenguera Canyon
[ca. 25 km northwest) had similar dynamics, always with greater
flow (peak in April=149m'fs) than the Besos River (hrp |
aca-web.gencat.cat/acajappmanagerfaca/acaf). Both rivers during
the study period showed the typical torrential regime of Mediter-
ranean rivers. Stratification of the water column takes place from
lare April to November [ Papiol et al., 2008).

2.2, Stable fsotope amalysis [SIA)

Onece collected, samples were immediately mozen at — 20 °C and
laver zorted in the laboratory as quickly as possible, identified 1o
species level and prepared for analyses. Macro-megabenthic inverie-
brate species selected for isstopic analysis were those dominant in
terms of both abundance and biomass throughout the sampling period
(Cartes et al., 200%; unpubl. data; see Table 1) Tisswes wsed for isotope
analysis of invertebrates were the whole body in the cases of bivalves
{without shell), amphipods, ophiuroids, echinoids and polychastes,
caudal muscle for decapods (the muscle of chelae for crab Gervon
dongipes | and the body wall for holothurians and sipunculans, Samples
were dried 1o constant weight at 60 C, then ground 1o a fine powder,
For species analysed whole in which carbonate struectures were
present (eg spicules in echinodenms and the exoskeleton in gammar-
iids), one sub-sample for carbon isotope analysis was acidified by

Tahle 1
Species analysed [or stable isotopes of N and C daring each sampling pericd (B1 -84 ) and mean 88 and 3'°C valses [ + S0

Class/Oudler Taxon Abbresiation Bl B2 B3 ™ Feeding mede A" i M

Memertiina Merertina Hemer " crs 762 1527 ]
Mermnertina Cervhramdus sp. Cerels N C B0 £ 0.72) 1650 = 0.39) k!
Podpdhadas Chuirimia hiceps Chic - = S50F BS54 [ = D40) - 1758 ( « 081} ]
Polpchacta Lahioleranim fdeni Lyl " C BEAS [+ 1.20) ~ 1657 ( + 058) 1
Polychaeta Luimbrineiess $p. Luirm n; C 631 1832 1
Podychaira Nephiys Mydimiol Nhys 1 C 815 [ = D.RZ) - 1680 [ 4 DLES) B
Polycharta M. lsambergi Mhom = C BE1 [ +0.28) — 1708 | £ DL35) 3
Polycharta M. inciae Minc - C GE1 [ =+ 054) 1644 [ & 035) 1
Podychaets N, paradoss Npar C B3R [ « D.I5] - 1585 + DLOR] k|
Podyihatta Wephiys s Neph i C ES8 - 1585 ]
Pﬂhlﬂ‘l.lﬂ‘i Nealanirag J‘I'nw MNet - c BH1 [ = DGET) ~TEI17 [ + D3] El
Polychacta Aphroditidae Aphrod r y s C T2E[£031) 178 [ + D62} ]
Polychactia Capirelbidae Capit " SDF T4 [ = D.O7) - 1643 [ « DE4] k|
Polychacia Maldanidac Maldan - S50F e - 1817 1
Polycharta Denonidae Oeman - c 1033 [ £ 0.24) 1T66( + 06T) 1
Pudychaeta Pl yrascriclae Polyn . C GG [ =D 02) 1769 [ + DES) 1
Sipumnulids AFpidosipisan el Amue " SDF 239 = 1.00) - 16ER [ & 0Z0] 3
Sipunculida Sipumrulus norvegioes) Snoe = S5DF BAT ([« 039 - 1451 ( + 1.0%) 5
Mollusca Abra longicallus Alon . . s 1 ASF MG [ = D5E) =16T1( + 0.78] 12
Mollusca Aporrhais serresiane Apos b ' SDF 506 [ £ 051] - 1645 [ + D40] [
Cirripedia Sealpeilum soplpeium 5sca . ASF GET - 1815 1
Amiphipada Harpinio spg. Harp . . - 5 SDF TG [ = DLEE) - 2048 ( +0.72) o
lsapeda Gt i 5p. Giaat N ! C Q&0 [ = 0.70) 187 = D07 B
Dhev s Alpheus ghabyry Agla " SOF G8E [ 4 D.54) = 1671 [ £ D38] 3
Decapoda Cilecaris maromdreory Cmac_juy " = r SDF 474 = DLIE) —2085( + 044] 12
Decapoda Cmlocaris mocondreoe§ Cmac_ad ' r b ¥ SOF 556 [+ 0.54) 1712 [ + 1.42) 12
Decapoda Geryan fongrei Glan . - N o C 06 [ < 0.79) 1580 [ + 057 12
Decapoda Manodacus ootckiig Mo N C 757 [ «D57] - 1558 [ 4+ 0.50] k|
Decapoda Wephrops nonergiorst Nror = - - = ' 753 ( +032) = 17.19 [ +0.30) 12
Decapoda Paromala cuvieriy Py s C A2 -+ D.0E) 1507 2
Echinodermata Adtipledura chiajel Achi ¥ SDF A4S - 1865 1
Echimodermata Ampieipholis spuomstr Asqui L SDF 405 -8 1
Echinndermata Brymsopss rifero Hiyr . . SSOF ¢ T N T ~ 1750 + OLES) 10
Echimodermata Malpadio mscufe b o] " » SSDF 1201 [ £ 047) IGER [ + 052) o
Echimodermata Mot fieeria indesrinalisg LG . SDF B3 [ £0.05] = 1661 [ & Ded] 3
Echinodermata Mol heenka Indesninalisd Mimt_1600my ] SDF 954 [ = RI9] - 1592 [ + LDG) 3

Feedieng isodes lssted i Biorature of baked om oar ewm data are absn given ASF = aoive suspension feoders; SOF = sirface deposit leeders: S50F = sub-surface depasit foeders:
Smecavengers, C=carmivores. Bl wFebauary 2007 and 2008; B2= Apeil 2007; B3 = June-July 2007 and B4 = October 2007, The pumber of samples analysed [N} are also

reported.
papecies analysed for stomach contemis.

= Maris each sampling period [B1-B4) in which species have been analysed.
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adding 1 M HC drop-by-drop to remove inorganic carbonates (the
cessation of bubbling was used as a criterion o determine the amount
of acid (o add; |acob et al., 2005), and then samples were dried again at
60 C for 24 h, Acidification is required because carbonates have a less
negative 7°C than organic carbon (De Miro and Epstein, 1078),

Although some authors suggest extracting lipids in samples
prior to stable isotope analysis, a defatting approach is unusual for
imvertebrates (Iken et al, 2001; Myssen et al., 2002, 2005; Carlier
et al. 2007 ), and the few published works on deep-sea invertebrates
all presemt isotope data from non-defamed analyses (e.g. lken et al,,
2001; Polunin et al, 2001; Fanelli et al, 2009). Furthermore, defatting
removes possible seasonal signals of phytodetritus inputs. considering
the lipid nature of chlorophyll @ and derivates [ Fabiano et al, 1993 )
Since one of our objectives is to analyse seasonal trends in isotopic
signals, we preferred o use untreated samples for direct comparison
with the available literature and for investigation of natural signals of
fresh food inputs. Mevertheless, in order to have an indication of lipid
content in our samples, the relatienship between C/N ratios and ihe
"' signatures was used (sensu France, 1996), C/N ratios are a rela-
tively good surmgate for tissue lipid content (iLe. samples containing
maore lipids have higher C/W ratios; Tieszen et al, 1983) C/N ratios
wene measuned simultancously duning stable sotope analysis from
the elemental percentages and 6'°C values were normalised for
lipid concentration according (o the equation of Post et al. (2007
#"'C wvalues of untreated samples (ot defamted) were converted
10 8" Copmmaitred (5" "Coomatized =8" Cunsreared = 3-32+0.99 CNumpe )
Thus the relationship between C/N ratios and the 8''C values was
explored by means of ANCOVA analysis, with season as the covariate,

Biological samples were weighed (ca. 1 mg of dry weight) in tin
cups. Analyses of filters for POM ., were run on dried subsamples
{at 60 C for 24 h) of about 13 mm diameter that were packed into
tin capsules. Sediments for 8"°C analyses [POM.q) were initially
weighed [ - 5 mg) directly in sibver capsules; the carbonate fraction
was then removed by treatment with 1 M HCI followed by drying
(60 C until constant weighth 8N analyses of sediments were
carried out directly on bulk powdered samples of 15-20 mg placed
into tin capsules.

Stable isotope measurements of biological, POM...; and POM .4
samiples were carmied out by a ThermoFisher Flash EA 1112 elemental
analyzer coupled to a Thermo Electron Dedta Plus XP isotope ratio mass
spectrometer [ IRMS) at the geochemastry laboratory of the IAMC-CNR
Institute at Napbes (Italy), Samples were run against blank cups and
known urea standards (analytical grade urea of certificated sotopic
composition ). Three capsubes of urea wene analysed at the beginming of
each sequence, and one capsule was amalysed every six samples, in
order to compensate for potential machine drift and as a quality con-
trol measure. Experimental precision (based on the standard deviation
of replicates of the internal standard) was = 0.2% for 6N and
< (1% for 6'*C. 6"C and &"*M values were obtained in parts per
thowsand (%] relative to Vienna Pee Dee Belemnite [(vIFDB) and atmao-
spheric Ny standards, respectively, according 1o the lollowing formala:

87 08 8N o [(Ruamge /Rissnins 11107, wheere R '€ /7€ or N/MN.

A minimum of three replicates (when sufficient samples were
available; in a few cases only one sample was processed) were
analysed for each of the taxa per survey (Table 1], and each replicate
included just one individual in order to reduce pseudo-replication
{Hurlbert, 19841 Only in the case of Harpinia spp,, several individuals
wiere pooled to obtain sufficient mass for the isastope measurement.
Also POM,,,, and POM s samples were analysed in tnplicate.

23, Gt contend and pigment analyses

The gut contents of 12 species (species marked with & in Table 1)
collected during the crulses were also analysed. In order to obtaina

general and qualitative view of the diet composition, the guts of
some specimens (from 2 (o 10 specimens for each species) were
examined under a compound microscope (= 100- = 600} Informa-
thon obtained on gut contents of species analysed is summansed in
Cartes et al. (3009} and also reported in Table 1.

Reverse phase high pressure liguid chromatography (HPLC)
analysis was used to determine phytopigments in the stomach
contents of three species (A longicallus, Bryssopsis lyrifera and
Calecaris macamndreae), in a total of 34 speaimens (mean size of
A, longicallus=19.2 mm = (L6 50; B lyrifera=30 mm = 5 500 mean
carapace length of . mocandrege = 9.5 mm + 0.3 5D), These species
wiere chosen as indicators of suspension-deposit feeding (based on
literature and our own data) for which the analysis of gut contents
is often of little use since the impassibility to identify the composition
of detritus ingested. A sub-sample of gut contents from individuals
frozen immediately [ - 20 C) after capture was taken using forceps or
a Pasteur plperte. All samples were processed according to Withaard
et al.(2000); extracted in 3 ml 100% methanael by mechanical grinding,
filtered through Whatman GFF flters and 0.2 ml of the pigment
extract was injected into a Hewlett Packard series 1100 HPLC witha Cy
BDS 3 pm Hypersil, [P column {Thermao Electron ). The following HPUC
protocol s detaled in Brunet et al (2006). The mobile phase was
composed of two solvent mixtures: methanol:aquesus ammonium
acetate (70:30) and methanol. Pigments were detected spectropho-
tometrically at 440 nm using 4 Hewlet Packand photodiode array
detector model DAD series 1100, Fluorescent pigments were detected
ina Hewlett Packard standand FLD cell series 1100 with excitation and
emission wavelengths set at 407 and 665 nm, respectively, Determi-
nation and quantification of pigments were based on pigment stan-
dards from the DML Water & Environment Group (Denmark).

24, Envirenmenial variobles

CTD casts were performed at cach station using a 5BE 32 coupled
with a fluorometer and a transmissometer, approximately at the
same locations where biological and POM,.. samples were col-
lected, Values of temperature, salinity, flusrescence and turbidity
were recarded for each CTD profile, The values of these variables at
5 m below the surface and at 5 m above the sea bottom (5 mab)
wiere also obtained.

Phytoplankton pigment concentration (PPC, mg Chl a/m?),
obtained from NASA (huip: |[reasongsic.nasagoviGiovanni ], was
used as an Indicator of the productivity of the area. Monthly average
readings of PPC at the pasitions of the bottom trawls were used, con-
sidering different lag intervals before the sampling periods [simulta-
neously and 1. 2 and 3 months before)l Sea-surface temperature was
obtained from the same web source. Mean monthly Mow volumes
at the mouths of the two main nvers discharging in the area, the
Bests and Liobregar, were obtained from hiep:laca-web gencarcat|
acalappmanager/acafacal. Total organic matter (STOM) contents of
collected sediments, caloulared as the difference between dry weight
(DW: B0 C 1o constant weight) and ash weight (500 Cin a fumace for
2 h], were also obtained

25, Dama analyses

Isotope data were normally distributed, thus they were not
transformed for univariate and multivariate analyses, 5''C values
of POM oy and POM,, were tested for differences amang surveys
(seasons), depth stations (650 vs. 800 m) and POM carrier (POM,..4
vs, POM,..4) by means of one-way ANOVA

In arder to identify groups of species, a hierarchical cluster
analysis (Euclidean distance, average grouping methods) was
performed on 6"°C and 4"*N mean values per species and per
sampling date (month) (Davenport and Bax, 2002; Le Loc'h and
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Hily, 2005; Grall et al., 2006). The groups obtained were compared
with postulated trophic groups based on literature (see Table 1) and
on our own data, e, active suspension feeders (ASF), surface deposit-
feeders (SOF), sub-surface deposit feeders (S5DF), mixed dier (Mix)
and camivores {Cam ), as given in Table 1 and also Cartes et al. (20089,

Permutational univanate ANOVAs [PERMANOVA: Anderson et al.,
2008) were performed on the same matrix to compare groups iden-
tified based on knowledge of gut contents. Analyses wene performed
separately for 6'°C and 8N in order 1o identify which isotopes were
driving the clusters. When the statistics proved significant outputs, a
pair-wise comparison was dane on the average &' 'Cand 4N of these
groups. Significance was sel at p=0,05 and p-values were obiained
using 9999 permutations, under unrestricted permutation of raw
data, which is recommended when there is only one factor.

Caorrelations were used to assess the strength of association
between "N and 4'°C data across all sampled materials (see
Polunin et al., 2001 ) and then to contrast periods of water column
homogenelzation (February/April=B1-B08/B2) vs. stratification
[June-]uly/October = B3-B4 ). The rationale behind these combina-
tions is that the whole megafaunal assemblages [including fish,
large decapods, cephalopods and megabenthos) changed as a function
of the water column conditions (e.g. homogenised vs. stratified;
Papiol et al, 2008). Only those species for which data from at least
three surveys wene available were included in these analyses.

Since no significant differences were detected between samples
collected at 650-800 m in February 2007 (B1) and those from
February 2008 (BO8), in terms of species compaosition, abundance,
biomass and also isotopic values, the isotopic signatures of speci-
mens from the two pernods (February 2007 and February 2008)
were merged by replicate and indicated as Bi.

Finally "*M and &"C data recorded at each station/sampling
period were compared with environmental vanables using Spear-
man’s correlation coefficients, separately, and using the BIOENY
routinge available in PRIMERG {Clarke and Warwick, 1995] in order
to find the best match between the two isotopic values and the
environmental variables. For those analyses. only those species
analysed in both periods (February/April vs. June-July/October)
were considered. Before the analysis, a draftsman plot (Clarke and

Warwick. 1995) was performed on environmental variables in
order to look at collinear vanables and 1o reduce the number of
environmental variables to be used in the following analyses,

All the analyses were performed using PRIMERE and PERMA-
NOVA+ [Clarke and Warwick, 1995; Anderson et al., 2008) and
STATISTICA 6 software,

3. Resulis
3.1, Isofope analysis

Mitrogen isotope signatures of POM,,,; could not be quantified
by the IRMS, because they were lower than the detection limit of
the instrument. POM,,; #"*C values varied seasonally [ ANOVA test
Fra=22.96, p < 0.001; SNK post hoc test: February < April=June|
July = October), being more negative during February (6"C=
— 2640 + 0.41), increasing in April and [une/july (6"'C= - 22.88%

+ 0.0 S0 and - 23.001% + 0.56 50) and finally being more positive
during October (8''C= -21.23 + 141}

G'*N values of POM,.,. both at 650 and 800 m depths, were
more enriched during February and October, and depleted by com-
parison during April and June-July (Table 2} Differences in 6'*N
values of POM, . were significant only at 300 m (Table 2). 8"°C
of POM, vaned seasonally at 650 m, being significantly mone
depleted during June=[uly than in the other seasons (Table 2}, Similarly,
at 800 m &' of POM g during June[July was rather more depleted
than those recorded in the other three surveys (Table 2), Mo significant
differences were detected in both &'*N and 6"C values of POM.
between 650 and 800 m samples, Similarly, no significant difference
was found when tested for POM carriers (POM,,,, vs. POM L

&'"N and &'C values of other possible food sources (remains of
wood, tree leaves and P oceanice) collected from 650 to 800 m
depths are reported in Table 2, As expected. the 5 C values of wood
and tree leaves were highly depleted (Le, terrigenous signal ),

High walues of ¥TOM were observed at both 650 and 800 m
depths in June-july, while the maximum value of ¥TOM was
recorded at 800 m in April {Fig. 2). Both high values of ETOM and

Tahbke 2
Isotopic signatures of the potential food soarces on the Catalen shope during BEOMARE surveys (mean = standapd deviarion) and resalos of one-way ANOVA tests on POM, ..
"N Fetiruary April Janeuly Detober
Tree keaves® 515(1.00) - 275 459
Wood remains 123 - 165
P. oceanica leaves - - 5.38 -
POM,.; B50m 344 (0,13} 271 es) 252 (031) 347 (036
PO, BOOm 370 (060} 2 (008 B0 (0,54) 167 [0
Oiree-svray ANDVA SNE post ho e
POME; 650 1 ns -
POM,.; B0 my Foua=7.1% p = 0.0O5 Februany = juneJuly = Ocnober = Apail
B February April Juane|uly October
Tree beaves™ — 4758 (D) - 208,33 [1.32] - 37,90 (013} - 27,93
‘Wood remains ~ 2807 (054) = 2E.E3 (DB = JT02(2.13) = 2742 [0.041)
P oceanica leaves 152 - 16,58 -
POM . G50 m 2231 (03} - 2238 (D0S) - 20,74 {0.09) - 22.34 [DD5)
PO, BOOmy ~ 2230 [DF] — 22 380.09) - X266 (001 - 22217 (00OT)
Dinse-way ANDVA SNE post hoc e
PO 650 m Fya=S4.84; p=0.001 Februany = Apiil = October = [unef]uly

PO g BOKI 113 Fyg= 2005 p < 0001

Febiriuary = April = October = [ine(]uly

mimnot significant.
B = February samples: B = April: B3« june-July 2007 and B4 = Oclober 2007

* Leaves of beech [Fagus sybvatica) and halm oak {Quercus iliex ]
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"*Codepletion in sediments ( POM ) observed in early July could be
indicaters of a terrigenous arigin of food.

&MC values of macro-megabenthic species ranged from - 21.3%
{juveniles of the thalassiinid shrimp C. mescandreae) to - 14.5% (the
sipunculid Sipemcius norvegicus), &' *N ranged from 4.0% (the ephiur-
oid Amphipholis squamata) to 12.1% (M. musculus) (see Table 11
Surface-deposit feeders (Apormhais serresianus, A squamara, Amphira
chinjed, beth juveniles and adulis of C mecmdreoe, Aspidesiphon msefleri
and Lurnbrinereis sp) and active suspension feeders (A lorgicallus and
Scalpeflunt scalpefiin) had low 6°*N values. The other surface deposit
feeders (Alphews glober, Capivellidae) and raxa with a mixed diet
{Harpinia spp, and nemerteans) showed intermediate 3N values.,
Sub-surface deposit feeders had high 5'*N values, comparable to those

"
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Fig 2. Temparal variations of total organis matier (STOM) at tao depth stations
ower the Catalan shope: black symbols indicate samples collected at 650 m and grey
symbals are samples af 00 me Vertical bars represent standard desiations.

of carnivores, Thus, although the difference (A "N} between the mean
G"*M values of SSDF and the 6N of their potential basal source
(POM.a) wias €. 5,3%, their trophic position could be similar vo SDF,
Camivores showed high &'°N wvalues: among them the decapod
Paromade cuvient and polychaetes of the Oenonidae family occupied
the highest trophic position.

The trophic groups identified by cluster analysis {Fig. 3) were
partially in agreement with other information on feeding habits
[Table 1), with the exception of SSOF and M. intestinalis, The cluster
analysis based on &'*N and &"*C identified two main groups, | and 11,
and two subgroups within Il (1A and HE). Group | included mostly
selective SDF: the ophiurcids A, chigjel and A squamata, juveniles of
C. macandrege and the polychaete Lumbrinereis sp. but also the
cirmiped 5. scalpellum (ASF) and the amphipod Harpinia sp. which
were classified as a species with a mixed diet, since it can act as a
SDF or a scavenger. Group I comprsed the remaining species. Sub-
group A included SOF (including capivellid polychaetes, adults of
C. macondreae, A serresionus and A, muellerd], taxa with a mixed diet
such as nemerteans (that can be carnivores andfor scavengers . ASF
such as the bivalve A, lengicallus and carnivores of low trophic level
such as Mephrops norvegicus, Monedoeus couchii and aphroditid
polychaetes, which can also act as scavengers. Group [1B was also
heterogeneous, including (1) taxa preying on benthic resources
(including meiofauna), such as polychactes of the genus Nephiys,
(2] large benthic decapods such as P anvierd and G. lorgipes and (3) a
group of SSDF (the hobothirobd M. muscalies, the sipunculld 5 norvegias,
the echinodd B brifers and polychaetes of Maldanidae family). This
Group 1B showed more enriched 3" and 8"'C values than SDF, An
exception was the SDF M, intestinalis: the association of this species with
the CamfS50F group was prohabdy related with the greater depth at
which M. intestinafis was collected [ 1400-1600 m) compared to the
other SDFs. Within group I, M. muscuiies clustered separately, because of
its higgh &' value.

Average stable isotopic 4"M differed significantly among
trophic groups identified by cluster analysis (univariate PERMA-
MOVA main test Fays =796, p < 0,001, while 5" C did not. The pair-
wise comparisons showed significant differences between the
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Fig L Hierarchical clstering { Euclidesn distance of untramsformed data subjected to pair-averaged grouping)of 4" 'C and &' for 34 epibentbic and infaunal taxa. Romaen
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Takle 3
Resules of FERMANDVA pair-wise tests comparing &' *K values of postulated feeding
grougs based on 955 permutations.,

Crougs f
Carn, S0OF A 55
Carn, ASF 15T
Carn, Mix 1o
Carn, S50F 147
SD6F, ASF g™
SDVF, Avlix oE3™
SDF, S5DF 335
ASE, Mix 08™
ASF, S55DF 1B
M, S50F 1a3™

ASF = Active fuspendion feeders: SOF =duiface suspension feeders; SSDF - fub-
susface sisspenshon lecders; Cam = camivone; Mix=maixed diet.

*p =005

= 0u.

= p< 000,

Table 4
Spearman comelation of 87N and 8"'C walues with environmental variables
recorded for each collectiion of megabemhic epilaana.

Wakd Spearman level
'
Temperature 5 mab 2 =LA —
salinity 5 mab 112 —02% -
Tunbadity 5 mah [AF [ "
Chla | month id o4l -
Chil @ sim Itd on et
ETOM sedament T 18 | ok
Eiver discharpe sim (AL ] [k ] -
A
Salinity 5 mab 113 0za o
Tusbadity 5 mab 13 oz 2
Chla | manth s s
Erver discharge two monihs 1% 0xy o

Ondy significant correlations are given. TTOM=T% Total Owganic Manter; Chl
m=surface chlorophyll o concentration; mab=meires sbove the bottom;
sim=value recorded simulanesusly po sampling.

* p =005,

= = UL

= p=00ol,

isotopic signatures of ASF/SDF and S5DF and between ASF/SDF and
carnivores (Table 3}

3.2. Relationship besween &''C and 5'*N data in food webs

The overall correlation between &'°W and 5% was weak but
significant (R*=0.11, p < 0.05).

ANCOVA analysis did not prove significant differences between
A" va. O/N values among seasons (Fyyyy=224, p=0.07), and
mean C/N values were similar throughout the seasons.

Correlations of &"*N and &' for species in common between the
o different water column conditions (stratified vs. homogenised)
were weaker when the water column was stratified (R« 0.03) than
when it wias homogencous (R = 0,18); the same results were obtained
when we considered normalised &' values { according to the equation
propased by Post et al {2007 1), although correlatsons wiene even weaker.

3.3, Correlarion with emvironmental variables

a'"M values were positively correlated (p - 0001) with the
concentration of Chl @ recorded simultaneously 1 month before the
sampling. and also with river discharge (p<0001}] {see Table 4).
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&M values were negatively correlated with temperature at'5 mab
and salimity a1 5 mab, §'°C values were positively correlated (indicar-
ing more enriched 8" 'C)with salinity and turbidity recorded at 5 mab
and the concentration of Chl a recorded 1 month before sampling
(Table 41 The BIDENV routine showed that the best correlation bet-
wieen isotopic signatures and environmental variables was obtained
with two variables (salinity and Chl o both recorded at 5 mab:
R=0.140) or alternatively with only one vanable (salinity at 5 mab:
R=0.124).

34. Gut content and pigment analyses

Based on trophic information in Cartes et al. (2009 ), A longicallus
was classified as an active suspension feeder, while C macandreoe
and B. Iyrifera were deposit feeders. In general there was a high
amount of degraded chlorophyll pigments (phacophorbides and
phaeophytine) in the three species (particularly in B, lyrifera ), due
to the degradation of photopigments during their passage through
the water column or on sediment surface, as well as when grazed by
the fauna (Fig. 4a).

Among the three species analysed, A longicallus yielded the
lowest pigment content; both degraded chlorophyll products and
non-degraded pigments occurmed, probably a reflection of its feed-
ing mode [suspension feedingl. The presence of a greal variety of
non-degraded pigments (Fig. 4bL although occurning in low quantity.

a B Fyrerd
3
0 I degraded
1X50 B nol degrmded
1200
1050
b
003
00?5 B Febr
Dapr
ooz [ Jundud
| [
% oms
~ oo i
0.005 i

XTI

Flg. 4 Temporal variations of [a) degraded chlorophyll pigments { phaeophaorbides
and phaeopiytines] snd non-degraded pigments (chlorophylls and carobenosds )
fouind in Abra fengivallus, Codecaris mommmdnege and Bnyasopsis frifera and (B] non-
degraded phytoplankionic pigments found in Abve kegicalfies Whiskers indicaie
standard deviations.
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indicates the exploitation of fresh food sources in companson with
the other two species. Being more narrowly dependent on the
downward flux, the suspension leeding A fongicallus yielded a higher
quantity of pigments during April than during the rest of the year
(Fiz. #a and b). The most abundant pigments were chlorophyll © and
caratenoids from the fucoxanthin family, These were more abundant
during February and April than during June-July and October, indica-
ting the consumption of brown algae, such as diatoms.

In €. macandreae the highest pigment values were recorded during
B3 [Fig. 4a). mainly attributed to degraded products of chlorophyll ¢
and astaxanthine, These suggest a diet based on astanxathin-contain-
img animals and brown algae, possibly already present in the gut
content of the animals. During February and April we observed higher
pigment diversity and the oocurrence of many non-degraded pig-
ments, mainly from the fucoxanthin family (198-fucoxanthine and
fucosanthine | and chiorophyll ¢ that indicates browan algae (for insta-
noe, diatoms or prymnesiophyies). Pigments occurring in B hrifera
gut contents were all highly degraded throughout the sampling
period. Also for this species, the pigment analyses were also consistent
with the feeding mode in this SSDF species, which was probably
cating already degraded pigments.

4, Discussion

4.1. Food sources aoff the Catolan shope

The deep sea is assumed to be a food-limited environment with
organisms subsisting on organic matenal derived from surface pro-
ductivity. However, in our study, isotopic signatures and pigments
identified two main POM vectors as food Tor macro-megabenthic
imvertebrates: advective and vertical Muxes. Due o the transport of
ierresirial material todepth along submarine canyons, the Catalan Sea
slope ((55) meceives considerable amounts of particulate crganic
matter, some of it of high quality, at depths of ca. 1600 m{Cartes et al.,
2002). River discharges are important sources of these termestnial
organics (Cartes et al, 20091 We found evidence of this advective flux
i POM, ab 800 m (8" = — 26.4% + 0.4) and in terrestrial plant
remains {particularly beech, Fages sytvarioa, and holm oak, (hrercis
illex ] with 1 values ranging between - 26.8% and — 28.4%. These
ocourred frequently at the bottoms of slopes and represented typical
Mediterranean terrestrial 5'C values (Vidal-Sanchez et al, 20081

POM arriving to the C55% was more likely to be of direct terrestrial
origin, or consisting of degraded phytodetritus linked to phyto-
plankton production, than originated from continental shelll hab-
tats (e.g. seagrasses ). Indeed, although Pesidonia eceanica beds are
located close to Besos and Berenguera canyons head and seagrass
remains were found at slope bottoms. the contribution of P, oceanica
im the trophic web seems rather low, as indicated by the low
propartion of seagrass in guts of shrimps from this area (< 5% of
volume: Cartes et al, 20090 As a further evidence, average 4" 7C values
of P oceanica were more enniched (ranging between = 14.5% and
~ 16.6%) than those of the deposit feeders analysed {e.g. M. musculies
and M. imrestimmlis: — 16.9% and — 16.3%., respectively]. Conversely,
the &''C of POM,; [averape — 22 7% at 650 mand — 22 4% at 800 m)
was within the range of &'C values for marine phytoplankton
[ — 18%-24%; Fry and Sherr, 1984) while the 5'°C of POM,.; found
in February (8'*C= — 26.4%) suggested terrigenous input,

Fresh food for suspension feeders was abundant only during the
briefl posi-bloom period and was exiremely sparse during the
remainder of the year (Iken et al., 2001 ), Hence, for most of the year
suspension feeders may be dependent on resuspended material (as
observed by Lampitt { 1985) in NE Atlatic). Pigments in guts of key
species on the Catalan slope were generally degraded. Only in the
case of the active suspension feeder A longicallus did we find
chiorophyll ¢ in guts, mainly in Februany and April 2007, the periods

of maximum surface primary production (satellite data; Estrada,
1996), On the seafloor, fresh POM occurs as greenish Aufy lumps or
mats [ Tefl) that become mixed with the superficial sediment layer
by benthic storms. tidal movement and bioturbation (e.g. Smith,
1992, and become the principal food source for all surface deposit
feeders (SOFL Depending on the amount of sedimented matter,
sediment reworked by bioturbation and the feeding activity of
larger animals incorporates only a relatively small fraction of this
material into deeper sediments. making it available to sub-surface
deposit feeders (35DF) (Lisitsyn and Vinogradoy, 19821 The main
variation in 8"°C in sediments was oshserved on the Catalan slope
between April and June-July, with 3¢ depletion of POM, . within
Besos canyon (Fig. 2. The occurrence of advective fluxes in the area
is also suggested by the significant positive correlation found
berwesn '*C depletion and river runofl { twio months before isotope
analyses), Thus "'C depletion in spring-early summer seems to be
dependent on the advective Mux [with a delay of two months L All of
these points reinforce the idea that phytodetritus inputs are not the
main food source for the Catalan slope benthic community but that
there is an important termgenous contribution mainly transponed
seaward along the Catalan canyons, in agreement with previous
studies of the northwestern Mediterranean slope bottoms [ Buscail
et al, 1990, based on sediment traps) and with the greater mega-
benthos blomass on Catalan slopes compared to the insular shopes of
the Balearic Basin (Cartes et al., 2009]

4.2, Food web structure

Like gut-content data, stable isotopes have several limitations in
elucidating the complex dynamics of food webs, Among these, there is
the resolution of only broad categories of prey organisms by &' "W and|
or &' 'C values [Polunin and Finnegar, 2002 ). This is particularly true
for deep-sea communities, where pnimary food sources arrive from
the phatic zone after being remineralised, enriched and degraded by
microbial activity, potentially reducing the chances of correctly iden-
tifying types of source material (Finnegar and Polunin, 1999),

Our study is the first attempd o unraved the trophic web structure
of benthic species in the Mediterranean, so comparable data are scarce
except for some species, e.g. G. fongipes and N morvegious | Polunin et al,,
2001 ). Comparisons with data from congeneric species (e, Molpadia
Blkei, Sipunculida as a whole taxon) outside the Mediterranean [ lken
et al, 2001 ] can be made, but this has some limitations due to geo-
graphical and depth differences in isotopic signatures,

Nevertheless, the sotopic signatures of the bulk of our target
species fit well with gur content findings in the literature and with
our own data [see Table 1) The cluster analysis placed carnivores at
the highest trophic levels of the benthic food web (excluding sub-
surface deposit feeders—S5DF), while active suspension feeders
[ASF) and surface deposit feeders (SDF) were at the lowest levels.
ASF and SDF can be identified by their lower 6N values: they
elther feed on different size classes of the avallable POM, including
small particles usually exhibiting very low 5'*N {(Raw et al.. 1990),
or they rely on different microbial food sources. ASF compete
directly with SDF for the limited POM food source (eg. A longicallus
ingesting non-degraded chlorophylls), intensifying the trophic
competition as observed in other geographic areas (lken et al,
2001). A first discrepancy between isotopic signatures and gut
content findings in the Hreratune was represented by the position of
the SOF species M. intestinglis among those with more enriched
#'"NW and 5''C values, This apparent inconsistency is likely related
o the depth range of collection of this elasipod holothurian, which
lives between 1400 and 1600 m (Cartes et al., 2009), decper than
the other species analysed. The "N of benthic POM consumers
increases with water depth { Polunin et al., 2001; Mintenbeck et al.,
20071, This results from excretion of nitrogen depleted in '*N with
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the corresponding enrchment in "N of the residual material during
bacterial degradation of POM (Macke et al, 1986). Microbial con-
sumption is thus reflected in an increase of POM &'*N with depth,

In our study we found significant differences in &N values
between SOF and S50F, indicating that the latter feed on mone
refractory and frequently recycled material (Iken et al, 2001), in
contrast to SDF, which ingest much of the labile organic matter
deposited on the seafloor prior to extensive microbial processing
{DeMaster et al., 2006} This may explain why 55DF showed high
AV and 8"C values and clustered with carnivores, Among 550F,
deep-sea holothurians may exploit the bacteria directly as a food
source or they may use the bacteria indirectly to provide them with
the essential nutrients not available otherwise (Deming et al.,
1981; Deming and Colwell, 1982; Eardly et al., 2001 ), leading to a
high &M in holothurians' tissue and an enrichment of "*C values,
Additionally, compounds with high nutritienal guality (Le. N rich)
are readily available in the sealloor sediments of the CS5 (Amaro
el al, 2009, 2010), which explains the high abundance of the
halothurian M, musculus locally in the Catalan area (Cartes et al.,
20097 as well as in the Nazaré canyon (Amaro et al, 2009),

The pattern of carbon enrichment found for M. musculies was also
found in other SSOF specics analysed in our study: (i) the irregular
urchin B fyrifera, which is reported to feed selectively on carbon- and
nitrogen-rich  particles (Hollerz, 2002} and o rework relatively
large volumes of sediment {Hoflertz and Duchéne, 2001) by living
burrowed 20 mm below the surface of the substratum, (i) the
burrewing sipunculid 5 norvegices and (i) the maldanid polychaere
Chirimeia biceps, Biodeposition processes, dependent on the suspension
leeding fauna that actively remaonve particles from the water column
and deposit them as facces either within or on the top of the sediment
(Craf and Rosenberg, 19971 may further enrich the organic matter
inggested by deposit feeders (Thomsen and Flach, 19971

Among camivores, an imponant group was represented by
polychaetes of the families Nephtydae, Polynoidae { Harmothoe spp.)
and Oenonidae, which exhibited very high 5N values, comparable to
those of top predators such as fish (Polunin et al., 2000; Fanelli and
Cartes. 20100 The high &"*N values observed in camivorous poly-
chaetes are consistent with the idea that deep-benthic food webs are
highly complex compared to pelagic ones (Cartes et al, 2008; Fanelli
and Cartes, 2010} These predators may rely on either benthic amd
suprabenthic prey from the benthic boundary layer, as in the cases of
the Morway lobster N norvegicus, which consumes mainly nekio-
benthic decapods. euphausids and peracands (Cristo and Cartes,
1998), and the crab G longipes, which feeds on endobenthic crusta-
ceans such as C macandreae, the isopod Natatalong borealis, nekio-
benthic decapods and preropods {Cartes, 19931

Regarding trophic levels in deep-sea benthic ecosystems, it
seems unrealistic to use a single fractionation factor to characterise
the food web structure (Caut et al., 2009). The values of 2.75%,
proposed by Cant et al. (2009), based on 268 estimates of A" from
reviewed papers. e.g. the difference between the isotopic composi-
tion of a consumer with respect o iis diet) orof 3.1% (as calculared
according to the equation proposed by the authors for inverte-
brates] were consistent with the dietary information available for
carnivares, ASF and SDF. Large decapods such as N, norvegicus and
G. tongipes (with 6'*N signature of 7.1% and 9.2%., respectively)
consume prey {eg. C macandreae, A lengicallus: Cristo and Cartes,
1998; Cartes, 1998 this study) for which 6'°N signature ranged
between 4.7% and 6.3%, providing an average fractionation of
~ 3 6%. Additionally, AN values found for ASF and SDF ranged
from 2.4% (SDF] to 3, 1% (ASF] and so were close to the two values
proposed above. On the other hand, this value seemed inappropri-
ate for SSOF, for which differences between animals and their diet
(POM, ) exceed 6% [eg. the case of M. muscuhus ). Thus, assuming a
fractionation value of between 2.75% and 3.1% [except for SSDF),
three trophic levels were identified among epibenthic and infaunal

E. Faneill et ol f Deep-Sea Research [ 58 (2001 ) 98- 105

invertebrates of the Baleanc Basin {from the lowest level occupied
Iy SDF and ASF 1o the uppermost levels with P cinverd and Oenonidae
among predators ).

The significant overlap in nitrogen isotopic values berween
feeding groups, as ohserved in previous studies (lken et al,, 2001,
may be an indicator of vertical niche extension (across trophic levels),
a likely Fearure in severely food limited systems. On the other
hand, according to the high fractionation Factor found for SSOF (high
difference between &' *N of SSDF and &M off POM,.4), it is likely that
the recycled or bacterially degraded material consumed by this group
(Amaro et al. 2000) may be the start for a new food chain with a
different basal N rather than a continuation of an existing food chain,
Honwewer, further studies will be necessary to better understand the
mechanm=m of sotope incorporation in 55DF tissues, espeaally
M. muscuilus. This species, like others of the genus Molpadio (i
M. blaker. Iken et al, 2001), has enteric bacteria that may break down
refractory compounds, which can then be assimilated by the holo-
thurians [Roberts et al, 20011

The only study of deep megabenthos similar to ours was carmied
out at the Porcupine Abyssal Plain (PAP; 4840 m; lken et al, 2001 ),
where the lowest 5' %N value was found for the ophiuroid Ophiocten
hostatum (6'"N=10.7%) and the highest in the holothuroid
M. Blakei [6'7N = 16. %, excluding the 5N value of 17.7% found
for the polychaete Nicon sp.). Our results wene, as expected, less
enriched in &''N (between 4.1% for A squemarg, and 12.1% lor
M. musculus) than at PAP, because of the lower depth of our study
(650-1100 m at C55 v, 4840 m at PAPL It is interesting that closely
related taxa marked the extremes of the trophic gradient at both
sites [an ophiuroid at the lowest, Molpedia spp. at the highest ). The
range of all 5'*N values was greater in our area (A5 5N ="7.8%) than
at PAP [ AG""N =5.5%), which is surprising considering the impov-
ershment of Mediterranean deep-sea benthos (Pérés, 1985; Cartes
et al., 2009 ) compared to the NE Atlantic. A possible explanation for
this apparent discrepancy might be that we worked on fauna
collected adjacent to submarnne canyons, thus animals exploiting
two different basic food sources (including both marine phytode-
iritus and terrestrial vegetal remains )

4.3, Temporal variations in isotopic signmures: influence of
ervironimental variabies

As shown by weak 6'%C-6""N correlations, there were clear
differences in the coupling of benthos with peaks of new produc-
tion (nitrate-based production or export production) during per-
inds of stratification and homogenity of the water column, High
HYC-4""N correlations likely indicate a single food source [eg. in
deep-sea communities; Cartes et al, 2007) and suggest pulses of
new production. In contrast, weak correlations (low B values)
paint to a wide array of sources of production (Polunin et al., 2001 ),

Owver Catalan slopes, the weakest §'*C-3""N correlations in
macro-megabenthic fauna occurred in the summer (end of June-
Julyl, two months after the peak of river discharge in the area in
April (Papiol et al, 2008 This sugegesis a link (with a delay of two
months) between 6"C signal in tissues of invertebrates and peaks
of river discharge, according to the idea that river discharge provides a
mofe miceed lood pulse, especially terrestrial input. The role of fver
flows is consistent with the negative correlation found between 6'°C
values of dominant benthic species and the amount of river discharge
recorded two months before the sampling. In addition. the maximum
amount of erganic matter (XTOM) in sediments was recorded two
months after the peak of nver discharge in April, and the $TOM peak
also coincided with depletion in POM,.y 6°C (Fig. 2 and Table 21

The particular eceanographic conditions of the Mediterrancan
influence the quantity and quality of POM reaching deep waters,
The approximately constant temperature around 13 C at 150 m
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(Hopkins, 1985) enhances rapid degradation of organic matter
throughout the water column {Wishner, 1930}, As a consequence,
most of the organic matter transported as vertical Mux appeared
degraded in the guis of C55 benthic fauna. The occummence of a
higher quantity of pigments during April in the active suspension
feeder A longicallus is consistent with a quick response to the
phytoplankton bloom in February-March (Estrada, 1996). The
most abundant accessory pigments present in February-Apnl were
indicative of the consumption of phytodetritus derved from brown
algae (Chi ¢), diatoms (Cis-fucoxanthine, diatoxanthine and Chi ¢}
and prymnesisphytes (fucoxanthine derivatives, Chl ¢}, dominant
in phytoplankton assemblages during the late winter-early spring
bloom owver the C55 (Estrada, 1991; Estrada et al., 1999),

C. macandreae also takes advantage of the food derived from
surface primary production from February to March, as indicated
by the high pigment diversity in their stomach contents in February
and April. However, unlike A, longicallus, the eccurrence of a higher
quantity of pigments in June=July in €. macandreae [a SDF), together
with the high percentage of degraded pigments, is consistent with
the idea that deposit feeders respond later and probably more
wirakly than suspension feeders to the input of phytodetritus from
wertical Mux. Finally, the almost exclusive occurrence of degraded
pigments in B hrifera confirms our previous observations based on
isotopic signatures, which pointed o the exploitation by 550F of
highly recycled, degraded POM,

&' values were also related to other temporal variables, eg.
the structure of the water column. Thus, benthos showed more
depleted &'N values during water-column stratification (sum-
mer—-aufumn), i.e. with increase in temperature and salinity than
during strong mixing. This is consistent with the findings of
Jennings and Warr (2003) who report depleted "N in the scallop
Aequipecten apercularis in summer. During summer, ammonia
excreted by zooplankion that are depleted in 6N is likely to be
an important nitrogen source for phytoplankton (Owens et al.,
1950, Zooplanktons are known 10 become relatively depleted in
#"*MN when ammonia, rather than nitrate from rivering sources, is
the main nitrogen source for their phytoplankton prey (Mullin
et al., 1984). This is also consistent with data from the area near
Corsica where &' *N values of surface plankton were much higherin
spring than in autumn (Michener and Schell, 1994) Turbulent
mixing and upwelling caused by offshore winds in spring bong nitrate
high in "M to the surface where it is taken up by phytoplankton
{Michener and Schell, 1994, As this misding and upwelling cease, the
surface waters rapidly become oligotrophic and primary production is
based on recycled ammonium depleted in '*N (Polupin et al., 2001).

Higher &N values of the analysed species were also associated
with higher water turbidity, which may be linked to the formation
of nepheloid layers [ Puig and Palanques, 1998) by the resuspension
of POM. Over the Catalan slope, water turbidity, which in turn is
related to a homogensous water column, was higher in Febroary-
April near the sealloor (Pulg and Palangues, 19981 In contrast, in a
stratified water column, a thermocline may act as a physical barrier
o the downward particle MNux.

In conclusion, over the Catalan slope, proximity to the mainland
means that the benthic community is influenced by advective
inputs from strong river discharge and associated events such as
nepheloid layer formation in and near submarine canyons (Puig
and Palangues, 1998 ), in addition to vertical Mux. Under these con-
ditiens. high quantities of POM can setthe on the seabed of the
Catalan slope, especially through canyons {Rowe etal., 1982, Vetter
and Dayton, 1998) that channel this advective lux. This explains
why detritus feeders (e.g. C macandreae, M. musculus and B. lyrifera)
were dominant among macro-megabenthic invertebrates on the
Catalonian side of the basin (Cartes ¢t al. 2009), in contrast to the
insular slope and the Algerian basin (Cartes et al., 2004; Fanelli
el al., 2009), which are less influenced by advective Muses,
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Thee food-web structure and seasonality of the dominant taxa of benthopelagic megalauna (fishes and deca-
pods) on the middle shope of the Catalan Sea (Halearic Basin, MW Mediterranean ) were imvestigated using the
carbon and nitrogen stable isotope ratios of 29 species. Maorofauna (infauna, suprabenthos and zooplankton)
were also analysed as pobential prey. Samples were collecied on a seasonal basis from 600 to 1000 m depth
between February 2007 and February 2008, The Ashes and decapods were classithed into feeding groups
based an the hiteratune: benthic feeders (mcluding suprabenthos ) and 2ooplankton (eeders, the latter further
separated into migratory and non-migratory species, Decapods exhibited depleted 5" and enriched &'C
compared to fishes, Annual mean 6'°C of fishes ranged fram — 190155 [Arctozenus risso] 1o — 16,65% | Phycis
blennoides) and of 5'*N from 7.27% { Lompanycius crocodilus) to 10,315 | Nesumio sequalis]. Annual mean
vahues ol 5"%C of decapods were fom — 18.04%. (Sergestes anctices) 1o — 14,785 (Pomophius noregic ),
and of 6N from 636% (Sergla robusia) 1o 9.72%. (Poromols cuvien). Stable isotopes distinguished well
amongst the 3 feeding guilds established a prion. pointing tw high levels of resource parntitioning in
deep-sea communities. The trophic structure of the communiny was a function of the position of predators
along the benthic-pelagic gradient, with benthic feeders isofopically enniched relative to pelagic feeders.
This difference albowed the identification of two food webs bhased on pelagic versus benthic comsumption
PPrey and predator sizes were also important in structuring the commumity, The most generalised seasonal
pattern was 6''C depletion From winter to spring and summer, sspecially amongst migratory macroplankton
leeders. This suggests greater consumption of pelagic prey, likely related with increases in pelagic production
or with ontogenic migrations of organisms from mid-water to the Benthic Boundary Layer (BBL), 5N en-
richment was detected in periods of water column stratification, particulasly amongst benthic feeder Ashes
Megalauna relied on a single source of putrition after peaks in surfsce production, presumably manine saow.
Conversely, a larger array of food sources, probably from adveoion, sustatned the community in periods of
water column stratification. Benthic feeder &''C values of both taxa were positively correlated with fluores-
cence measured 5 m above the seabed and negatively cormelated with total organic carbon in the sedimenis,
both being food sounces for deposit feeding macroinfauna. Macroplankton feeder &€ values were finked to
envirenmental variables related 1o vertical transpot from surface production, Le. lpids and chlorophyll and
their degradation products, likely due to their stronger reliance on sinking phytodetritus through consump-
tion of planktonic prey.
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1. Introduction

Food availability has been described as controlling megafauna
community structure in deep marine ecosystems (Gage and Tyler,
19491}, which may be especially true in oligotrophic areas such as
the Mediterranean Sea [Cartes. 1998a; Cartes and Maynou, 1998,
Papiol et al,, 2012, This conjecture led us to study the trophic rela-
tions of megafauna in the Balearic Basin,

* Cormesponding author. Tel: + 34 93 7309500; fax- +34 51 2309555,
E-imuil addreises’ vpapshicmucsices, vpapiotn@gmailoom (V. Papiol L
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Traditional studies of food web dynamics have used gut coment
analyses to elucidate aspects of community structure [eg Carrasson
and Carves, 2002; Cartes et al.. 2007; Jennings et al, 2002; Madursll
and Cames, 2005). Cut contents reflect food consumed at particular
points in time and space, and they provide a great deal of information
on gut fullness variation and on specification of prey and trophic ef-
fects of their density on distribution of both food sowrces and con-
sumers, Mevertheless, this approach has limitations (Fanelli and
Cartes, 2008; Fry, 2006; Pinnegar and Polunin, 2000) that are espe-
cially intense for deep-sea food webs as a result of sampling con-
straints eg hydrostatic decompression  regularly  results  in
regurgitation of prey in some deep-sea fish. Additionally, whilst gut
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content analysis of secondary consumers is useful for assessing prey
consumption and selectivity, it does not reveal the end members sus-
raining megafauna cammunities, specifically not the origin {terrestri-
Al versus marine) of organic matter {OM],

Stable pitrogen (M) and carbon (C) isoope ratios are commaonly
used as indicanors of trophic level and organic matter source {n aquat-
ic ecosystems (eg Davenport and Bax, 2002; lken et al, 2001;
Pinnegar and Polunin, 2000} and can be used to diferentiate assimi-
Javed food from that imitially ingested (Guigeer e al., 2002; Persic et
al, 2004; Refones et al, 2002), Stable isolope analyses (51A) can
characterise in a general fshion foed assimilated over a considerable
period [ Hesshein o al, 1993, and thus they ane less subject [0 tempo-
ral bias than gur content analyses, SIA are useful in identifying food
pathways and trophic interactbons within complex ecosystems
[ Davenport and Bax, 2002: Fry et al. 1987, lken er al, 2001}, Srable
nitrogen isotopes have been used ro entify the relative trophic posl-
thon of organisms within the food web (Hobson and Welch, 19402:
Mincks et al, 2008; Vander Zanden et al. 1996). Nitrogen sotope ra-
thos of animals in the "N format are enriched on average by 3%
compared with their diet (Minagiowa and Wada, 1984; YVander
Zanden and Rasmussen, 2001; Post, 2002; McCutchan et al, 2003:
Caur et al, 2007). Carbon sotopes are widely used as indicators of
sources of primary production in the ecosystem (Fry, 2006:
Michener and Lagtha, 2007 ). Different potential sources (&2 terrestri-
a1 versis maring ) of carbon have different 6'°C signatures and have
been described for the NW Mediterranean Sea (Fanell et al. 2001a:
Meyers, 1997: Pinnegar and Palunin, 2000), Animal 6'°C is typically
enriched by 1.1% or less per trophic level within oceanic systems
(g France and Peters, 1997; Michener and Lajtha, 20071, Given the
constraints and paucity of gut-content data, stable isotopes are useful
i elucidating the structure of deep-sea food webs,

In food-hobed environments, such as the MW Mediterranean slope,
co-occurming species typically develop strategies for reducing or
avoiding food competition, and niche segregation amongst fishes is
mainly driven by trophic resource partitioning (Macpherson, 1981;
Ross, 1986), Pairs of species with high dietary overlap segregate along
the depth gradient (Carrasson and Cartes, 2002; Cartes, 1998a; Fanelli
and Cartes, 2000]. The middie slope of the NW Mediterranean Sea, lo-
cated between - 600 m and - 1200 m, is characterised by homogeneous
benthopelagic communities along the Catalonkan coast [Abelld et al,
1988; Cartes and Sardd, 1993; Cartes et al, 2009; Fanelli ot al, 2012;
stefanescu of al, 1993, 1994), The vertical disiribations and sizes of
available food resources have been identified as main factors driving re-
source partitioning amongst the megatauna of this depth range
[Carrasson and Cartes, 2000, Cartes, 1998a). Fishes and decapods gen-
erally employ different trophic strategies (Cartes and Sardd, 1993;
Haedrich et al., 1580) in respect to prey selection {mainly affected by
prey size), These taxa are considersd to have mixed diers of benthic
and mesopelaghc prey (Cartes et al, 1994; Mauchline and Gorgdon,
1986}, bur species in bath groups have distinct preference rowarnd one
of these categonies. Seasonal changes in distary composition of desp-
sea megafauna species have already been dotumented {Cartes. 1994
Cartes et al, 2008; Fanelli and Cames. 2008, 2010; Madurell and
Cartes, 2005), for example o at least 1200 m in Aristeus antemnanis
[Cartes, 1994), and have been linked 1o seasonality of prey (eg Cartes
et al. 2002a). Prey consist of the BBL macrofauna (zooplankion,
suprabenthos and infauna) that vary seasonally according to changes
in organic mamer (OM) inpurs thar they channel o higher trophic
levels, Moreover, several studies have linked the temporal dynamics
of certamn organic compounds with biologecal cycles and abundances
of meiofaunal and macrofaunal groups (Cartes et al 2002b:
Mamouricis et al, 20011; Riawe-Gobin et al., 2004),

Organic mamer inputs to the deep-sea change seasonally in both
ampint and composithoen | Beaulieu, 2002; Cames et al, 2000, Miguel
of Al 1994: Smith et al, 1996, 2008). In the desp MW Mediterranean
Sea they are mainly transferred through downward Mux of whart is

Ioosely referred to as “marine snow” (e Sumich, 1999) from the eplpe-
lagic zone, Manine snow is a combination of aggregated detrital material
(eg exopolymers, mucoars, piotoplankion, plankion exoskeletons, fe-
cal pellets and bacteria) and zooplankion (eg Beaulieu, 2002; Miquel
et al, 1994), Flux of marine snow decreases with depth (Miguel e al,
196 Sumich, 1999 and varies seasonally, mainly due o changes in
surface production (SP) (Rice et al, 1994, Riemann, 1989; Thiel et al,
1950 and water column conditions (Migquel et al, 1994), Surface pro-
duction in the NW Mediterranean peaks during a late winter surface
bloom, whereas there is a decp chiorophyll maximum (DOM) in open
waters during the stratifbed peniod (Estrada, 1991 ), Water ooduman strat-
ification takes place from April 1o Movember [Papiol et al, 2002}, In the
stipdy area, advective Muxes, such as in nepheloid Lavers in submarine
canyons, are also key processes affecting food availability ar barhyal
depths. They both channel significant amounts of sediment and
assoclated OM from the shell across the slope (Buscall er al., 1990;
Palangues et al, 2006) and resuspend OM from the bottom
(gf. Monaco et al, 1990; Shepard et al, 1974}, The submarine camyons
are also subject 1o strong seasonality related to discharges of continental
run=ofT [ Buscail et al. 1990; Monaco et al. 1990}, to cascacing events in
the Gulll of Lions affecting the NW Spanish coast, and 1o varying condi-
tions in the water column (Canals et al, 2006). The distinction berween
the vertical and the horizontal fluxes involves deliveries of distinotive
ofgamic compounds to bathyal depths (e phytostenols and paly-
unsaturated fty acids. biomarkers of phytoplankton, are associated o
vertical flux of phytodetritus: Jeffreys et al, 2009) and different liabal-
ties of their transported OM [Buscail et al, 19940). Whilst the presence af
phytoplankion pigments and lipids is most probably associated with
marine snow and phytodetritus inputs (Buscail et al. 1990; Cartes ef
al., 2002b; Fabiano e al, 1993), organic carbon may be transported by
either of the Muxes (Miquel et al, 1994; Monaco et al., 1990}, As inputs
of distingt lood sources vary seasonally, Botopic signatures associated
with those sources also present seasonal variation (Michener and
Lajtha, 2007 ), The seasonal variations in the fluxes of OM imply different
availability of organic compounds to consumers, and the relationship
between &' versus 5'°N can be a useful indicator of whether one or
more end members support biological communities {Famelli et al,
2011a; Polunin et al. 2001), Weak correlations between &'°C and 6%N
are indicative of an array of possible sources of production, Conversely,
strong correlations are indicative of a single type of primary source
(Pelunin et al., 2001).

Studies using stable isotopes of food web structure and seasonal
changes are relatively common in shallow waters (eg. Carlier et al,
2007; Cummings et al, 2011; Davenport and Bax, 2002; Finnegar
and Polunin, 2000}, but such knowledge of bathyal depths is consid-
erably limited. In the deep sea, studies of temporal dynamics of food
web structure using stahle isomopes have focussed on specific faxa
(eg pandalid shrimps: Fanelli and Cartes, 2008; fishes: Stowasser o
al., 2008, Fanelli and Cartes, 2010; cephalopods: Fanelll eg al, 2012)
of macrafauna groups (eg suprabenthos: Madurell et al, 2008,
Fanelll et al., 2009; benthos; leen of al, 2001; Fanelli st al, 20113,
zooplankion: Fanelli er al., 2001b), bur such studies on megafaunal
communities have been few (Cartes et al, 2007; Jefireys et al.
2008b; Mincks et al., 2008: Palunin et al, 2001). The only previous
study in the Mediterranean was by Polumin et al. (2001 ), who worked
in an insular area in the 5W Mediterranean, Jeffreys et al, (2009b) in-
vestigated the trophic ecology of megafauna ar the Pakistan Margin.
although they restricred the analyses to the benthic compantment
Also, Cartes et al. (2007} worked in the Cantabrian Sea (Le Danors
Bank) on decapod crustaceans. All these workers considered informa-
tion from wider depth ranges, and they compared only two sampling
periods. Additionally, Mincks et al. (2008) studied the Antarctic
megabenthic food web at the continental shelfl around 600 m includ-
ing three different seasons, Furthermore, the influences of vertical
virsis horizontal fluxes and associated OM availability on macrofauna
in different seasons has been investigated (Cartes et al., 2002b; Fanelli
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et al, 200 1ab}, but transfer of these sources to megalauna and the as-
sociated seasonal patterns in food webs remain litthe known [ Polunin
er al. 2001; Stowasser et al., 2009),

The main objectives of this study were to;

i} describe the general structure and seasonal changes of the food-web
of the middle slope and

ii) associate feeding trends and resounce use within the megafaunal
comimunity to available food sources at bathyal depths.

‘We also discuss the extent to which stable isotopes vield inferences
for the food-web structure similar to those based on gut-content dati.

2 Materials and methods

2 1. Sampling of fowma

Benthopelagic megafauna were collected using bottom trawls an
the continental slope of the Catalan Sea |Baleanc Basin, NW Mediter-
ranean) at depths ranging from 423 to 1175 m within the project
BIOMARE. Five multidisciplinary surveys were performed seasonally
between February 2007 and February 2008 (2007: February. April,
JuneJuly and October; 2008: February ). Three stations in the fishing
ground known as Serolo were sampled seasonally along the ca, 650,
800 and 1000 m isobaths, except in April when no samples were col-
lected from 1000 m. In addition, sampling was performed inside the
Besivs submarine canyon, a site at oo 600 m depth on the southern
wall locally called El Buscormrd ground, also on a seasonal basis, The
mid-slope between G50 and B00 m is commonly exploited by
red-shrimp trawlers, except for El Buscarrd ground, which has not
been fished since the 19905, The part of the slope below 900 m is
free of any trawling activity in the Balearsc Basin [Cartes et al,
2004; Maynou, 2008), Details of the sampling campaigns can be
found at Papiol et al. (2012),

samples of three companments of macrefuna wene obtained simul-
taneously, also on a seasonal basis. Briefly, infauna were collected from
the top 20 cm of sediment with a Box-Corer (box area = 0065 m™; 3-7
replicates at each station) and sieved through 0.5 mm fileers;
suprabenthos in the sediment-water interface [(0-1.5 m above the sea
bottom | were taken wath a Macer-GIROQ) suprabenthic sledge (hauling
time ca. 10 min; and zooplankton in the water column near the seabed
(e 10-50 m above the seabed | were taken with horizontal hauls of a
W2 net (Fraser, 1966) that was closed at depth with a CT1000 General
Oceanics opening-closing system (hauling time co. 10 min ), Mesh size
in both the sledge and the net was 0.5 mm.

2.2, Sompling of sediment

Samples of surface sediment (0-2 cm depth ) for analysis of particu-
late organic matter [ POM..4 ) were collecied with a multicorer from the
600 and B00 m stathons throughout the sampling peniod to determine C
and N contents and isotopic ratios. Sediment was immediately frozen at
= 20 °C for later analysis.

2.3, Faunal analyses

All benthopelagic megafauna collected were identified o species
level, counted, measured and weighed, either on board or at the lab-
oratory when further identification was necessary or when masses
were not large enough for precise weighing. Specimens were imme-
diately frozen at — 20 °C for future isotopic analyses.

Macrofauna samples were immediately frozen at = 20 °C and later
sored in the laboratory as quickly as possible, identificd 1o species
level and prepared for analyses.

2.4, Sable isorope analyses (514)

Megafauna species selected for isotopic analyses were those dom-
inant in terms of both abundance and biomass in the area (Papiol et
al, 2012; Table 1}, and only fishes and decapods were considered
for the present study. since they are the two dominant taxa in the
deep Mediterranean (Cartes et al., 2004). White muscle tissue from
fishes and caudal muscle from decapods (the muscle of chelae for
crabs Geryon losgipes, Monodaeus couchii and Paromola cuvier) was
obtained for the analyses. Representing macrofauna, caudal muscle
of mysids and euphausiids was extracted. The whole body (except
the shell) was used for the benthic blvahne Abra fongicallus. For spe-
cies from which muscle could not be removed from the exoskeleton,
entire individuals were used [eg amphipods. cumaceans). In those
cases, single individuals were used when mass was sufficient. Other-
wise, several individuals uniform in sex and maturity were pooled to
attain the minimum mass required.

Samples were dried to constant weight at 60 “C then ground to fine
powder. For carbon isotope analysis in species with carbonate structures
(eg exoskeleton in gammariids), ene sub-samiple was acidified by
adding 1 M HO drop-by-drop 10 remove inorganic carbonates [ he ces-
sation of bubbling was wsed as a criterion to determine the amount of
acid to add: Jacob er al. 2005), and then samples were dried again ar
60 °C for 24 h, Carbonate removal is required because carbonates have
a less negative &''C than organic carbon (De Niro and Epstein, 1978),

Lipid extraction prior to stable isotope analysis has been suggested
by some authors because tissue rich in lipids is relatively depleted in
s [ Michener and Lajtha, 2007 ). We chose not to defat our samples
based on the threshald C/N of 3.5 proposed by Post et al. (2007) for
aquatic animal samples. Furthermaore, defatting removes possible sea-
sonal signals of phytodetritus inputs, considering its high lipid con-
tent (Faldano et al, 1993, 2001). Since oneé of our objectives is o
analyse seasonal tremds in isotopic signals, we used non-defatted
samples for direct comparison with the available literature (Cartes
et al. 2007; Fanelli and Cartes, 2008, 2010; Polunin er al, 2001) and
for investigation of natural signals of fresh food inputs, Neverthe-
less, since C/N is a relatively good surrogate for tissue lipid content
{i.e. samples containing more lipids have higher C/N; Tieszen et al,,
1983), C'N was measured simultaneously during stable isotope
analysis, and &"C values were normalised for lipid concentration
according to the equation of Post et al. (2007): 6"*C values
of untreated samples (not defatted] were converted to &'7C
normalised (6" Cnormabised = 6" WChnsreated = 332 + 099 C/M). Tem-
poral trends of untreated and normalised 6'°C were theen compared, Ad-
ditionally, the relationship between O/N ratios and the 6'C values was
explored by means of ANCOVA analysis, with season as the covariate,

Biological samples were welghed (oo 1 mg of dry weight) in tin
cups, Sediments for 6'°C analyses (POM..) were initially weighed
{re 5 mg) directly in silver capsules; the carbonate fracthon was then
removed by treatment with 1 M HO followed by drying (60 °C until
constant weight ). 6"*¥ analyses of sediments were carmied out directly
on bulk-powdered samples of 15-20 mg placed into tin capsules.

Stable isotope measurements of biokogical and POM,.» samples werne
carried out by a ThermoFisher Flash EA 1112 elemental analyser coupbed
to 4 Thermo Electron Delta PlusXP isotope ratio mass spectrometer
(IRMS) at the geochemistry laboratory of the IAMC-CNR Institute at
Haples [ lnaly), Detailed procedure can be found in Fanelli et al, 20114

Experimental precision (based on the standard deviation of repli-
cates of the internal standard) was 0.2% for &'*M and 0,1% for &"'C.
6'°C and &"*N values were obiained in parts per thousand (%) rela-
tive to Vienna Pee Dee Belemnite (VPDB) and atmospheric Ny stan-
dards, respectively, according to the following formula:

6"Cor 6N = [ (Ruumgte/Rusnauea ) — 1] where R=""C/Cor N/ N
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Takile 1

Megalininia species analysed Bar stable isobopes of C and N and number of individuals analyied in each samgpling period, sive of the individuals, mean annual walues of 6" and
A 4 standand devistions. Trophic gudd sitributed 10 each species |3 abso specified: 8 = benthos feeders: mAM = migratory macroplankion feedens: nmM = non-migramey
macroplankion feeders. Size of Osteichthyes and Chondrichalvyes expressed as togal length except for Macrouridae, expressed as preanal length; size of Decapoda expressed 25
eephalathorax length. Fet = Febnaary 2007 and 2008: Apr = April 2007; Jun/ul = June July 2007; Dct = October 2007.

Class Deder Family Species. Code Feb Apr Jundul Do Size (om) "N [ s Troghic gulld
Decapods Aristeidae Arisfeus aniemnans Ax 4 4 4 4 A8 +021 9504004 —15704062 &
Crangonsdse Poataphidiol Aorvegicis Fa 4 3 4 3 0964009 B99L026 —14872043 &
Ceryenidae Grryen lompipes Gl 3 1 4 ST0+037 WIIL0H4 —15592002 8
Homaolidae Paromolo cevien Fc 4 HE2 4042 OG724060 —14205015 8
Nephrops norepions Mn 4 ] 4 16T £ 041 TAVLDSD —N6E5L£051 B
Polycsediclae Pailychedes typhlogs Fr 4 4 4 3 106 4021 AT3LDA5 =15T754045 &
Wanbidae Monodores couchil M 3 098 006 7574057 —15%2i05% &
Masipharidae Paviphaea muitidentata P 3 3 3 106 + 015 TO2 LB —TRIEL0EF s
Sergestidae Sergesivs anticen 5a F Fi 3 L1947 6724034 =1854406 mM
Serpia mbuste L1 3 k] 3 3 1704018 63051 —1815505% =M
Galatheidae Mursicha treuimano 1] 4 3 4 3 1084002 TAZ4L037 —14582066 namif
Opleghoridae Acamirphyra eximia A 3 4 4 4 AME4013  R194L05]  =IT034075 amif
Pandalidae Firsionika aconmnonhs Fa 3 4 1504005 TMR+065 -16594073 nmM
Mesionika marntio Fm ] 3 5 4 213011 L0055 ~1652:048 ambd
Osteibibryes Bythicidae Caravlys afenl Ca 3 TATLDIS  TE4LDZT -6 L0T5 B
Mo ae [Lepidion lrpidion u 3 3 k] 3 17284201 998+036 ~1T05+081 &
Mora mora Mmn 2 1 4 RITLAM M0+ 055 —1774203% B
Soorpacnidae Heticedenits He 1 3 4 3 24814068 0574037 =17554038 &
Chastiodontidas  Choulidus sloani Cs 3 2 23474142 9003084 ~1252503F mAl
hyctophidae Eampanyrtus crocodilus e 4 3 & 3 14ES:08% 727074 —1BETE100 mAl
Maralepudidae Artadimsn g AP T00 40,71 TEDADID —10052060 @M
Stoeniidag Seomioy boa sk 3 4 145964448 D180 1858203 mM
Adepocepbulidie  Alepocephalus rostrunes Al 2 k| 3 TIET +480 1010+047 17852068 namM
Gadiilae Mycrome i Mp 3 4 4 3 6364135 MDA DE]  —1TES:1LD6 amM
Pirycis blenmofdes b 4 3 5 4 D644 4101 MI44D48 —~1EEF4043 8
Phecis blennoddes] juveniles) 5] 3 3 | 3 1865+ 143 O8O+ 088 ~1E53:109 4
Mlcreniridas Hymemorephalus [faficsn L] 3 3 3 3 A0540009 BXEL03] —150F 2045 amif
Nepumio aegualls Ma F 2 i 3 381045 11372037 =17082075 &
Troclyriynches sabves Ts k] 3 4 4 1134078 0I5+ 07% —16503048 @
Tractgrhynchie ool (juveniles) Tj 3 3 4 3 TA14049 OO5:i068 —1699:070 &
Chondnchehyes  Soyliorhenidae Caleuis meksEpamiE Lm 4 3 4 5 51304147 NI3LD4]  <1THE037T  amM
Casders mekmtomus | jrveniles | Gi 1 | 5 24724145 BXM40N —16M:05) amdf

A minimum of three replicates were analysed for each of the taka
per survey (Table 1), replicates consisting of animals of similar size.
Also, POM..q samples were analysed in triplicate.

Total erganic carbon (TOC) and total nitrogen (TN] of sediments
were determined from the C0y and N produced by combustion
using the Thermao Electron Flash EA 1112 elemental analyser.

2.5, Lipid analyses

A modified Bligh and Dyer method (Alfaro et al, 2006; Bligh and
Dyer, 1959) was used For lipid extractions from sediments. About
2 g wer weight sediment were used for each extraction, including
three replicates for each sample at each collection station, Tricosanoic
acid was added to each sample as an internal standard (1 mil of
22 mid solution in hexane). Samples were extracied ultrasonically
for 20 min with a one phase methanol:chloroform solvent mixture
{2:1, 15 ml wiv). A bilayer mixture was formed by adding equal
velumes (5 ml) of chloroform and 1 M NaCl. Lipids were transferred
into the lower chloroform phase under centrifugation (5 min ar
2000 rpm]. The separated chloroform layer was dried under a nitro-
#en stream o obtain the total Lpid exiract, which was weighed.

Lipid amounts are reported as percentage of sediment dry weight.
26, Pigment analyses

Phytoplankton pigments in sediments were analysed as indicators
of OM from surface production (SP) in the area Reverse-phase
high-pressure liquid chromatography (HPLC) analysis was used to
determine phytopigments (n sediments at the 1w depths sampled
in each sampling period. Three replicates of each sample were
analysed, each consisting of 1 g of sediment (wet weight]. All

samples were processed according to Withaard et al. [2000):
extraction in 3 ml 100% methanel by mechanical grinding. filtration
through Whatman GF/F filters and injection of 0.2 mi of the pigment
extract into a Hewlett Packard series 1100 HPLC with a CBDS 3 mm
Hypersil, IP column {Thermo Electron ), The following HPLC protocol
is detailed in Brunet et al. {2006). The mobile phase was composed
of two solvent mixtures: methanolaqueous ammonium acetate
[(M0:30) and methanol, Pigments were detected specirophotometri-
cally at 440 nm using a Hewlett Packard photodiode array detector
maodel DAD series 1100, Fluorescent pigments were detected in a
Hewlett Packard standard series 1100 FLD cell with excitation and
emission wavelengths st at 407 and 665 nim, respectively. Determi-
nation and quantification of pigments were based on pigment
standards from the DUH.L Water & Environment Group (Denmark ).

2.7, Environmental variables

Casts were performed at each station with an SBE 32 CTD coupled
with a Muorommeter, at the same ocations where biological and POM .y
sampbes were collected, Values of fluorescence were recorded for each
CTD profile at 5 m above the sea bottom (5 mab).

2.8 Data analyses

Factorial ANOVA with a crossed design considering sampling sites
and surveys was used o test spatial and temporal differences
amangst environmental variables and sediment organics.

lsotope data were normally distributed, thus they were not
transformed for univariate and multivariate analyses.

Megafauna species were classified into @ priorf rophic groups
bearing in mind trophic guilds from extensive studies based on gut
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content analyses {Carrasson and Matallanas, 1989; Carrassdn et al,
1902, 19497: Carbes. 1994, 19983 Cartes and Abelld, 1992 Cartes et
al. A002a: Macpherson, 1978, 1979 Stefanescu and Cartes, 1992},
Groups established were: 1) decapods and fishes and it} feeders on
sooplankton and benthos (including suprabenthas) (8], Zooplankion
feeders were further separated inte mpratery [mM) and nos-
migratory species (mnd), The trophic group amribated to cach species
are lited in Table 1. For macrafauna, Specics grouped by trophic guild
and faunal comparmment (infauna, zeoplankton and suprabenthaos)
were used [Appendix A). Calocarts macandreae was considered as
macrefauna, given the great impartance it has in the diets of megafauna
(Cartes, 1994: Cartes and Carrassén, 2004) It ks the only detritivorous
decapod crustacean inclwded in the present study (Fanmelli et al,
2011a), Abro tengicallus was also considered as infaunal prey for mega-
faunal groups, representing the trophic guild of active suspension
feeders (ASF] (Fanelli et al. 2011a),

Mean annual valees of "N and &' (and standand deviations)

were calculated in Grder [0 compare megalauna species or macmalaiina
AROups,
First, v identify trophic groaps of megafaunal species, 3 hlerarchical
cluster anabysis [Euclidean distance, average grouping methods) was
performed on &'*N and &'*C mean annual values of megafaunal fishes
and decapods. To illustrate obserwed similanites or dissimilanties
{distances) between the groups resulting from the cluster analyses,
miultidimensional scaling (MDS) analysis was carried out on the same
isotopic data. Permutational Multivadate ANOVA [PERMANOWVA:
Anderson et al., 2008) was applied 1o the same data matnix to wst the
significance of differences amongst feeding groups established o priod,
with Monte Carlo sampling (Anderson and Robinson, 2003} employed
1o [ncrease the number of permurations. Second, a 6" N=-0"'C plot was
made for &% and §"'C mean annual values of the megafauna species,
the macrofaunal groups and POM.. to give an overview of the mrophic
structure of the ecosystem

Further analyses were performed on seasonal data, leoking for
seasonal trends in community strocture of secondary consumers
{fishes and decapads). For this purpose. we only considered species
from the slope for which data from at least three surveys were avail-
able. A total of 8 decapod species and 9 fish species wene studied sea-
sonally [Table 3} Temporal analyses were performed separately for
each of the feeding groups of fishes and decapods established a priori,
Temporal trends in macrofaunal groups were also described, only in-
cluding the species present in all 4 surveys [Appendix A). Since no
significant differences in isotopic values were detected betwesn sam-
ples collected in February 2007 and those from February 2008, the
isotopic signatures of specimens from the two years (2007 and
2008) were merged and indicated as February. Temporal changes in
1N and &'°C isotopic signatures of the different groups of fishes,
decapads and macrofauna were explored by means of PERMANOVA,
Temporal differences were wsted for each element between consecu-
tive seasons,

Correlations were used 1o assess the strength of association berween
6'*W and 6''C data across all megafauna and macrofauna (see Fanedl
e al, 200 1, b; Polunin et ak, 2001 as a function of season.

Stable carbon isotope signatures recorded at each station/sampling
period were compared with in site fluorescence and sediment or-
ganics using non-parametric multivariate multiple regression analy-
ses, which were based on Euclidean distances. These analyses were
carried out using the routine DISTLM with forward procedure in
PERMANOVA <+ (Anderson et al. 2008) and model selection was
based on minimising Akaike's Information Criterion (AIC). Variables
used were Tuorescences,,.. 6" 'C signature of POM,.y, and TOCE, /N
and rotal Hpids in sediments. We also used the sum of chlosophylls and
their degradation pigments (e phacophyting and phacophorbids) as
general indicators of phytodetritus amoant, and fucoxanthin as an indi-
cator of diatems [Widussi et al, 2000 and references therein ). Before the
analyses, a drafisman plot (ie. scatter plots of all pairwise combinations

of variables) (Clarke and Warwick, 1995) was applied to Auorescence
and sediment organics to identify whether any wene strongly correlated
and thus provided redundant informateon, Redundant  variables
(= 0.70) were discardied, simplifying the matrix,

All statistical analyses were performed using PRIMERE and
PERMANOVA + (Anderson et al., 2008; Clarke and Warwick, 1995)
and STATISTICA & softwares,

3. Kesults
31, Organic miotier sounes

LLI. Botopic and elemental composition of sedimentary orgonic
matter {POMsed )

Seasonal values of 6""N and 6"'C of POM,, are detailed in Fanelli et
al. (200 1a). In short, &N values of POM,.; varled from 2 52%. 1o 3.47%,
at 650 m and from 2 29%. to 3.70% at 800 m. Mo significant scasonal
changes (p=005) were detected at 650 m. At 500 m, &"M values of
POM,.; were significantly depleted {p<005) in April relative to the
rest of samplings. &'%C of POM.y were between —2221%. to
— 23.74%, at 650 m and —Z2.3TE. to — Z2.66%. at 800 m, being signifi-
cantly depleted {p=0.01) during june-July at both depths (R 1a).

TOCS values in sediments can be found in Papiol et al. [2002),
Breefly, TOCK in sediments at GO0 m was highest in February and low-
est in June, increasing afterwards. An inverse trend was found at
800 m (Fig. 1b).

TNE followed the same temporal trends a5 TOCE at bath sites (Fig. 1cL

O™ of sediment was close 1o constant areund 5 throughout the
year at both stations, except for the sampling in June/July ar GO0 m,
when values were nearly 10 (data not shown as a figure).

3.4.2. Total lipids

Total lipsd content followed temporal wrends similar o those of
TOC and TH. Minimaum lipids were observed at 800 m in JuneJuly,
when maximum lipids were observed at 800 m (Fig. 2a). No signifi-
cant differences were ohserved between consecutive seasons or be-
tween stations (p={L05).

4.1.3. Pigment analyses

Chivrophyll and phaeapizment {pheophytins and pheophorbides)
concentration in sediments ranged between 0.016 pg g ' in April at
GO0 m and 0,005 yg g in the same month at SO0 m, Although empo-
ral changes wene never significant (p= 0005), at 800 m concentration of
chilorephylls and degradation products were lowest in February amd
greater during the rest of the year, with maxima in Apil and October,
AL BD0 m, minkmum concentration was in April, and it increased after-
wands (Fig. 2b),

Fucoxanthin concenitation in sediments was slightly greater at
GO0 m compared to 800 m, except in Februany. Seasonally, fucoxanthin
concentration changed significantly from February to April at 800 m
(t=4.04; p<0.05), when a minimum was observed., and from April to
JuneJuly (1= 330; p=0.05) (not displayed in the fgure),

3.1.4. Auorescence 5 m above the sea botfom

Values and seasonal trends in flusrescence measured 5 m above
the sea bed (Chldss) were similar at the two depths sampled, Max
imum flucrescence was ebserved in February (Fig. 2¢] relative to the
ko values of both April and June/july.

3.2 Characrerizarion of fimcrional feeding groups

Temporal trends in 6" Cuemes A0 67C, maliseg By species were
parallel, Also, ARCOVA mode] berween C/N ratios and the 5''C values,
with season as the covariate was not significant {p=0.05). Hence, we
have analysed the 6"'C,uqeaea daia.
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Fig. 1. Temporal vastations in (a) &"'C of sedimentary organic matier [POMa) (b)
total prganic carhan (TOCE) and [c} total nifrogen [ THE)in sedéiments for stations at
two depths over the Catalan slope: grey triangles indicate samples collecied at
GO0 m, and black circles samples at B00 m. Vertical bars represent standand devistions,

Mean annual values of 5'°N and 4''C signatures are detailed in
Table 1.

The MDS analysis performied on &8 and &"C data showed that tro-
phic preference toward benthic or pelagic prey was the main factos
structuring assemblages (Fig. 3), Combining the results of cluster anal-
ysis with the MDS ordination, we observed that grouping of the species
of both decapods and fishes coincided In general with the feeding
groups established a prior, and a PERMANOVA test performed on
these feeding guilds showed that their isotopic 5™ and &' *C composi-
tion differed significantly (psewdo-Fs.y, =843 Monte Carlo p=0L001),
except for non-migratory macroplankion feeders (nmM) and the ben-
thic feeder (B) fishes, and for the migratory macroplankton-feeding
[{mid} decapods and fishes.

For decapods, three groups were obtained. Out of the 14 decapod
species analysed, only two of them were clustered in a group differemt
from that established a priori: the Norway lobster Nephrops nonvegicus,
a priofi classified as B, was grouped with the nmM decapods; an oppo-
site shift was observed for the galathesd Munida e,
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Fig. 2. Temporal varations in {4) el lipids and (b) chloropigments [Le. chioropgylis,
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& mh abodye he Sea botoom (Chiksy, ) 38 P depehs ever the Catalan dape; grey (ran-
gles indicate samples collecied at G00 m, black crcles samples 3t 800 m. Vertical ban
represent standard deviations.

Fishes were also grouped according to their feeding guild, and two
groups were obtained (Fig. 3). The mM fishes made up one group, the
mmid and B species the other. Although included in the same group. a
gradual segregation was observed amongst nmM and B species. Out of
the fifieen fish species analysed | three of them divisible into two size
claszes) anly four {Le. the Hymenocephalus italicis and the juveniles of
Galeus melastormus classified as nmM, the mM feeder Lampanychas
crocodiies, and the B Catactyx alleni) were clustered with decapod
Crustaceans.

3.3, General food web structine

3.3.1. Megafauna

The main segregation of species in respect to stable isotope signa-
tures was between the two taxa under study, fishes and decapods
(p<0.001) (Fig. 4). In general, even for species in the same trophic
guilds, decapods had more depleted 6'°N and more enriched 8''C
than Rshes (Table 1; Fig. 4).
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mM decapods had the most depleted &N signatures amongst all
secondary consumers, particularly the sergestid Sergio robuste with
the most depleted &'*N (6.36%-) amongst all megafauna (Table 1;
Fig. 4). The other sergestid included in the present soudy, Sergestes
arcticus, had the most depleted 6'°C [— 18.94%.) amongst all deca-
pods. nmM had intermediate values of bath stable wotopes, and
had the most enriched. Maximum *M amongst decapods was
8.72% in the brachyuran crab Paromolo cnvierd, and masimum 6'°C
was — 14.87%. in Pontophylus norvegicus, the most enriched 6'°C
amongst all megafauna.

As for decapods, the mM fishes had depleted 65N and &' °C, with the
most depleted signatures of &' 'C amongst all megafauna in Arcrozemis
risso = 19,15%), and of 6"*N amongst all fishes in Lampanycms
crocodilies (727 %), Species belonging to the nmM and B groups had
similar 5N (group means were 9844 045% and 9,88 4 091%
respectively ], and mainly differed in their 8''C signatures, which were
in general more enriched in B The most entiched 6''C amongst B was
in adults of Plycis blennoides (- 160655, and most enriched 5'N of
fishes was in Mezumin sequalis {11,31%), which also had the most
enriched &' 7N of all megafauna The species of fishes that were grouped
with decapods by the MDS (Fig. 3) had the combination of depleted
6N amd enrched 6'°C usually observed in decapods in general
[Table 1: Fig. 4). Accordingly, most depleted 6""N and most enriched
6" amongst fishes were for two of these species: 67N of 7.27% in
the myctophid L crocodilies and 6°°C of — 15.03%. in the macrourid
H. itaicus.

332 Macrofauia

in general, the most depleted isotopic ratios were for zooplankion
groups (Table 2; Fig. 4); most depleted &'*N and &''C amongst all
macrofauna were observed for zooplankton feeding on POM ({3,600
and — 21.25% respectively).

Isatopic snatures for macrainfauna were obtained from Famell et
al, (2011a)}, and were most enriched amongst all macrofauna for both
isntopes analysed (Table 2; Fig 4).

Suprabenthos generally had isotopic signatures betwieen those
of zooplankton and macroinfauna, with ratios more depleted for
primary consumers, Le. surface deposit feeders (SDF) (619N = 5,43%,
and G''C=—19.80%) and omnivores (6'°N=562% and §'°C=
~19.47%). than for scavengers (5'5N = 8.8%% and 6"C = — 184T%.)
and parasites (6N = 942%. and §'%C = — 18.84%.). Suprabenthic para-
sites presented the most ennched 55N amongst all macralfauna,

34, Seqsonal changes fn food web struchre

A list of the species and macrofauna groups used in the temporal
analyses, as well as mean seasonal values of 4'*N and 6"C af each
species and macrofauna group, can be found in Talle 3,

34,1, Megafounn

For decapods, main PERMANOVA tests performed on seasonal
6"'C signatures for each of the three trophic guilds were significant
for B (pseudo-Fy45="751; p<0.001) and mM (psendo-F; g =3.57;
p=005). Pairwise comparisons revealed significant differences in
4"'C signatures of B between February and April (r=3.51; p=0.01],
and between Ociober and February (f=338; p<001). In general,
#"*C of benthic feeders was enriched in February, compared o other
sampling periods (Table 3; Fig. 5). &'*C of the mM group was almost
significantly different in April and Junefuly (1=252; p=0051)
and in October and February (t=224: p=0050). In this group,
6"C was enriched in periods of water column homogeneity (Febru-
ary amd Apnl] [Table 3; Fig 5) and depleted during stratification
[June July and October), PERMANOVA on 6'°C of mmld decapods re-
vealed no significant changes during the whole period (p>0.03),
The main PERMANOVA est on 6'"N was only significant for mM
group [pseudo-Fy yp=422; p<0.05). and a pairwise test revealed

Talde 2

Mean anouiad walues of 1 *N.and 5"'C of the different trophic groups of macrolauna and
of sedimentany onginic mater [POM, ) = standisd  deviathons, Trophic groups
estabiiched for each mucralmmal compartment are also specified: 02 = camivores
on pooplankoon: Omn = omnivores: P = parasites: Scav = scavengers! Scandlin m
scavengers combiming carnvoroas behaviour, S0 = surface depoiit feeders; PFOM =
feeders on paniculate arganic mamer: 550F = sub-surlsce deposst Beeders: ASF = ae-
bive suspendedn feeders,

Macrolaina AN &'
Suprabenthos
' EEX 4007 ~ 1908 £ 107
Qe L6200 — 1047 L 1.0
" D42 4095 = 1884 £ 057
Scav EBY & (153 - 1EAT & O
Seavilin” 6824130 ~ 18484129
A L027 — 18RO L OO
Znoplankzon
(v G0 o 124 - 1931 131
Omn” 645 2045 — 1946 £ 045
PoM” 3504 1.24 2252096
Enlauna
S50F" Q57 4015 =I5 £030
SDF* 578 4051 17,504 049
ASF 620+ 058 — 1671 + 078
Primary food sousces ] &'
PO " AT 4 0ET ~ XXAD L OIK

* Seasonal samgies available,
* From Fanelli et al, 20014

changes betwesn Apnl and JuneJuly (1=391; p<0.01), values
being depleted in the latter. Additionally, &'5N of B was different in
October from February (f = 2.36; p<0005), with more enriched values
observed in October (Fig. 5). sotopic signatures of nmM did not vary
during the sampling period {p=0.05).

Only mM fishes had significant seasonal variation in &'C signa-
fures according 0o 3 PERMANOVA main test |pseudo-Fy s = 73,56,
p=0001). In this group, &''C signatures changed amongst all sam-
pling periods. with most enriched 6°'C in June/July and most depleted
o' *C in Detober (Fig. 5) However, 6''C was significantly enriched in
October samples of B group compared with JuneJuly (1=2.12;
P<0.03) As for nmM decapods, PERMANOVA revealed no significant
changes in the 6''C of nmM fishes throughout the year (p=0005).
For &M, the averall PERMANOVA was not significant for any of the
fecding groups, Fairwise comparisons revealed a change in 6'*N of
B, again between JuneJuly and October (1=251: p=0.05), this
being enriched in the later.

34.2. Macrafauna

Amongst zooplankton, significant seasonal changes were only ob-
served amongst the group feeding on POM, which had significantly
depleted &"C in February compared to other periods (Table 3], A
common pattern of most enriched &N in June/July was ohserved in
all feeding groups, although it was significant only for amnivones,

Ampngst infauna, 8'*C was significantly enriched in February in
the ASF A longicallus (Table 3). For the SDF species C© morendree,
i underwent significant depletion from April to June/July, when
it was minimal. &N values of A fongicolfus were maintained through-
out the whole pericd, whereas they differed amongst all seasons in
. mecandreas, which had enriched 4'*M in February and June/july
and depleted &"*M in April and October,

In suprabenthos, a generalised enrchment was observed in &"%C
from February to Apnl [Table 3, which was most accentuated inom-
mivores and carnivores on pooplankton. Aller April, the enrichment in
6" of omnivores continued, although not significantly, to JuneJuly,
and then abruptly decreased to most depleted values, In the rest of
the groups 6°%C suffered depletion fmom April 1o June/uly, then
maintained m October, In contrast o 6"°C, 8" N varied significantly
in all groups, All groups presented parallel remporal trends of &°°N
enrichment from February to April and Jume/July and then enriched
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Medn seasonal values of H™N and 6"'C of megafauna speches and macrofauna groups < standard deviations, For codes of megalauna species and macrofdana groups see
Tables 1 andd 2.
a''w '
February Agpril Juneuly Dcnpber Febeuwary April Jume ualy Dinber
Decapods
Benilbic Breders (H)
A Emtranan ERDE0TE 0494034 534058 10254023 = |73+ 02T = 1589049 = 1554 4036 = 1620 4042
P, narvegicus a0+ 039 HE3+mi2 BES 4025 9134028 = 1458+ 048 = 1458 +0.19 = 1565 4 048 = 1501 + 022
P, rypivlops ES0:0010 BRI +£Mm12 B0 20 BET £ 051 = 1552+ 0.8 — 16372019 - 15524059 — 15,78 + 056
Men-migrator macroplankion leeders | remil)
A eximia EA4T 045 793+ 0,30 T84 4050 AA5 4050 = 1621 £0.15% = 1805 5011 = 1720 4 055 = 17235 + 068
Al drmuimana 75320733 T2 024 TEY 048 7028 — 1589 005 — 1506 £ 06T — 1496 £ 023 —148% 114
P. marna TEI 2043 .35 4 DUED TAS 4054 TR L D50 = |9 £ 045 = 1687 £037 = 1693 £072 = 16568 4 (04
Migrator macroplankeon feeders {mM)
£ anticen TAG 2050 G653 2040 CELESE b — 1852 £ 048 — 1923 — 1820 4 D35
5 bty R3e 006 TAS L 025 A8 2047 LS = 1749024 =179} 2059 = 1864004 = 1846 4 DDA
Fishes
Benilhic Breders (H)
H, dactyloptenas 9354000 tel) 4 D23 A73 4026 863+ 050 = 17862004 = 173340213 = 1766 & (154 = 1725 +0,11
L kpidion 1006 2012 1022+£023 942037 1018 & 036 = 1657 £ 030 — 1682 £ 0.33 — 1802 5 024 — 1589 1+ 081
M, avgeaits 11.50 4037 VA0 & 02T 11,30 4026 U132 0034 = 15064 062 = 1758 L0775 = 168140592 = 1T 4+057
. blrromcides 1023+ 052 10,32 + 041 a7 & 047 1052 4 036 = 1B17 & 026 - 16922035 - 1685+ 0,79 = 64T + 0,33
T. scabruy 87T+ 093 965 +0.57 965 +0.50 10 & 060 — 1656+ 04 - 1677 £0.07 - 17241022 — 1689+ 0.75
Men-magratary macroplasikion leeders [mmbl)]
. meketomus 5234005 035 4 0,58 DI & 0.3 8534040 = 1BT¥4027 = 16884079 = 1761 40,11 = 65T 40,37
. feabicus EJ8 L0792 BG4 030 AT 4003 ADd £+ 034 — 1497 £ 0% —1RE £ 037 — 1481 £030 — 1471 031
M pesstanton 1065 £ 05 Tufd 4 UBD a0 4064 SRR £0I0 — IGEN £ 047 =17.77 L0105 — 1895 2071 = 189F + 041
Migratory macroplankton feeders {mM)
L erevodile BT 2089 FAFEAT 679 4097 T £ o — 1732 1007 — 1643 £0.00 — 1588 £ 038 — T84T + D42
Macrolauna
Irilauna
ASF 6732041 6584074 B34 4025 GET £ 022 = 1678 L0235 —~ I 2005 = 16594036 — 16794 DR
SDF Bl & 029 5.50 4 008 6304038 5334051 = 1718062 =17.3520.11 = 17.5940,10 = 17,384 068
Supraberithos
L BAT&074 B17 £ 043 6954043 B & D36 = 1943 & 046 = 1B =005 =873+ 038 = 1907 4 108
Omn ENion B2+ 033 406 2045 BN £ D9 -0 — 1RSI 2037 — 1508 £ 0,40 — X138 4 00
SeavhMlix 675 BTI-LDS] 655 4067 I L0010 = 1943 £ 039 = 10082 .34 = 1956 4 085 =187
SO .41 20851 7134 08% L4097 PR ] = 1952+ 018 ~1935:078 —-M159-4 076 = 19.9% 4+ 022
Tooplankicn
v 570151 5,554 102 BI04 106 B16:4 115 =19R1£ 114 =137 2050 =1953.&1.0 =194 £0.75
Dmn BS54 5 057 613 ST 2047 6214061 = 1931 £ 075 = 1831 = 1945+ 018 — 1981 £ 023
PO L7902 081 226 +0.52 LE9.4000 124032 — 1200019 —.15£052 -31920.08 —21.08 4+ 020

&'*"M maintained to October, An exception was the mixed scavenger
group, for which "N maintained around 6.75% from February to
JuneJuly and enriched 1o 963% in October. Temporal osallations
within leeding groups were greater for suprabenthos than for the
other macrofaunal compartments,

3.4.3, Sensonal trends in 6" N-&"C correlations

Correlations between 6N and 6'°C followed similar temporal
trends in the same trophic guilds of fishes and decapods (Fig. 6),
and were higher for benthic feeders of both taxa compared 1o the
rest of feeding groups. The maximal correlations of the year were ob-
served in winter for all groups. Correlations decreased slightly in all
groups from February to April, and afl contineed to decrease to
June/July, except for a small increase i B decapods. After June/July,
correlations declined to a yearly minimum in October: those declines
were of different magnitude for each trophic guild.

3.5, Correlation of 6''C signatures of megafauna with envirommentol
variables and sediment organics

For decapods. DisiLM performed on &''C of B explained 37% of
total variance, with variables selected including TOCE and Chlsau,
[Tabde 4). No significant model was found for nmM decapods. For

mM decapod crustaceans, 47E of total varance was explained by
lipids in the sediment.

Regarding Ashes of group B, TOCE and Chlis e, Wene again ex-
planatory variables (Table 4), which accounted for 13% of total vari-
ance, DistlM for nmM fishes explained 55% of wotal variance, with
selected variables including C/N of POM,.q. TOCE and chloropigments
{Le. chlorophyils and their degradation products) in the sediments.
For mM fshes, 95% of tedal variance was attributed to 5'C of POM,,
amount of chioropigments and content of lipids in sediments,

4. Dscussion

Thiis is one of the first atternpts to describe Toad webs for deep-sea
benthopelagic megalauna and seasonal trophic changes at  multispecies
bevel, We observed great differences between fish and decapods, the for-
mer usually with higher trophic levels, Within each taxon, the commamni-
vy was structured as a function of the position along the benthic-pelagic
gradient where megalauna species found their prey. Seasonal changes in
community struclure were ultimately driven by changes in food
reaching bathyal depthe Influence of vertical and horzontal Muxes of or-
ganic matter varied seasonally and differed amongst species from the
various trophic guilds. Although we studied benthopelagic megafauna
from the middle shope of the NW Mediterranean Sea, most of the
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speches/genera considered in our study are widely distributed in the
deep sea (eg Nemumdn spp., Lompanyens spp. Acomephyra eximia,
Polycheles ryphiops, Munida renuimanal, so our results may apply 1o a
broad context beyond the Mediterranean,

4.1, General food web structure of megofaung

The two main megafaunal taxa under study, fishes and decapods,
were clearly trophically segregated: fishes on average with higher

trophic levels than decapods (6'"N values for fishes ranged from
72T 10 11.31% and for decapods from 6,365 1o 9.7 25.), coinciding
with dietary data from gut contents (Cartes and Carrasson, 2004 ).
Several studies have revealed a strong positive correlation between
body size and "N [Cartes and Carrassén, 2004; Jennings et al.
20025, although relationships were weaker between species than
within species (lennings et al., 2001 ). However, decapods, with small-
er mean sizes than fishes, consume a variety of smaller prey items
{eg Cartes, 1998a; Fanelli and Cartes, 2004) with lower trophic levels
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Fig. 6. Seasomal trends in 6™ N=6""C product-moment {r) correlationn for the different feeding gulds established for megafsuna throughout the sampling period.

[Fanelli er al., 201 14, be Polunin et al, 2000 ). Fish diets tend to include
larger amaunts of fishes, decapods and cephalopeds (eg Carrassan et
al., 1992; Marte et al., 2002, usually with higher "M {Fanelli et al,
2012; own results) that has accumulared in more food web steps.
' was enriched In decapods compared to fishes, especially
amongst 8 groups of both taxa. The generally greater dominance of
benthic prey in the diets of decapods compared w those of fishes
from the samw trophic guild (see dietary references above ) likely ac-
counts for their 8"C enrichment, At bathyal depths, enriched &' °C has
been described for benthic macrofauna in comparison to soaplankion
[Polunin er al, 2000; Fanedli et al, 200 1a, b; Kiren ef al, J012;
Mincks et al, 2008; our resulis) as a result of the consumption of mi-
croorganisms, meiofauna and refractory organic matter {Amaro et al,,
2009; Cooday and Turley, 1990; lken et al 2001 ; Mincks et al,, 2008;
Roberts et al, 2001 ). Accordingly, plankton-feeding fishes and deca-
pods (eg Posiphora modtidentota, Stonios boa) showed similar 6'C
values due to the high consumption of planktonic prey and the
minor contribution of benthic species 1o their diets (Cartes, 1993h;
Roe and Badcoock, 1984).

Our data differ from those reported by Polunin et al. [3001) for
megafauna from the Balearic Islands. On one hand, organisms from
the Catalan Sea slope generally exhibited depleted 6N by 2-3%.

Table 4

Surnmary results of distance-based permutational midtivariate regression analysis
| DisELw for 6"'C sable isotope signatanes of different trophic guilds of decagod crus-
taceams and fishes with in gine tropic isdicators. Tetal varuability explained is in ball
Chlnfinub = Mesrescence 5 m above the sea bed; sed = sedimens; TOCY = peroenitage
of tetal organic carbon in sediments.

Predicior AC Psewdo-F Pealue T warisbiliy Eistal nes df
Drompods
Benahis feaders (B)
TOCE GRFY TG <0 i 3T 48
Chily s P.EE0 A0 D052 548 7 &7
Mon-migratcry macroplankion leeders {nmM)
o significant maodel
Migratory macreplankion Reeders (mM)
Lipidh.s =3L168 1715 0001 A7 4744 19
Fishes
Benithic feeders ()
Chlosms —-T1857 1859 OO 659 %L} 1]
T =T1006 553 [EELFR) [RIF e E
Mon-migraléry macroplankton feeders {nmbi}
TN at0mic.s ILTEE 13T N prl] 286 MW
ToCE 271 16.16 0001 2342 438 n
(hlropmenis,  |.2098 L] [HIE] 658 5496 30
Migraory macrsplsnkisn feeders (ma)
6"Chea -3851 1L 000 4652 652 14
Chlscopigments,; - 27831 4280 <0001 438% go4s 13
Lipidhs, 11262 1233 D11 i\ B 12
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Depletion in sedimentary &M from the Catalan Sea slope [Fanelli e
al. 200 1a; our results) compared o the Balearic lslands [hy -2.5%
see Jefreys er al. 20011) suggests that it is a variation in the food
source, rather than a difference in TL of the large consumers in the
areas” foodd webs {Polunin et al, 2001), what leads to depleted con-
sumer isotope ratios in the Catalan Sea slope. Besides organic matter
from surface production, terrigencus matter and matter exported
from the shell contribute to food imputs to the Catalan Sea slope
{Fanedli et al, 201 1a), leading to sedimentary &'*N depletion. Instead,
GV values in surficial sediments of the Balearic Islands close o 4%,
are typical of phytoplankton [Pantoja et al, 2003, Harmelin-Vivien
et al. 2003} and point to vertical inputs from surface production as
main food source. Therefore, differences in food sources are likely re-
lated to the relative contribution of river discharges in each area
{Cartes et al_ 2004). The &"*N depletion in the food source of the
Catalan Sea slope would propagate through ascending trophic levels,
as evidenced by depletion in 6N by =1=2%, of some macrofaunal
groups (Fanelli et al, 2008, 2011b], Additionally, greater sampling
depths (Mintenbeck et al, 2007) and larger sizes of organisms of
the same species (jennings ot al, 2002 ) in the work by Polunin et al
{2001 ) {Polunin, NV.C and Pinnegar, |LK. personal communication)
should contribute to the relative enrichment in &'°N observed
amongst megalaung of the Baleanc [slinds. The same species of
megafauna on the Catalan Sea were penerally 6 'C-enriched relative
ter those of the Balearic Bslands (Fanelli and Cartes, 2008: Fapelli and
Cartes, 20010; Palunin et al, 2001 ), but no & 'C enrichment was ob-
served n primary consumer macrofauna (Fanelll et al. 2009,
2011bk). Therefore, this phenomensn may rather be explained by
the greater dominance of enriched benthic prey in the diet of mega-
fauna from the Catalan Sea Slope (eg comparing diets of Plesionike
martin in the Catalan Sea Slope: Cartes, 1993a; and in the Balearic
Islands: Fanelli and Cartes, 2008; and of A antennetus in the Catalan
Sea Slope: Cartes, 1994; and in the Balearic Islands: Cartes et al,
2008} likely related o greaer abundanoe of benthes (Cartes et al,
2004, 2008; Maynou and Cartes, 20060),

4.2, Feeding guilds and resource use

Within each taxon, species exploiting similar resources presented
stmilar combinations of "N and 6", amd tee main wophic differenti-
ation depended upon the bevel in the water=sediment interface where
specific fsh and decapods found their peey, as shown in other dietary
studies (Carrasson and Cartes, 2002; Cartes, 1998a). We established
wophic guilds based on detafled information on diets of both bathyal
crustaceans and fishes in the sestern Mediterranean [see refer-
ences above). Resulting wrophic groups were benthic feeders () and
macroplankton Feeders, with migratory (mM) and non-migratony
{nmM) species treated separately n the laner group, Although these
classifications of species are simplifications, becawse of the high
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diversity of prey consumed {Cartes and Carrassdn, 2004; Macpherson
and Roel, 1987; Mauchline and Gordon, 1991}, the guilds established
did prove to be segregated in terms of 6N and &"°C. confirming that
trophic guilds consist of species exploiting refatively distinct classes of
resgarces [Jaksec, 1981 ). Greater overlap of trophic suilds amongst fish-
s, essentially of wmM with B, compared to decapods suggested more
similar diets, Indeed, greater dietary overlap ocours amangst benthic
and henthopelagic fecders [Carrassin and Cartes, 2002; Macphersan,
1981 than amongst pelagic feeders. However, through SIA we could
nat identify the niche dimensions (eg swimming capacity, size of
prey consumed) that could be important in establishing resource
partitioning [Carrassén and Cartes, 2002; Macpherson, 1979), especial-
Iy amongst Ashes that have access to a large array of prey types and
sizes (Cartes, 19982, Cohen et al, 1993,

For both taxa, B species were located closer to the top of the tro-
phic web, whilst mM species were at the other extreme presenting
the most depleted &'*N and &', The mM consists of mesopelagic
species that feed on planktonic prey and perferm diel vertical migra-
tions for feeding. og pasipheid shrimps (Cartes, 19930), Plankionic
macrofauna are mainly influenced rophically by OM from surface
production (Fanelli et al, 2001h) rhat is depleted in both 6'*N and
6''C In comparison o recycled sedimentary OM (Fanelll et al,
2011a; Mincks et al,, 2008). mmAd occupied an intermediate position
in the food web based on isotope composition, indicating that these
species comsume both benthic- and plankton-derived material
{Davenport and Bax, 2002; Pinnegar and Polunin, 2000). Both &'*%C
and &"*N became more enriched in species with more benthic diets
{Cartes et al, 2007: Tken et al, 2001). The weak discrimination
amodgst species within the fish B group was likely due 1o the high
complexity of the benthic food web, which has several trophic levels
amongst macroinfaunal organisms lving in the top few centimetres
of the sediment (Fanelli er al, 2011a; lken et al, 2001}, Thercfore,
we could not resolve subtle differences in the diet of benthos-
feeding fishes, for which stomach content analysis remains an irre-
placeable methodology. Yet, SIA was very effective for identifying
the trophic positiens of organisms within the BBL community.

The strong Botopic segregation between pelagic and benthic
feeders suggests the existence of two trophic webs with different
starting poants. The use of the same baseline to estimate trophic levels
af species therefore appears rather inadequate (in agreement with
Post, 2002; Fanelli et al, 2008}, As recommended by Vander Zanden
and Fetzer (2007), we considered a species of zooplankton feeding
an POM as a bascline for the pelagic food web, Le, the thecosomate
gastropad Cymbulia perand, which is very abundant over the middie
slope of the Catalan Sea (Paplod et al, 2012) and has an annual
mean &'*M of 265 (representing TL 2). Instead, the bassling for the
benthic food web should likely be represented by small, selective, surface
depasit feeders [T 2) such as the dominant suprabenthic cumacean
Lewgon longirosris or the ophiuroid Amphipholis sqearmaio (Fanelli et al,
201 1a), with mean annual & °N of 4.5%; and 4,15, respectively, Assum-
ing a trophic enrichment of oo, 3% per TL (Caut et al, 2007; Minagawa
and Wada, 1984; Past, 2002}, both traphic webes would have 3 trophic
levels, with Alepocephalus rostranes and Nezmia oequalis as op preda-
tors for the pelagic and the benthic web, respectively.

Slze was also important in community seructuring of fishes and
decapods [to a besser exient); organisms of different sizes feed on
prey of different sizes. Small fish species, ie. Hymenocephalus ffalicus,
Catoetyx alfeni, and juveniles of Galeus mefostomus, had enriched &'%C
and depleted 6"*N compared to large fishes. Small fishes, with refa-
tively low swimming capacity, seemed o select prey from the
water-sediment interface of the BBL [Carrassdn and Cartes, 2002 ).
Therefore, 5°C enrichment in small fishes is likely related o specialsed
consumpgion of relatvely enriched benthos or suprabenthos, whilst con-
sumption of smaller prey (with depleted 6'"M) may account for their&'*N
depletion. Amongst decapods, larger species within trophic guilds had
maore enriched 6N than smaller ones (eg G longipes versus v ocouchi),

Dhrect comelation between size and trophic level (6] was not abways
apparent: prey type and degree of spocialisation were also important Fac-
tors setting 6'M. As in studies in other areas (Cartes et al, 3007; Polunin
ef al. 2000 ), we observed very high trophic keved for the small crangonid
shrimp Pontophilus marvegicus and for the relatively small macrourid N,
cequalis; bath are B species with remarkable contributions of polychactes
o thear diets [Cartes ef al., 2007 Fanelli and Cartés, 2000; Macphersan,
1979, Accordingly, Fanelli ¢t aL (20113} measured &N of 14 different
taxa of polychactes that ranged between 6% and §¥a

Additionally, specics patentially feeding on very similar prey (as de-
rived from &6'C signamures) (eg P martio and A eximia, M. pokmassou
and A restrodus) have different bathymetric centres of distribution
(Cartes, 1998a; Papiol e1 al. 2012). Even though our sampdes came frem
a relatively narmow depth stratum, bathymetric segregation also contrib-
uted o community structuring, probably enhancing respurce partitioning
and minimising competition {Carrassdn and Cartes, 2002; Cartes, 1998,
1908k Macpherson, 1981, Minimisation of competition in resource
use may be essential wecological sucoess of species in food-limited envi-
romments {Tken et al, 2000; jelMreys of al, 20098, and i probably a oru-
cial Bactor allowing dominance of decapods and fishes in the deep
Mediterranean {Cartes and Carrassan, 2004; Papsol et al,, 20012,

4.3, Influence of food inpuis

4.3.1. Seasonal changes in resource use

The strong comelations between "M and 6" ( February to fume july)
(Fi. Sa=c: Fig. 6) followed peaks of surface production (5P). observed in
the study amea between February and Aprl (see satellite data in
Mamouridis et al, 2001 This points to OM from the phatic zone,
from phytoplankion to mesozooplankion production, being the main
source of food supporting the community (Beaulieu, 2002, Buscail et
al., 1990; Miguel et al, 1994: Sanchez-Vidal et al, 2008), Dependence
of decp-sea megafauna on surface production has been already
reported both at bathyal {Polunin et al, 2001) and abyssal {Drazen,
2008; Stowasser et al, 2009} environments. Fanelli et al. (20114, b)
discussed the dependence of both the bathyal benthic and zooplankton-
i macrofanal commaunities on materal denved from SP (Le. phyto-
plankton and associated sooplanktonic production) in periods of
water colummn homogeneity, with macrofama channelling the OM 1o
megafauna {Cartes and Maynow 1998; Stowasser et al, 2009), Weaker
correlations ocourring under conditions of water column stratification
and low production, in Octaber (Fig. 6) lor all traphic guilds, indicates
a wide array of sources of production sustaining the assemblages
{(Fanelli et al, 20114,b) ence the main yearly input from surface produc-
tion has decreased. [n this period, advective phenamena have been doc-
umented in the study area (authors' unpublished data) thar may
increase the array of foad sources available by carrving materials from
the shell and by resuspending OM from the bottom (Kitrouer et al.
2006,

Amongst trophic guilds, the most generalised pattern was &'C
depletion from winter o spring and summer, a tendency especially sig-
nificant in reM decapods, This phemomenon sugeests more dependence
on pelagic production, On one hand, the gencral pattern of depletion
could be associated with increased availability of gelatinous or small
plankion in winter-spring (Cartes, 1998h; Cartes et al., 2010a) and, on
the other hand, with great abundance of mesopelagic macroplankion/
micronekion crustaceans in summer (Cartes of al, 19494, 200 06), This
agrees with the fact that strong seasonal changes in the diet of
slope-dwelling fishes are due (o esdllations in pelagic resources that
show larger seasonal fluctuations than benthic prey [Cartes et al,
20ob; then ef al, 2001; Mamouridis et al, 2011; Mauchline and
Gordon, 1991), On the other hand, ontogenic migrations from
mid-water to the BEL linked to changes in the dict from more pelagic
o benthic dietary habits have been reponted for same species (mM)
{eg Lompanycnes crocodifus: Stefanescu and Cartes, 1992; Posiphoen
nudridentote; Cares, 194953h). Therefore, amival of organisms from the
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mesopelagic domain could account for some of the 830 depletion ob-
served under stratified conditions [ Summer-auturmin ),

Regarding trophic level of benthopelagic assemblages, we found a
rendency toward enriched &'N in October under sorarified conditions
rhat was especially apparent amongs flsh of group B 6"N enrich-
ment is consistent with greater avallability (and consumption) of
&' *M-enriched suprabenthic prey in summer {Faneili et al, 2011ab;
own results) and again with large macroplankton-micronekton in
summer-autumn {Cartes, 159880, 3010a). In fact, fishes rely intensely
on suprabenthos for feeding (Carrassdn and Cartes, 2002; Fanelli and
Cartes, 2010; Morte et al., 2002}, and some B fish can transitorily
change trophic guild in order to take advantage of seasonally abun-
dant pelagic resources (eg Macpherson, 1981; Carrassdn and
Cartes, 2002 Cartes et al. 2008). Accordingly, bathyal megafauna
seerm to show strong preference toward pelagic prey when they are
available. The selection of such switching is probably enhanced by
the high energetic value of pelagic prey (Cames, 1998ab: Madurell
and Cartes, 2005}, This pattern of enrichment was not observed in
all group B fish, and only 3 (Helicolenus doctyloprerus, Trachyrliynchus
scabrus and Phycis iennoides) out of 5 species evidenced 5N enrich-
ment in the summer-autumn period. More detailed explanation of
species-specific dynamics requires a parallel analysis of dietary
changes of speoies based on gut contents. Outside the objectives of
this paper, that will be performed in the future.

Despite the importance of the input of new production after the
late winter-spring 5P bloom. scasonal changes in 68 did not
amount to the canonical changes of trophic level that are generally
assumed o be ca. 2.4 to 3% (Caut et al., 2007, 2009: Minagawa and
Wada, 1984: Post, 2002}, but oscillations in &N were rather low
= 1%, and the basic structure of deep-sea food webs (eg its length)
scarcely wvanied during the year, Deep-sea food webs are based on
complex interactions amongst species. which in general have very di-
versified diets and high levels of ommnivory (dietary H =5 for
Aristeus anfennatus: Cartes, 1994 ), Those factors will reflect in isobo-
pic signatures over time, depending on the tissue tumover rates of
the species. Linked to this, smaller seasonal oscillations in 6N of
fishes with respect to decapods seem to be related with different
rates of assimilation and the time required for equilibration of iso-
topes, which depend on the traphic levels and/or sizes of taxka [see
Hessleln et al. 1993; Schmide et al., 2003; Sweeting et al., 2005)
Large long-lived teleests and elasmebranchs have lower turmover
rates than small shori-lived decapods, especially some of the
macrozecplankion we have analysed (eg Sergestidaz, mM), with
longevity around 1-2 years (Franqueville, 1971].

4.3.2. Fluxes of POM sustoiring the commumnity

Previous discussion points to changes in the type of prey con-
sumed as the main factor driving seasonality in the isotopic signals
of the highest trophic levels in the Catalan Sea, Changes in the diet
of megalauna have bewn associated 1o availability of their prey in
the environment (Cartes et al., 2008; Fanelli and Cartes, 2008], Ac-
cordingly, seasonal changes of megafauna assemblages structure are
mainly coupbed 1o seasonal changes of 2ooplankion and 5P [Cartes,
1998h; Paplod et al, 20023}, Peaks of different macrofauna compart-
ments have been linked to the input of srganic compounds associated
with the fluxes of FOM (e.g. benthos: Buscail et al, 1940, meiofauna:
Cartes et al, 2002b; copepods: Rlaux-Cobin et al, 2004). Here we
attempted to find main relationships between megafauna (fish and
decapeds) and the different fluxes of POM (vertical and advective)
by linking different compounds to the &'C signatures of predators,
These links most lkely oocur through consumption of prey that rely
on specific inputs of OM, as observed by Stowasser et al. { 2008).

Temporal trends in isotopic signatures of both group B fishes and
decapods were associated [in DISTLMs) o TOCE in sediments and
sy, 1he Last being related with phiytedetritis deposition as docu-
mented over the Catalan stope (Riaux-Gobin et al. 2004], These nwo

variables exert greal inflluence on population dynamics ol benthic
macrofauna, e infauna and suprabenthos, main prey of group B mega-
Fanna. High Chis s, in February, from the amival of OM derved from
phytoplankion bioom (Beaulbeu, 2002), Gvoured the proliferation of
macroinfugal xa feeding a0 the sediment-water interface over the
slope, eg Abra fongicellus (Faneldli et al, 20011a), The same peak of
Chis n enhances proliferation of the main prey ts (Le. copepods and
euphausiid larvas) for camivorous suprabenthos (Buscail et al, 1990;
Cartes of al, 20001, 2002h}, even as deep a5 2300 m on the northwestern
Mediterranean slope (copepod naupdii: Guidi-Cutlvard et al, 2007),
which take an increasing role in the diet of group B fishes after February.

TOCE is generally considered a2 good indicator of the quality and
availability of food for benthos [Beauliew, 2002; Danovaro et al.
19495). Abundance and biomass of benthic organisms are directly re-
laved to the amount of food reaching the sediment surface {Gooday
and Turbey, 1990 and references therein), and TOCE was linked 1o
higher densities of deposin feeders along the Catalan skope (Carnes et
al.. 2010a; Mamouridis et al.. 2001).

TOCK was also an explanatory varlable for nmM fshes. rogether
with C/N of sediments, Although CN has often been associated with
lipid content. this was not fully supported by our data, because we
observed very different temporal patterns between these two vari-
ables. Instead, C/M - 5 during maost of the period points to highly nutri-
tive and casily degradable OM of marine origin {Buscail et al., 1990).
Maximum C/N in June/July inside canyons [(C/H - 10) suggests amval
of terrigenous OM (Meyers, 1997); either degraded or largely
remineralised. Due (o the very mixed nature of the diets and behay-
pours of mmM group animals, significant models were obtained for
fish but not for decapods.

Additionally. platoplankton pigments had substantial importance
in explaining the dynamics of isotopic compasition for macroplankion
feeders (bath mM and nmM ). due totheirstronger link to vertical inpasts
of POM through their zooplankton prey (Beaulieu, 2002; Fanelli et al.,
201 1k Riaux-Gobin et al, 2004 ). lsotopic dynamics of mM (bath fish
and decapods) were also related with lipids in the sediment, Addition-
ally, for the mM fish, §"C of sediment OM and the sum of all chlora-
phylls (degraded and undegraded) were alse important. Lipids are
impartant constituents of phytodetritus (Fablano et al, 1993, 2001),
with high and easily degradable energetic content. Given the significant
amounts of lipids in phytodetritus and marine snow | Rlawx-Cobin et al,
2004 ), inpart of phytedetritus after the surface bloom constitutes an or-
ganic flux of a large amount of labile OM (Buscail et al, 1990;
Hiaux-Gobin et al, 2004}, which may sustain the rapid metabolism of
planktonic fauna, the main prey of mMd megalauna (Buscail et al,
1994 Gooday and Turley, 1990],

Deposition of chloropigments in the sediment after spring under
lew turbidity conditions. suggests they might be available in
winter-spring near the water-sediment interface, where they might
b imgested by zooplankion In the Guil of Lions, nauplivs abundance
has important interannual variations related with turbidity condi-
tions and the Mux of partiches over the shope (Guidi-Cuilvard et al,
2007 ). In agreement, high turbidity, associated (o the formation of
nephelodd layers in winter and spring, was reported in the Catalan
Sea [Paplol et al, 2012; Pukg and Falangues, 1898},

5. Conclusions

Trophic web dynamics deduced from stable isotopes yield similar
temporal pattemns [ homogenised versus stratified water column congdi-
tione} as have been found by gut cantent anakysiz of the structure of fish
and decapod communities, Strong correlations between &' *M and &'
were oheerved in perieds of water column homogeneity (February
and April, fellowing peaks of surface primary production ), whilst weak-
er carrelations were observed in July and Dctober (stratified watersy
The Lanter indicates 4 diversification of sources of production, Species
rend to be organised in mophic gullds from depleted (groups m.
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nmM) to enriched (groups ) 4"'C. Segregation amongst guilds was
clearer In decapods than in fish, because decapods oocupy a lower (ro-
phic bevel (on average), and they are closer to primary food sources,
Mast generalised seasonal patterns of &''C depletion and 5'* N enrich-
ment agree with the patterns of macrofauna production and availability
for megafauna, As important constituents of phytodetritus, lipids found
in sediments and Chisa., were explanatory variables for the &'°C com-
position of megafauna, especially for the mM groups, whilst E£TOC
explained seasonal isotope vanability in B groups, with bess evident re-
lationships for nmM groups due to the mixed nature of their diets. The
indicators of the importance of inputs of material from surface produc-
tion to the dynamics of megafauna, together with the pattern observed
in A"C-6" N correlations, emphasised the large contribution of mate-
rial derived from the SP bloom in sustaining bathyal megafauna, Some
general tendencies in deep sea food-webs can be deduced by S8 How-
ever, nevealing the detailed species-specific trends will require the anal-
yses of gut-contents that are stll in progress (authors” unpublished
data),
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Appendix A Groups of macrofauna with abbreviations for species
included in each group, their prey and specification of the sources
of information

Gt Speies Matit prey Senifee
Suprabeerel b
Camivare on sooplankion (Sopra-CE)
Amphipods  Mippe tumide  Copepods Famelli ef 4, 3005
Amphipoda  Rhachoiropis Copepods Cartes et al. 20010
caeca”
Amphipods  Rhachaleopis Copepads Cartes et al., 2000
grimaldi
Amphipods  Rhacholropis Copepods Cartes et al,, 2001
Fostrata
Amphipods  Sprhos affings Copepods, Famelli et al, 2009
gelarinms
Mcnogonids  Pollenopsds
soparia
Dmaivane [Supra-Oennj
Mysrdacea Borromynin Crustaceans, Caries and Sorbe, 1958
arvtion® defritus,
phytoplanksan
Preditor (Sapra-T')
Tanpals Gmarhia Famedli et all, 2009
muzxillanis
Scavenger (Supra-Scav)
Isarpesdla Natatolano Seavenger Kam-Malka, 1997
ol

Appendix A iconrinurd)
Group Species Main prey Cource
Scavenger Mix | Supra-Scaviio
Amphipoda  Eusine longipes”
Aamphi poda Sropeiocheinm [etritus, Cartes of al_ 2000
] Polychacta
Amphipods  Tmelonys
s
Surface Deposst Feoder {Supra-50F)
Amphipoda  Bathymedion
acwifromns
Amphipoda  Bathymedon
Bamyulsens
Amphipoda  Bathymedon Detritus, Cartes et al. 2000
fongiroelris Foramindlerans
Amphipods  Busefio feplos”  Detrious Farefli et al., 2008
Decapoda Cofocaris macemdreor [small]
Aampdi poda Harpimia spp. [etritus, Famelli et al, 2008
meiobent how
Cumaicd Lo DeEritus, Cartes f al., 2000
longirosirt meiobenthos
Cumaiea Makroylimirus pbrolrorenss
Isopada Mummopsiums Detritus, Elizalde et al, 1995;
nfkealives foramindlerans  Cartes ot al. 2000
Amphipods  Oedicrropai
Brevicormis”
Amphipoda  Tryphouies Detritus Famelli et al, 2009
uffeni®
Amphipoda  Tryphosiic Detrits Famefi et al, 2009
longipes*
Zooplankion
Cammivore on zooplankion { foop-CE)
Osteachiliyed  Angrmopefeciol hemygimiis Kanped andl Schiile. 1988
Saphonophora  Oeefophye Purcefl. 1981
appendindang
Osteachthyes Cyolathane Copepods, Famelli et al, 2005
brouen™ oadracodsy
Dspeachilyges Cyclothaiie Farili & al, 2009
FrEman
Chaclognatby  Chaetognatha® Pradre, 1080
Copepesdy Carmdmois
fevesmang
hyadacra Eucopie benseni Hoplkins et al., 19594
Decapoda Gemnaday Copepods Cartes et al. 2002
elepgan”
Osveachatyyes  Lompanyons crecedilus | juvendles)  Stefanescu and Carres,
T
Fuphumisiacea  Memofoscelis Copepods Fareeflli ot al. 2009
m‘
Hytlrozoa Freriphylia Samnes et al. J008
periphylis”
Omnivore | Zoogpl-0mn)
Cupbumsiacea  Megarnyciisiphane moregics” Onarud and Kaartvedt,
L]
Feeding in Particulate Ovganic Matoer (Zoopl-POM |
Copepada Cofanees Phytoplankton  Corner et al. 1972
helgodomdfous
Gaaropada  Covolifiin inflens Gilmer and Mattivon,
1986
Catropoda  Cymibulia peroni™ Cilmer, 1972
Amphipods  Euprimns hladiin and Harbison,
mRECTOp 1977
Thaliacea Pyroiodng Dirits & . 1992
arkmticem
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Abstract

Trophic dynamics and biological cycles of fish from the middle slope of the Catalan Sea
(Balearic Basin, NW Mediterranean) have been investigated. Samples were collected
on a seasonal basis from 600 to 1000 m depth between February 2007 and February
2008. Gut contents of 7 species from several families were analysed and weights of
gonads and livers and C/N ratios of muscle were measured. Additionally, food
availability was estimated through analyses of densities of potential prey and of
indicators of organic matter sources. The trophic structure of the community was a
function of the size of predators and of the bentho-pelagic gradient of the water-
sediment interface where megafauna find their prey. Fish species fed upon benthos,
hyperbenthos and zooplankton, showing preference towards one of these categories.
We established three trophic groups: benthic feeders, non-migrator macroplankton
feeders and small-sized fish, the latter group mainly feeding on hyperbenthos and
small macroplankton. Dietary overlap increased from April to June/July among benthos
feeders and small-sized fish, which consistently changed diets from April to June/July.
Benthos feeders increased consumption of hyperbenthos and detritivores, and small-
sized fish increased consumption of more mobile hyperbenthic and macroplanktonic
prey. Among planktivores, dietary overlap was low and increased in June/July
concurring with greatest feeding intensities. Dietary overlap decreased back in
October, when diets of macroplankton feeders changed significantly to eating
mesopelagic decapod species of different sizes. Feeding intensity (gut fullness, F) was
related with food availability. The F values of benthos feeders were related to TOC% in
the sediments, to surface production 2 months before the sampling, and to the

abundance of benthic/hyperbenthic polychaetes and mysids. For plankton consumers,
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lipids in the sediment were the most important explanatory variable, and F was also
related to the abundance of the mesopelagic shrimp Pasiphaea spp. F of small fish
species was also related to C/N of muscle. Food availability partially controlled
temporal trends in gonadosomatic index. Also, increased feeding intensity preceded
increases in gonadosomatic index, but different reproductive strategies and energy use
were deduced from the relationships between the gonadosomatic and different
biological indices in different species. Most fishes reproduced between autumn
(October) and spring (April/May), with different timing of reproduction between

species feeding on the same prey resources.

Keywords: Deep Sea, benthopelagic fish, diet, reproduction, seasonality, food

availability.

1. Introduction

The bathyal domain of the Catalan Sea (NW Mediterranean) is a food-limited
environment with communities of megafauna dominated by benthopelagic fish and
decapod crustaceans. Decapod crustaceans dominate the middle slope of the NW
Mediterranean Sea in terms of numerical abundance, and fishes represent the largest
biomass among all megafauna (Cartes and Sarda, 1992; Stefanescu et al., 1994; Papiol
et al., 2012). Despite this difference, these two taxa of the middle slope around
Catalan canyons consume similar amounts of food annually and play leading roles in
the consumption of virtually all macrobenthic and macroplanktonic production (Cartes
and Maynou, 1998). Over the middle slope, fish communities are dominated by
relatively small species, such as macrourids and Phycis blennoides (Stefanescu et al.,
1994), with diets of benthic and hyperbenthic macrofauna. Only large specimens of
some species (e.g. P. blennoides and Trachyrhynchus scabrus: Macpherson, 1978;
1979) and some sharks (Fanelli et al., 2009) also prey on larger fauna (decapods,
cephalopods and other fishes). Dominant fish species on the middle slope have mixed
diets based on benthic and mesopelagic prey, although with a distinct preference
toward one of these categories (Mauchline and Gordon, 1986; Fanelli and Cartes,
2010). In general, there are high levels of trophic resource partitioning over the middle
slope of the Mediterranean Sea, allowing species to coexist despite the oligotrophy of

the ecosystem (Macpherson, 1981; Carrassén and Cartes, 2002; Madurell and Cartes,
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2006; Papiol et al., 2013). Usually, species inhabit and feed at different depths in the
water column and feed on different prey sizes (Carrassén and Cartes, 2002).
Nevertheless, seasonal changes in dietary composition of deep-sea fish take place
(Madurell and Cartes, 2005; Fanelli and Cartes, 2010) and resource partitioning is
weaker during some periods due to transitory abundance peaks of specific prey
(Macpherson, 1981). In the northwestern Mediterranean, consumption of pelagic prey
follows the significant seasonal fluctuations in abundance of pelagic macroplankton
relative to benthic macrofauna (Mauchline and Gordon, 1991; lken et al., 2001; Cartes
et al., 2010a; Mamouridis et al., 2011). However, seasonal variations in macrofaunal
prey do not affect all predators equally, and responses are stronger and faster in
species consuming pelagic prey rather than in benthos feeders situated at the top of

deep-sea trophic webs (Macpherson, 1981; Fanelli and Cartes, 2010).

Fluctuations in the abundance of macrofauna are related to variations in the organic
matter (OM) inputs upon which they feed (Cartes et al., 2002; Guidi-Guilvard et al.,
2007). In the study area, the main OM input to bathyal depths is the vertical flux of
particles originating near the surface (Fanelli et al., 2011a,b), which is greatest after
the late winter surface blooms when the water column is homogeneous. Low particle
flux is associated with periods of stratification that usually extend from April to
November (Miquel et al., 1994). Additionally, advective currents through submarine
canyons in the study area play a role in food availability, either by carrying organic
matter across the slope or by resuspending OM from the upper sediment layers. These
advective fluxes also vary seasonally with discharge rates of continental run-off
(Monaco et al., 1990; Buscail et al., 1990), with cascading events in the Gulf of Lions
and with changing water column conditions along the NW Spanish coast (Canals et al.,
2006; Palanques et al., 2006; Cartes et al., 2010b). They are greatest in spring and

least in summer.

In a fairly constant physical environment such as the deep Mediterranean Sea
(Hopkins, 1985), the temporal oscillations in food availability have often been
proposed as drivers of the biological cycles of deep-sea species (Cartes and Carrasson,
2004). That agrees with the idea that seasonal reproductive processes respond to the
natural fluctuations in environmental factors (Gage and Tyler, 1991). An expectation
that biological processes would be constant in the theoretically constant deep-sea
environment (Orton, 1920) has been revised over recent decades, and both seasonal

and continuous reproductive patterns have been found in slope fauna, and specifically
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among fish (Gage and Tyler, 1991; Martino et al., 2001; Rotllant et al., 2002; Drazen,
2002a; Tsikliras et al., 2010). The relationship between biological cycles and cyclic food
availability on the middle slope of the NW Mediterranean Sea has been established
repeatedly for macrofaunal groups (Cartes and Sorbe, 1996; 1998; Cartes, 1998a).
Among megafauna, cyclic recruitment patterns of detritivorous species have been
linked to pulses of food (Ginger et al., 2001; Hudson et al., 2004; Howell et al., 2004),
but few studies have tackled this issue in deep-water predators. Some authors have
related the biological cycle of bathyal benthopelagic shrimps to changes in their
feeding habits (Fanelli and Cartes, 2008; Cartes et al., 2008), showing greater
consumption of energetic prey during gonad development in pre-reproductive periods.
Biological cycles of benthopelagic shrimps have also been related to vertical fluxes of
organic matter reaching bathyal depths (Puig et al., 2001; Cartes et al., 2008), and
delayed responses to blooms in surface production have been observed. Nevertheless,

this issue remains largely unexplored in deep-sea benthopelagic fish (Drazen, 2002a).

Studies on the biological cycles of fish have usually focused on single species or species
from the same families, and reproduction studies for species from different families
have barely been addressed. Mainly based on shelf and pelagic fish species, Tsikliras et
al. (2010) described a global pattern of spawning by fish in the Mediterranean Sea in
spring and summer months. Nevertheless, no consistent pattern has been found in
reproductive timing of deep-sea fishes, and distinctive species-specific timing of
biological cycles of coexisting slope fish is usual (Massuti et al., 1995; Rotllant et al.,
2002). If food availability was the most important factor controlling reproduction at
bathyal depths, synchronised reproductive cycles of cohabiting species with
contemporary inputs of organic might be expected. Therefore, the species-specific
timing observed suggests that seasonal availability of energy does not affect all species
reproductive processes equally. The diverse interspecific responses to seasonality in
relation to the feeding preferences (Macpherson, 1981; Fanelli and Cartes, 2010) of
each species could have some effect on their timings of reproduction. In addition,
some biological aspects related to energy allocation and use could be responsible for
these differences. Besides, segregation of spawning in time and/or space could be
useful for avoiding competition among offspring and thus increasing reproductive
success. In fact, current data seem to indicate the existence of a common pattern of
partitioning in recruitment grounds according to season and/or depth of closely

related species.
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In our study of middle-slope fish we aimed to

i) identify the trophic and reproductive seasonal patterns of the whole fish
assemblage,

ii) determine the coupling between the trophic dynamics and the reproductive
cycles,

iii) determine the main food sources driving their trophodynamics and

reproductive cycles.

2. Materials and methods

Data describing diets and gut fullness of seven species of dominant benthopelagic fish
of the middle slope of the Catalan Sea (Balearic Basin, NW Mediterranean Sea: Fig. 1)
were obtained using bottom trawls and analysed on a seasonal basis over a one-year

period.
2.1. Study area and sampling strategy

Five multidisciplinary surveys distributed in the four seasons of a calendar year were
performed between February 2007 and February 2008 (BIOMARE B1, B2, B3, B4 and
B08) at depths ranging from 423 to 1175 m within the project BIOMARE.

41.4
41.3

Buscamd
41.2 Fend Serola
41.1 4

“‘q,*r %% Abissinia
41 "3%

1.8 2 2.2 2.4

Fig. 1. Study area and sampling sites (grey)
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Three stations in an open slope area located on the fishing ground known as Serola
were sampled along the isobaths close to 650, 800 and 1000 m, except in April when
no samples were collected from 1000 m. In addition, sampling was performed inside
the Besos submarine canyon, a site locally called E/ Buscarré ground at ca. 600 m depth
along the canyon’s southern wall. Two different fishing gears were used for sampling.
Nineteen hauls were performed using a semi-balloon otter trawl (OTSB-14) (Merrett
and Marshall, 1981) from the oceanographic vessel Garcia del Cid. Twelve hauls were
carried out on board the commercial vessel Stella Maris 11l with a commercial trawl
(CT), gear locally called “bou”. Features of these trawls are detailed by Cartes et al.
(2009). Samples collected by OTSB-14 were in taken in February, April, June/July and
October 2007, and February 2008. Details of the OTSB-14 samplings can be found in
Papiol et al. (2012). The CT was only used at two stations (Buscarro at ca. 600 m and
Serola at ca. 800 m), and those tows were performed on dates close to OTSB-14 tows

(2007: March 6, May 11", June 25", July 19", September 17" and December 28™).

All hauls were carried out during daytime (06:58h — 20:55h GMT). The time on bottom

of each haul ranged between 45 and 90 min at a towing speed around 2.6 knots.

Samples of surface sediment (0—-2 cm depth) for analysis of particulate organic matter
(POMseq) were collected with a multicorer from the 600 and 800 m stations throughout

the sampling period. Sediment was immediately frozen at -20 C for later analysis.
2.2. Analyses of stomach contents and biological parameters.

All benthopelagic megafauna collected was identified to species level, counted,
measured and weighed, either on board or at the laboratory. Specimens were

immediately frozen at -20 2C for future analyses.

At the laboratory, we analysed the biological parameters of 1503 fish belonging to the
seven species dominating the slope assemblage (Table 1). Only adult individuals of
most species were selected for analysis, but we distinguished two age classes
(juveniles and adults) for Galeus melastomus and Trachyrhynchus scabrus. All
individuals were sexed and weighed (£0.001 g), and total length (mm) (pre-anal length
in the case of macrourids) was recorded. Stomach content, liver and gonads were
removed and weighed (+0.001 g). The food items were identified to species or to the
lowest feasible taxonomic level, and their weight after drying with blotting paper was

recorded to the nearest 0.1 mg. Although analysis of gut contents has limitations
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(Pinnegar and Polunin, 2000; Fry, 2006; Fanelli and Cartes, 2008) that are especially
intense for the deep-sea (e.g. hydrostatic decompression regularly results in
regurgitation of prey in some deep-sea fish), they provide a great deal of information
on gut fullness variation, on specification of prey and of trophic effects of the density
and distribution of both food sources and consumers. Intestine contents were
analysed for species in which a significant number of stomachs were everted (i.e.
juveniles and adults of T. scabrus, and adults of Phycis blennoides). Prey in intestines
were more broken and digested than those in stomachs, but hard parts (otoliths,
mandibles, etc.) allowed prey identification, sometimes to species level. Due to greater
digestion, prey remains in intestines were strongly mixed, and direct prey weighing
was impossible in practice. For this reason, for intestines the percentage volume of
each prey was estimated by the subjective points method (Swynnerton and
Worthington, 1940).

White muscle tissue from fishes was sampled for analyses of organic carbon and
nitrogen. Samples were dried to constant weight at 60 2C, then ground to fine powder.
Total organic carbon (TOC) and total nitrogen (TN) were determined from the CO2 and
N2 produced by combustion using a Thermo Electron Flash EA 1112 elemental

analyser.
2.3. Analyses of sediment organics

TOC of sediments (TOC;eq) was determined by the same procedure employed for

muscle tissue. TOC amounts are reported as percentage of sediment dry weight.

Total lipid content of sediments (lipidsseq) Was also analysed following a modified Bligh
and Dyer method (Bligh and Dyer, 1959; Alfaro et al., 2006). Lipid amounts are

reported as percentage of sediment dry weight.

In addition, phytoplankton pigments in sediments were analysed as indicators of OM
from surface primary production in the area by means of reverse-phase high-pressure

liquid chromatography (HPLC).

For all sedimentary analyses, three replicates were analysed for each sample at each
collection station in each season. Details of the analyses of sediment organics can be

found in Papiol et al. (2013).
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Table 1. Fish species examined in the present study. Length ranges (TL = total length; PAL = pre-anal length), mean weight (+ standard deviation)
number of specimens dissected for measuring biological parameters, number of females dissected for measuring biological parameters, number of
stomach contents analysed (number of intestine contents analysed in brackets) by season (win=winter; spr=spring; sum=summer; aut=autumn).
Trophic guild (mM=migrator macroplankton feeders; nmM=non-migrator macrolankton feeders; B=benthos feeders) from literature and source are
also indicated.

. Size M?an . . Trophic
Species weight Season Dissected Females Diet . Source
(mm) guild
()

Galeus melastomus adults 300-605 TL 297+179 nmM  Carrassén et al., 1992; Fanelli
win 50 14 41 et al., 2007
spr 11 8 11
sum 42 16 40
aut 55 25 54

Galeus melastomus juveniles 150-300 TL 45+ 19 nmM  Carrassdn et al., 1992; Fanelli
win 65 52 et al., 2007
spr 41 34
sum 47 39
aut 32 23

Hymenocephalus italicus 30-50 PAL 72 nmM  Macpherson, 1979
win 39 19 19
spr 18 12 8
sum 91 52 60
aut 22 10 20

Lampanyctus crocodilus 100-180 TL 20+ 10 mM  Stefanescu and Cartes, 1992.
win 51 28 31
spr 42 21 20
sum 130 38 76
aut 40 7 20
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Micromesistius poutassou

Nezumia aequalis

Phycis blennoides

Trachyrhynchus scabrus adults

Trachyrhynchus scabrus juveniles

Total

200-350

22-58

150-400

95-150

50-94

TL 120+%57

PAL 27+14

TL 147 %96

PAL 71+53

PAL 22+10

win
spr
sum
aut

win
spr
sum
aut

win
spr
sum
aut

win
spr
sum
aut

win
spr
sum
aut

48
17
15
31

42
13
45
21

32
28
41
36

21
18
33
89

51
49
55
42

1503

19
12

24

20

16

19

13
20
15
12

12
43

508

12
12
10
18

28
10
31
19

5(22)
4(17)
14 (23)
12 (34)

6 (20)
4(12)
2 (32)
7 (85)

7 (17)
8 (25)
6 (32)
4(38)

767 (357)

nmM Macpherson, 1978a

B Macpherson, 1979;
Carrasson and Matallanas,
1989

B Macpherson, 1978b

B Macpherson, 1979

B Macpherson, 1979
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2.4. Environmental variables

Casts were performed at each station with an SBE-32 CTD coupled with a fluorometer.
Locations were the same as those where biological and POMsed samples were
collected. Values of fluorescence were recorded for each CTD profile at 5 m above the

sea bottom (5 mab).

Phytoplankton pigment concentration (PPC, mg Chla m™), obtained from
http://reason.gsfc.nasa.gov/Giovanni, was used as a rough index of surface primary
production in the area. We used monthly average ppc values at the bottom trawl
positions coincident with sampling, and 1, 2 and 3 months before sampling (Cartes et
al., 2004).

2.5. Data analysis

Two-way PERMANOVA with a crossed design considering sampling sites and surveys as
factors was used to test spatial and temporal differences among environmental

variables and sediment organics.

Abundances of the megafauna species analysed and of potential prey species were
standardized to a common swept area of 1 ha (ind ha), according to the values

proposed by Cartes et al. (2009).
2.5.1. Trophic data

The dietary composition was analysed for the 767 individuals with stomachs containing
food (Table 1). Intestine contents of 357 individuals of Phycis blennoides and
Trachyrhynchus scabrus were also analysed, and stomach and intestine contents were
compared to investigate whether they could be analysed together. The contribution of
each prey item to the diets was standardised to total fish weight. Analysis of
similarities (ANOSIM) between intestine and stomach contents of the same individuals
was performed using Bray-Curtis similarity index (Field et al., 1982) after square-root
transformation of diet proportions by weight. Given the significant differences found
between contents of the two organs (ANOSIM p<0.05), seasonal patterns were studied
based on intestine contents, because available stomach contents provided inadequate

dietary description.
Stomach fullness (%F) was used to measure feeding intensity and was calculated as:

%F = 100 (stomach content weight / predator weight).
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C/N ratios were calculated for muscle tissue, since C/N is a relatively good surrogate
for tissue lipid content (i.e. samples containing more lipids have higher C/N; Tieszen et
al., 1983).

Diet diversity across the year as a whole was calculated for each species based on the

Shannon-Wiener H' index.
2.5.2. Biological indices

Two indices were calculated for describing the overall physiological condition of the
fish (Lloret and Planes, 2003). The hepatosomatic index (HSI) was calculated as a proxy
for energy reserves stored in the liver: HSI = 100 (liver weight/body weight). The
gonadosomatic index (GSI) is often considered as a surrogate for reproductive effort
(Jakobsen et al., 2009), and it was calculated as: GSI =100 (gonad weight/body weight).
All weights were wet weights. Taking into consideration that females allocate more
energy to reproduction than males (Wootton, 1998; Tsikliras et al., 2010) and that the
liver plays an important role in energy storage, HSI and GSI were only estimated for

adult females.
2.5.3. Overall diet of species

Diet was analysed for each species in each haul of each survey. Between 8 and 26
individuals (a “sample”) were analysed per haul for all species. For the 20% of hauls
analyzed with low numbers of individuals (<8), specimens from different hauls within
the same survey were pooled to attain minimum sample sizes of 8 individuals (the
minimum representative samples for diet analysis obtained from cumulative curves,
see Cartes, 1991 for further details). For each diet category (prey type) in each sample,

prey biomass was standardised to an equivalent for 10 individuals.

To identify overall trophic interactions among fish species, a hierarchical cluster
analysis (average grouping method) was performed on the square-root transformed
biomass data using the Bray-Curtis similarity index (Field et al., 1982). To illustrate
observed similarities or dissimilarities (distances) between the groups resulting from
the cluster analyses, multidimensional scaling (MDS) analysis was carried out on the
same data matrix. The groups obtained were compared with postulated trophic groups
based on the literature (Table 1). Analysis of similarities (ANOSIM) between the
different groups obtained by cluster analysis was performed on the same resemblance

matrix to test significance of segregation between the groups. SIMPER analysis was
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performed to identify characteristic prey for each group obtained by cluster analysis
and to calculate the degree of similarity/dissimilarity among diets of the different

groups of species.
2.5.4. Seasonal intraspecific variations

Seasonal variations in diets of each species were measured by applying a one-way
PERMANOVA (Anderson, 2001) to square-root transformed proportional biomass data
of individual stomach contents based on the Bray-Curtis similarity index. Additionally,
temporal trends in prey consumption (biomass) were studied by merging all replicates

from the same season.

Two-way permutational univariate ANOVA with a crossed design considering both sex
(adult males and females) and survey as factors was used to test sexual differences in
fullness. Pairwise tests were performed when the interaction between the two factors
was significant in order to allocate the source of variation. One-way permutational
univariate ANOVAs (Anderson, 2001) based on Euclidean distances were adopted to
test seasonal changes in fullness, C/N, GSI and HSI after arcsine transformation in
order to approximate Normality. While permutational ANOVA was designed for
multivariate analysis of distance matrices, it can be used for univariate ANOVA.
Because we have only one dependent variable in the analysis and use Euclidean
distances, the resulting sums of squares and F-ratios are the same as Fisher’s
univariate F-statistic in traditional ANOVA. Significance was set at p = 0.05; p values
were obtained using 9999 permutations of residuals under a reduced model

(Anderson, 2001).
2.5.5. Seasonal changes in interspecific relationships

Affinities between diets of the different species in each season were calculated using

the quantitative Schoener index (o) (Schoener, 1974).
2.5.6. Drivers of fullness and biological cycle

A draftsman plot (i.e. scatter plots of all pairwise combinations of variables) (Clarke
and Warwick, 1995) was applied to environmental variables to identify whether any of
them were strongly correlated, thus providing redundant information. Redundant
variables (r > 0.70) were discarded, simplifying the matrix for later Generalised Linear

Models.
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In order to identify which variables explained patterns of fullness and GSlI, values of
fullness and GSI were compared with independent explanatory variables by means of
Generalised Linear Models (GLMs) after normalising the dependent variables by
arcsine transformation (Sokal and Rohlf, 1995). GLMs for fullness were calculated on
each of the trophic groups obtained by cluster analyses using mean values of fullness
per haul and species. GLMs for GSI were calculated on each species using GSI per
individual (not mean per haul) in order to increase sample size. GLMs are flexible
generalisations of ordinary least squares regression. A GLM generalises linear
regression by allowing the linear model to be related to the response variable via a link
function and by allowing the magnitude of the variance of each measurement to be a
function of its predicted value. The distribution family used was Gaussian with identity
link. The models were computed by adding single terms based on minimising Akaike’s
Information Criterion (AIC) and only including variables that were significant (p<0.05).
Both in the fullness and the GSI models we included environmental variables: i) surface
phytoplankton pigment concentration (PPC) simultaneous with and 1, 2 and 3 months
before the sampling, ii) fluorescencesmap; iii) TOCseq%, iv) lipidsseq% and v) the sum of
sediment chloropigments (chlorophylls and their degradation products).
Chloropigments were used as general indicators of the quantity of phytodetritus
(Vidussi et al., 2000 and references therein). Standardised abundances of potential
prey of megafaunal fish caught with the OTSB-14 (i.e. sergestid and pasipheid shrimps,
brachyuran crabs, benthic shrimps including Calocaris macandreae and Alpheus glaber,
nektobenthic decapods - mainly pandalids and Acantephyra eximia, mesopelagic
myctophids and benthopelagic fish - including P. blennoides, Symphurus ligulatus and
macrourids, cephalopods, euphausiids, mysids, isopods and polychaetes) were also
included in the model, as were density, and predator mean size and W
(biomass/abundance) or individual size and W (in the case of models for GSI). Species
and sampling depths were included as factors. For the models of GSI, fullness, C/N
ratio and HSI were also included, as they are indicators of energy consumption and
availability in the organism. Considering fullness is an immediate reflection of what is
consumed, we compared fullness with variables sampled simultaneously. Given that
gonad growth has some delay in relation to the food ingested or the energy stored in
the organism, values of GSI were compared with variables sampled simultaneously and
those form the previous sampling. For previous biological indices, mean values per
sampling station were used because we considered the animals sampled in each

season as a cohort from the same population.
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All statistical analyses were performed using PRIMER6 and PERMANOVA+ (Clarke and
Warwick, 1995; Anderson et al., 2008), R 2.14.2 (http://www.r-project.org/) and
STATISTICA 6 and XLSTAT software.

3. Results

3.1. Organic matter sources

Results for spatial and temporal trends of TOC,.¢% and surface primary production are
detailed in Papiol et al. (2012) and lipids and pigments in sediments and fluorescence 5
m above sea bottom are reported in Papiol et al. (2013). Those are not repeated here,

as they are taken into account only for GLMs development.
3.2. Overall diet of species
3.2.1. Resource partitioning

The MDS analysis performed on dietary data shows that both the position of predators
along a benthos—plankton gradient, that is the distribution of their prey in the near-

bottom water column, and size of predators are the main structuring factors (Fig. 2).
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Fig. 2. MDS ordination plot of stomach contents of the different fish species per haul, based
on Bray-Curtis resemblance matrix of square-root transformed prey weight data. Data points
are identified by species and by trophic guilds from the literature (Table 1): black = benthos
feeders; dark grey = non-migratory macroplankton feeders; light grey = migratory
macroplankton feeders. Circles indicate cluster overlay at 25% of similarity.
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Combining the results of cluster analysis with the MDS ordination we distinguish three
groups at 25% similarity. Species classified as benthos feeders (B) from the literature
(P. blennoides, Nezumia aequalis and both categories of T. scabrus) cluster together at
the right side of the MDS, while non-migrator macroplankton feeders (nmM)
(Micromesistius poutassou and both size classes of Galeus melastomus) cluster on the
other side. The small macrourid Hymenocephalus italicus, classified a priori as nmM,
groups with the migrator-macroplankton feeder (mM) Lampanyctus crocodilus,
constituting a group that comprises the small-sized fish species. All groups of species

obtained by cluster analyses were statistically distinct (ANOSIM R=0.897; p<0.001).

SIMPER reveals that dissimilarities between all the groups obtained from cluster
analyses are well above 75%, and greatest dissimilarities are between the group
containing benthic feeder species and that containing the large nmM M. poutassou
and G. melastomus (90.24%). For benthic feeders, 51.50% of the diet was accumulated
by the benthic shrimp C. macandreae, the hyperbenthic isopods M. atlanticus and N.
borealis, hyperbenthic eusirid gammariids and the crab Monodaeus couchii. For the
nmM, 54.09% of the diet was characterised by pasipheid shrimps and mesopelagic fish,
mainly myctophids. Main prey of the group of small fish (i.e. L. crocodilus and H.
italicus) were the hyperbenthic mysid Boreomysis arctica and the hyperbenthic isopod

N. borealis, which represented 53.73% of the diet.
3.2.2. Dietary diversity

The greatest dietary diversities were observed among benthos feeders, with H” ranging
from 4.18 bits in P. blennoides to 4.84 bits in N. aequalis. Dietary diversities in adults
and juveniles of T. scabrus were 4.60 and 4.66 bits respectively. For macroplankton
feeders, diversities were usually lower, with the lowest diversity among all species
observed in M. poutassou (H’=2.57 bits). Diet diversity among adults and juveniles of
G. melastomus were 3.86 and 4.09 bits respectively. Diet diversity among small fish
were within the ranges found in non-migrator macroplankton feeders: in L. crocodilus

diet diversity was 3.37 bits and in H. italicus it was 3.91 bits.
3.3. Intraspecific seasonal variations
3.3.1. Seasonal trends in diets

Statistical significance estimates for seasonal variations in dietary composition can be

found in Table 2.
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Table 2. Results of PERMANOVA pair-wise tests comparing diet composition of each fish
species in consecutive seasons based on 9999 permutations. t values and p-level significance
("p<0.05; “p<0.01; " 'p<0.001; n.s. = not significant) indicated.

Species Feb-Apr Apr-Jul Jul-Oct Oct-Feb
N. aequalis 1.75* 1.42* n.s. 1.65*
P. blennoides n.s. n.s. n.s. n.s.
T. scabrus (adults) n.s. 1.57* n.s. n.s.
T. scabrus (juveniles) 2.39%** 1.77* 1.65%* 2.08**
H. italicus 2.21* 1.72* n.s. n.s.
L. crocodilus n.s. 1.46* n.s. 1.56*
G. melastomus (adults) 1.60* n.s. 2.19%** 1.60*
G. melastomus (juveniles) 1.68* 1.50* 1.68* 1.61*
M. poutassou n.s. n.s. 1.82* 2.28**

Benthos feeders

Consumption of polychaetes was rather constant throughout the year in all benthos

feeders.

Seasonal changes in diet of N. aequalis were significant (pseudo-Fs3 g,= 2.61; p<0.001),
and stomach contents differed significantly between all consecutive samplings
(p<0.05), except between June/July and October. The most abundant prey in the diets
of N. aequalis during the whole study were benthic polychaetes and gammarids
(especially Rhachotropis spp.), the former being more abundant in the first half of the
year and the latter in the second half (Fig. 3). Hyperbenthic isopods were also
consumed all through the year, especially in April (N. borealis) and October (M.
atlanticus). Ophiuroids were important diet items in February, as were C. macandreae

from February to June/July and mysids (namely B. arctica) in October.

Intestine content of P. blennoides was homogenous through the whole period, and no
significant changes were observed. Main prey in the four periods sampled were the
brachyuran crab M. couchii and hyperbenthic isopods, mainly represented by N.
borealis from February to June/July and by M. atlanticus in October (Fig. 3).
Boreomysis arctica, benthic decapods (C. macandreae and Alpheus glaber) and benthic
polychaetes (families Polyonidae and Nephtyidae) were secondary prey. Additionally,

non-mesopelagic fish were consumed from February to June/July.

Intestine contents of adults of T. scabrus varied seasonally (pseudo-F3 145=2.43;
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p<0.05), although most prey consumed were present in all four seasons, i.e. M.

couchii, hyperbenthic isopods, namely N. borealis, C. macandreae, polychaetes,

hyperbenthic gammarids and non-mesopelagic fish (Fig. 3). In February N. borealis was

the dominant prey, and, in addition to the species mentioned, we found Pasiphaea

spp. Although changes to April were not significant, N. borealis was replaced by M.

couchii and Pasiphaea spp. by mysids (mainly B. arctica), which were also part of the

diet in June/July and October. Dietary changes from April to June/July were statistically

significant. In June/July, isopods, C. macandreae and polychaetes were the most

abundant prey. Changes to October were not significant, although Pasiphaea spp.

were again important prey.
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Fig. 3. Diet composition (by weight) of benthos feeder fishes in each sampling period.
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Diet also changed significantly for juveniles of T. scabrus (pseudo-F3 11:=3.64; p<0.001)
and varied between all consecutive samplings, as occurred in N. aequalis. Benthic
polychaetes were consumed in all seasons, and constituted more than half of the diet
in February, when hyperbenthic gammarids and cyprinid ostracods were also
important (Fig. 3). In April, no prey item dominated and diet was constituted of
hyperbenthic gammarids, C. macandreae, M. couchii, hyperbenthic isopods (mainly M.
atlanticus), benthic polychaetes and mysids (essentially B. arctica). Munnopsurus
atlanticus and C. macandreae acquired greater importance in June/July. In October, C.

macandreae was replaced by hyperbenthic gammarids.
Non-migrator macroplankton feeders

The diet of adults of Galeus melastomus was mostly composed of P. multidentata, M.
couchii, cephalopods and mesopelagic fish (Fig. 4). Adults of G. melastomus changed
diet seasonally (pseudo-F3 145=3.07; p<0.001). In February the diet was dominated by
pasipheid shrimps with brachyuran crabs in second place, but a great variety of prey
were observed. Diet significantly changed to April, when G. melastomus mainly
consumed cephalopods and brachyuran crabs, with small changes in June/July to
consumption of more pelagic prey (i.e. pasipheids and mesopelagic fish). In October,
diet was strongly dominated by pasipheid shrimps. Dietary changes between October

and February were also statistically significant.

The diet of juvenile G. melastomus also changed seasonally (pseudo-F3 ;47=2.433;
p<0.001), and varied significantly between all consecutive samplings. Consumption of
pasipheids was rather constant during the whole year (Fig. 4).Mesopelagic fish,
essentially the mictophids L. crocodilus and Ceratoscopelus maderensis, were the most
important prey in the first half of the year. In February we also observed considerable
amounts of cephalopods, which were partially substituted by the euphausiid M.
norvegica in April. Cephalopods were the second ranking prey after pasipheid shrimps

in June/July, and in October the diet was dominated by M. norvegica.

Diet of Micromesistius poutassou also changed seasonally (pseudo-F35;=2.62;
p<0.001), although samples from October were the only ones statistically different
from the rest. Mesopelagic fish (mainly myctophids) were very important prey from
February to June/July, constituting virtually the entire diet in February (Fig. 4). In April,
mesopelagic fish were secondary and the main prey were pasipheids, a ranking that

reversed again in June/July. Sergestids dominated in October.
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Fig. 4. Diet composition (by weight) of non-migratory macroplankton feeder fishes in
each sampling period.

Small-sized fish

Hyperbenthic prey, namely B. arctica, gammarids and N. borealis, were the main prey
of H. italicus all year around (Fig. 5), but dietary composition changed seasonally
(pseudo-F3 10s=2.65; p<0.01). Their diet in February and April consisted of the prey
above mentioned, with changed proportions between those two periods being
statistically significant. That difference is attributable to the presence of calanoid
copepods in stomach contents in February and to a marked dominance of B. arctica in
April. Also, gammarids consumed in February were oedicerotids, lyssianassids and
Rhachotropis spp., but in April we only observed lyssianassids. Changes were also
significant from April to June/July, when the shrimp Processa canaliculata (category
“Other” in Fig. 5), some cumaceans and calanoid copepods were incorporated as prey.
Consumption of calanoids persisted to October, and P. canaliculata was replaced by

euphausiids, essentially M. norvegica.

Diet of L. crocodilus also changed seasonally (pseudo-F3 146=1.75; p<0.05), although

main prey were always sergestid shrimps, euphausiids and B. arctica (Fig. 5). Changes
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were not significant between February and April but the euphausiid M. norvegica
dominated in February and sergestid shrimps in April. Changes from April to June/July
were significant, with B. arctica and other unidentified mysids (category “Other” in Fig.
5) increasing in the diet. Nematoscelis megalops was consumed in June/July and M.
norvegica was consumed again in October. Sergestids also regained importance in

October, although not significantly.
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Fig. 5. Diet composition (by weight) of small-sized fish species in each sampling period.

3.3.2. Seasonal trends in fullness

The interaction between the two factors (sex and survey) of the two-way ANOVA
performed on fullness of each species was never significant (p>0.05). Likewise, no
significant pair-wise comparisons were found, thus fullness of males and females could

be analysed jointly.

Fullness of the benthos feeder N. aequalis was greatest in June/July and October and
lowest in February and April (Fig. 6), although the changes were not statistically
significant. Fullness of P. blennoides peaked in June/July and significantly declined
afterwards to October, remaining low during the rest of the year. For both size classes
of T. scabrus, fullness was greatest in February, and was low the rest of the year,
changes not being significant. Fullness of T. scabrus was lower than that of the other

benthos feeders.
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Fig. 6. Seasonal trends in %fullness (F) of the different fish species. Vertical bars indicate 95% confidence intervals. Asterisks indicate significant
differences with preceding sampling: *p<0.05; **p<0.01; ***p<0.001.
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Adults of G. melastomus and M. poutassou both presented greatest fullness in
June/luly (Fig. 6), although these maxima were not significant. Relatively high fullness
was maintained in October, and significantly lowest fullness occurred in February for
both species. Fullness of G. melastomus was greater than that of M. poutassou.
Fullness of juveniles of G. melastomus was generally greatest among all nmM species,
peaking in April and significantly decreasing to a minimum in June/July.

Hymenocephalus italicus and L. crocodilus followed a similar temporal pattern of
increasing fullness from April to October (Fig. 6); minimum fullness in April was
significant in H. italicus. In February fullness was high in H. italicus but low in L.

crocodilus.
3.3.3. Seasonal trends in C/N ratio of muscle

Results on C/N are summarized in Table 3. The muscle C/N of N. aequalis was
significantly greater in October than in February, and remained similar in other
seasons. For this macrourid, we did not have results in June/July. Both P. blennoides
and T. scabrus had greatest muscle C/N in April, followed by significant decreases to
minima in June/July. Galeus melastomus had greatest C/N in June/July and lowest C/N
in April, the decrease from February to April being the only significant change. Muscle
C/N of M. poutassou remained relatively high from February to June/July, and then
was significantly lower in October. Its C/N values for October and February differed
significantly. Muscle C/N of H. italicus remained constant throughout the whole
period. In contrast, L. crocodilus C/N increased significantly from February to April,
increased more by June/July, and then decreased significantly such that C/N was

similar in October and February.

Table 3. C/N ratio of muscle tissue of the different fish species by
season. Feb=February; Apr=April; Jun/Jul=June/July; Oct=October.

Feb Apr  Jun/jul  Oct
G. melastomus  2.29 2.13 2.38 2.23
H. italicus 3.92 4.04 3.90 3.83
L. crocodilus 2.70 3.35 3.86 2.79
M. poutassou 2.34 2.51 2.26 1.19

N. aequalis 2.29 2.25 2.78
P. blennoides 1.95 2.45 1.85 2.30
T. scabrus 2.94 3.24 2.09 2.95
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3.3.4. Seasonal trends in biological indices

Out of the seven species studied, five presented a trend of maximum HSI followed by
maximum GSI (Fig. 7). In L. crocodilus and T. scabrus the pattern was the opposite.
Among species feeding upon similar trophic resources, peaks in GSI usually occurred at

different times.
Benthos feeders

Greatest GSI of the benthos feeders N. aequalis and T. scabrus were observed in
February, with the significant increases from October to February. The GSI of N.
aequalis decreased gradually to June/July, but not significantly, and that of T. scabrus
decreased abruptly and significantly in April (Fig. 7). In contrast, GSI of P. blennoides
was low from February to June/July, then peaked in October, presenting wide sampling
variation in that sampling period. The HSI values of benthos feeders usually followed
temporal trends opposite to those of their GSI values. Oscillations in HSI of N. aequalis
were not very large, but greatest HSI occurred in October, when low GSI was observed.
During winter, HSI declined significantly to its lowest values in February, simultaneous
with the year’s highest GSI. In P. blennoides, HSI was low from February to April,
increased significantly to June/July, and then decreased again by October.
Trachyrhynchus scabrus did not follow the same trends. Its high GSI in February was
not accompanied by low HSI, but the February HSI was significantly lower than in April
when GSI had strongly decreased. HSI decreased significantly after April to an October

minimum.
Non-migrator macroplankton feeders

Galeus melastomus had its significantly highest GSI in October, and a secondary peak
was observed in April (Fig. 7). The GSI of M. poutassou was significantly lowest in April,
maintained to June/July and increased from October to February. The HSI of G.
melastomus changed in parallel with its GSI, though a significant maximum was
observed in April. The lowest HSI of M. poutassou occurred in February and the

greatest in June/July, though changes in that index were not significant.
Small-sized fish

Hymenocephalus italicus had a profile of high GSI from February with a slightly greater,
but significant, maximum in June/July. Its GSI then decreased sharply and significantly

by October (Fig. 7). The GSI of L. crocodilus was greatest in February, lower in April and
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Fig. 7. Seasonal trends in gonadosomatic index (%GSl) (black) and hepatosomatic index (%HSI) (grey) of females of the different fish species. Vertical
bars indicate 95% confidence intervals. Asterisks indicate significant differences with preceding sampling: *p<0.05; **p<0.01; ***p<0.001.
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very low in June/July and October. The HSI of H. italicus was high from April to October
and significantly low in February. The relationship between HSI and GSI of L. crocodilus
was distinct from all other species in the present study. Its HSI was high in February
and April, simultaneous with high GSI; then both indexes were significantly low in
June/July and October.

3.4. Seasonal changes in interspecific relationships

Although dietary overlap values between species were rather low throughout the
whole year, lowest overlap between species from all the feeding groups was generally
in February (Table 4). In macroplankton feeders, dietary overlap between juveniles and
adults of G. melastomus and was greater in February and June/July, and of juveniles of
G. melastomus and M. poutassou was greater in April and October. Between both
adults of G. melastomus and M. poutassou it was greatest in June/July. In benthos
feeders and in small-sized fish, overlap was generally lower in February and April and

greater in June/July and October.
3.5. Drivers of fullness

The generalised linear models (GLMs) performed on fullness data for each trophic
group identified by the hierarchical cluster analysis revealed that fullness of benthos
feeders was negatively correlated to density of the individuals and to abundances of
mysids and benthic polychaetes (Table 5). In contrast, benthos-feeders fullness was
positively related to surface production two months before the sampling and to TOC%
in sediments. The GLM for benthos feeders explained 53% of the total variation. The
model for the non-migrator macroplankton feeders G. melastomus and M. poutassou
explained 64% of the total variation and revealed that fullness varied from species to
species, being lowest in M. poutassou and greatest in juveniles of G. melastomus
(Table 5). Additionally, lipids in the sediment were inversely correlated with fullness,
while positive correlation was observed between fullness and the abundance of
Pasiphaea multidentata. For H. italicus and L. crocodilus, the GLM explained 80% of the
total variation and included C/N ratio and lipids as explanatory variables, the former

positively and the latter negatively correlated to fullness (Table 5).
3.6. Relationship between biological cycle and food availability

The GLM performed on the GSI of females of N. aequalis explained 63% of the total
variation. Density, weight and previous HSI were positively related to GSI, and total

organic carbon in sediments in the precious sampling was negatively correlated with
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Table 4. Diet overlap for the seven benthopelagic fish species using Schoener's Index by season. Gmel=G.
melastomus; Gmelj=G. melastomus juveniles; Hita=H. italicus; Lcro=L. crocodilus; Mpou=M. poutassou;
Naeqg=N. aequalis; Pble=P. blennoides; Tsca=T. scabrus; Tscaj=T. scabrus juveniles.

FEBRUARY Gmel Gmelj Hita Lcro Mpou  Naeq Pble Tsca Tscaj

Gmel 1 0.57 0.00 0.24 0.13 0.02 0.28 0.23 0.04
Gmelj 1 0.00 0.30 0.34 0.00 0.07 0.16 0.02
Hita 1 0.19 0.00 0.30 0.26 0.18 0.23
Lcro 1 0.06 0.10 0.18 0.07 0.06
Mpou 1 0.00 0.03 0.03 0.02
Naeq 1 0.25 0.34 0.42
Pble 1 0.38 0.25
Tsca 1 0.32
Tscaj 1
APRIL Gmel Gmelj Hita Lcro Mpou  Naeq Pble Tsca Tscaj

Gmel 1 0.28 0.00 0.10 0.19 0.04 0.26 0.29 0.22
Gmelj 1 0.00 0.12 0.62 0.04 0.11 0.03 0.05
Hita 1 0.10 0.02 0.08 0.17 0.09 0.19
Lcro 1 0.12 0.01 0.13 0.07 0.10
Mpou 1 0.02 0.08 0.03 0.02
Naeq 1 0.31 0.20 0.32
Pble 1 0.45 0.50
Tsca 1 0.59
Tscaj 1
JUNE/JULY Gmel  Gmelj Hita Lcro Mpou  Naeq Pble Tsca Tscaj

Gmel 1 0.61 0.01 0.02 0.39 0.01 0.28 0.18 0.05
Gmelj 1 0.02 0.08 0.30 0.01 0.16 0.14 0.04
Hita 1 0.30 0.01 0.32 0.23 0.26 0.32
Lcro 1 0.04 0.12 0.12 0.16 0.12
Mpou 1 0.01 0.04 0.01 0.01
Naeq 1 0.21 0.39 0.42
Pble 1 0.55 0.38
Tsca 1 0.66
Tscaj 1
OCTOBER Gmel  Gmelj Hita Lcro Mpou  Naeq Pble Tsca Tscaj

Gmel 1 0.47 0.02 0.11 0.28 0.02 0.05 0.21 0.05
Gmelj 1 0.17 0.24 0.54 0.00 0.03 0.21 0.06
Hita 1 0.26 0.17 0.33 0.14 0.25 0.32
Lcro 1 0.62 0.13 0.11 0.06 0.12
Mpou 1 0.00 0.02 0.09 0.02
Naeq 1 0.33 0.35 0.57
Pble 1 0.46 0.48
Tsca 1 0.57
Tscaj 1
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Table 5. Generalised Linear Models performed on fullness of fish considering the trophic
groups obtained by cluster analyses. D.f. = degrees of freedom. PPC;,onins=Phytoplankton
pigment concentration at surface 2 months before the sampling; TOC,.q%=total organic
carbon in sediments; Lipidss.q%=lipids in sediment; Polychaetes=density of polychaetes;
Mysids=density of mysids; P. multidentata=density of Pasiphaea multidentata.

Explaine Residual % Sign of
d dev. dev. Explained correlation p-value

Benthos feeders

NULL 0.003

Density 0.0004 0.003 12.88 8.834 (-) 0.006

PPCamonths 0.0004 0.002 14.00 9.603 (+) 0.004

Polychaetes 0.0003 0.002 11.18 7.670 (-) 0.009

Mysids 0.0003 0.002 8.29 5.686 (-) 0.023

TOCses% 0.0002 0.001 7.03 4.821 (+) 0.035
53.36

D.f. 37

AIC =-265.27

Small fish species

NULL 0.009

Muscle C/N 0.0032 0.005 59.32 16.496 (+) 0.001

Lipidsseq% 0.0011 0.004 20.88 5.807 (-) 0.025
80.21

D.f. 24

AIC =-137.63

Non-migrator macroplankton feeders

NULL 0.035

Species 0.0155 0.020 43.81 16.260 0.000

Lipidsseq% 0.0032 0.017 8.93 6.627 (-) 0.016

P. multidentata 0.0039 0.013 10.89 8.081 (+) 0.008
63.63

D.f. 31

AlIC =-147.35

GSI (Table 6). The GLM for P. blennoides revealed that heavier individuals had greater
GSI, and that HSI enhanced GSI growth afterwards. Also, greater GSI was observed
with low surface production in the previous month. The GLM for P. blennoides
explained 56% of total deviance. A GLM revealed that the GSI of T. scabrus was
greater in larger animals, after greater availability of lipids in the sediments and one

month after greater surface production. Instead, greater availabilities of TOC in
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Table 6. Generalised Linear Models performed on gonadosomatic index of the seven species of benthopelagic fish. Species: Gmel=G.
melastomus; Hita=H. italicus; Lcro=L. crocodilus; Mpou=M. poutassou; Naeq=N. aequalis; Pble=P. blennoides; Tsca=T. scabrus. F-
value and significances specified (*p<0.05; **p<0.01; ***p<0.001). Sign of the correlation indicated in parentheses. D.f. = degrees of
freedom. Factors: Density= density of each fish species; PPC; montn=Phytoplankton pigment concentration at surface on month before
the sampling; TOC,.q%=total organic carbon in sediments; Lipids..q%=lipids in sediment; M. norvegica=density of Meganyctiphanes
norvegica; 1 survey=value from the preceding sampling survey; densities of different potential prey sampled with the bottom trawl

also indicated.

Species
Factor Naeq Pble Tsca Hita Lcro Gmel Mpou
Size 64517 (+) 455 (+) 14.89 (+)
Weight 495" (+) 5318 (+) 5831 (+)
Density 3205 (+) 449 () 7.927  (+)
Fullness;syrvey 15.05 (-)
HSlgimut. 834"  (+)
HSI1 survey 343177 (+) 530 (+) 7457 (+)
Muscle C/N 4924 (1)
PPC1 month 455 () 438 (+) 450 () 133177 (+)
LipidSses%1survey 415 (+) 9247 (+)
TOCsea%1 survey 3.08 () 34517 ()
M. norvegicaismey 1323277 (+)
% explained 62.67 55.77 68.70 33.22 74.23 68.16 62.50
AIC -201.56 -209.18 -146.30 -316.42 -269.68 -188.77 -164.05
D.f. 46 53 53 71 57 36 45
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sediments were unfavourable for GSl increase. The GLM explained 69% of total GSI

deviance of T. scabrus.

The GLM of G. melastomus explained 68% of the total deviance of its GSI. Heavier
individuals of G. melastomus had greater GSI, and individuals with greater GSI were
associated with greater densities of the species (Table 6). GSI was greater after greater
surface production. In the case of M. poutassou, the GLM explained 62% of the total
deviance, and the model showed positive relationships between GSI and previous

surface production and HSI, and negative relationships between GSI and muscle C/N.

The GLM for H. italicus GSI explained 33% of its total deviance, showing that its GSI
was greater at lower population densities. Its GSI was also greater in larger individuals
and after greater availability of lipids in the sediment and lower fullness (Table 6). For
L. crocodilus, the GLM showed that greater HSI was related with greater GSI, which
was also observed in larger individuals. Greater availability of M. norvegica favoured
the GSl increase. The GLM model explained 74% of the total GSI deviance of L.

crocodilus.

4, Discussion

4.1. Feeding guilds

As already reported for slope megafauna of the NW Mediterranean, both prey and
predator size have a strong influence on the diets of fish (Macpherson, 1981;
Carrasson and Cartes, 2002). In addition, fish species feed at different levels in the
water column above the sea bottom (Carrassén and Cartes, 2002; Papiol et al., 2013).
Diets of deep-sea fish are diversified, and species exploit mesopelagic, hyperbenthic
and benthic prey as resources. However, each species showed some preference
towards one of these prey taxa. Hence, trophic guilds/groups can be deduced, as
shown by Carrasson and Cartes (2002) from diets and by Papiol et al. (2013) from
stable isotope ratios. We obtained three trophic groups consisting in large benthic
feeders, large macroplankton feeders and small fish, the latter mainly feeding on
hyperbenthos and small zooplankton. In general, we obtained results for fish diets that
agree with previous studies (see Table 1). The only exception was the macrourid
Hymenocephalus italicus, sometimes considered as a non-migrator macroplankton
feeder (nmM) (e.g. Macpherson, 1979), which was found to feed mainly on

hyperbenthic fauna (mysids, gammarids and isopods) with occasional consumption of
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the macroplanktonic euphausiid Meganyctiphanes norvegica. The latter events must
be associated with aggregation of this prey close to the bottom at the end of its life
cycle (Cartes et al., 2010a). In general, our dietary analyses point to greater
contributions of hyperbenthos to fish diets than previously thought (e.g.
Trachyrhynchus scabrus; Macpherson, 1979), most likely due to the extensive
knowledge of hyperbenthic fauna achieved for the deep Mediterranean in recent years
(Cartes et al., 2001; 2011). For a given species, trophic segregation among coexisting
individuals of different sizes is also important (Carrasson and Cartes, 2002), probably
decreasing intraspecific competition for food. Adults, greater in size and with higher
natatory capacity, usually feed on larger and more mobile prey (e.g. P. blennoides:
Macpherson, 1978; Gallardo-Cabello, 1979), as observed in the macrourid
Trachyrhynchus scabrus and the shark Galeus melastomus, the latter with adults

preying on cephalopods.

Feeding intensity (fullness) of nmM feeders was greater than that of benthos feeders
(B), especially among sharks. Fish that feed on macroplankton have greater natatory
capacity for foraging in the water column; they are active swimmers with higher
metabolic rates (Koslow, 1996; Maynou and Cartes, 1998; Drazen, 2002b). Greater
feeding intensity may supply the necessary energy for maintaining higher metabolism.
In agreement, high daily rations have been found previously in the sharks G.
melastomus and Etmopterus spinax (Madurell and Cartes, 2005) in the Mediterranean.
Mesopelagic prey are also more energy-rich than benthic species (Blaber and Bulman,
1987; Zagami et al., 1991; Madurell and Cartes, 2005; Brey et al., 2010), which may

contribute to satisfying the higher energy demands of swimming fish.
4.2. Seasonal trophic dynamics

Interspecific dietary overlap was in general low among the mid-slope fish, and we
observed a pattern of lowest dietary overlap concurring with lowest feeding intensities
(e.g. among small-sized fish in April, among benthic and macroplankton feeders in
February). Contrary to the trends found by Macpherson (1981), overlap among
benthos feeders increased after spring (summer/autumn), coinciding with pronounced
changes in dietary composition. The same temporal trends were observed among the
small-sized fish L. crocodilus and H. italicus. This pattern seems related with a greater
contribution of hyperbenthos to their diets after spring, when it is more available as
previously reported by Madurell and Cartes (2006) for some species in the

Mediterranean Sea. Still, species from each of the feeding guilds (i.e. large benthic
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feeders and small-sized fish) shifted diets to exploitation of distinct taxa. Among
benthic feeders, greater consumption of hyperbenthic gammarids and isopods and of
the benthic decapod Calocaris macandreae was detected in summer, matching their
greater availability (Cartes, 1998a; Mamouridis et al., 2011). In contrast, small-sized
fish, increased ingestion of more mobile hyperbenthos (i.e. Boreomysis arctica and
Pseudomma calloplura: Cartes and Sorbe, 1995) and nektobenthic species (i.e. P.
canaliculata: Cartes et al., 1994) in summer and preyed more importantly upon the
mesopelagic euphausiid M. norvegica in autumn (Sardou et al., 1996; Cartes et al.,
1998a; 2010). Increased dietary overlap in autumn due to consumption of M.
norvegica has been reported previously, and was attributed to the consumption of a
resource that peaks in abundance (Macpherson, 1981; Cartes, 1998b). Consistently,
juveniles of G. melastomus also preyed upon M. norvegica in autumn. Among adults of
non-migrator macroplankton feeders (G. melastomus and M. poutassou) great size
differences led to a generalised low dietary overlap. This was greatest in summer
concurring with greatest feeding intensities (Cartes et al., 1998a; 2010). Main dietary
changes among macroplankton feeders were observed afterwards, in autumn, when
this assemblage shifted diets to feed mainly on mesopelagic crustaceans. We still
observed the influence of size in this feeding pattern (Carrassén and Cartes, 2002),
with the larger predator G. melastomus preferentially consuming Pasiphaea

multidentata and the smaller M. poutassou preying upon sergestid shrimps

The above discussed peaks in availability of some prey, presumably led to greater
feeding intensities (fullness) in summer that usually persisted to autumn. Consistently,
temporal trends in F were related with indicators of food sources of such prey. Among
benthos feeders, feeding intensity was greater two months after the peak of surface
production (PPC) when there was greater TOC% in the sediments. That likely supports
increases of some taxa (e.g. small copepods, foraminiferans, meiofauna in general)
that quickly respond to nutrient inputs (Buscail et al., 1990; Gooday and Turley, 1990,
Danovaro, 1995; Cartes et al., 2002; 2003). That initial trophic step may in turn
increase densities of carnivorous/omnivorous hyperbenthos (e.g. the isopod
Munnopsurus atlanticus; amphipods: Rhachotropis spp.) and detritus feeders (C.
macandreae) (Cartes et al., 2001) in summer. Those are important prey of fish such as
N. aequalis. Thus, fresh inputs of organic matter to bathyal depths are quickly
transformed (in ca. 2 months) into food for benthic-feeding fish by a variety of
pathways through trophic webs. Additionally, some key prey (polychaetes and mysids),

representing intermediate steps in the transfer of energy through trophic webs,

109



Feeding and reproduction of slope fish

entered significantly as explanatory variables of Fin GLM models for benthos feeders.
The only exception to the summer maxima of feeding intensity was T. scabrus, which
exhibited no remarkable seasonal changes in feeding intensity (based on intestine
contents). Probably due to the large number of pyloric caecae of T. scabrus (Carrassén
and Matallanas, 1994) its intestine contents were rather liquidified (Buddington and
Diamond, 1986) and only hard body parts of prey remained. Hence, feeding intensity
may not be properly estimated in T. scabrus. Suggesting likely seasonal variation,
analysis of values of stomach fullness of adults of T. scabrus showed lowest feeding
intensity in February (0.03%) and greatest in October (0.57%). Unfortunately, non-
everted specimens were insufficient in April and June/July. In contrast, lesser digestion
of intestine content in P. blennoides (with lower pyloric caeca density), allowed a
reliable estimation of feeding intensity in that species with a peak in summer. As
further evidence of reliability of our gut content estimates, observed seasonal
homogeneity in the dietary composition of P. blennoides is in agreement with previous
studies (Macpherson, 1977).

The F of small-sized fish was basically related with C/N in muscle and lipids in
sediments, the latter also being important for macroplankton feeders. Greater Fin H.
italicus and L. crocodilus was linked to enhanced storage of lipids in muscle (C/N ratio),
indicating that increased ingestion allowed a relatively quick storage of energy in the
muscle tissue. Also, F of small-sized fish and of non-migrator macroplankton feeders
increased after lipid deposition in sediments. Lipids are easily degradable, highly
energetic compounds abundant in phytodetritus (Fabiano et al., 1993; 2001), which
constitutes the main food for the macroplanktonic community (Fanelli et al., 2011b).
Hence, increases in the availability and subsequent consumption of macroplanktonic
prey after lipid deposition are expected. Consistently, trends in abundance of the
mesopelagic decapod P. multidentata were positively correlated to fullness of
macroplankton feeders, pointing to greater exploitation of a resource when it is more
available. Besides, greater F among small fish coincided with greater consumption of
mesopelagic crustaceans. The high lipids, and therefore high energetic content, of
planktonic macrofauna (Blaber and Bulman, 1987; Madurell and Cartes, 2005; Brey et
al., 2010) may be important in supplying the necessary energy for maintaining the high
metabolism of their predators, as mentioned above and in line with results on
predator carbon stable isotope ratios (Papiol et al., 2013). Exploitation of
macroplankton when abundant was not only restricted to macroplankton feeders, and

some species (e.g. T. scabrus or H. italicus) seasonally changed trophic guild to use this
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largely available food source (Cartes, 1998b). Generalised increase of dependence of
the benthopelagic community of the middle slope of the Catalan Sea on mesopelagic
production after winter-spring was also detected through depletion of its §"*C

signature (Papiol et al., 2013).

Seasonal variations in diet composition of large benthos feeders (P. blennoides and T.
scabrus) were less than those observed in large macroplankton feeders (G.
melastomus and M. poutassou). This pattern has been reported previously to be a
consequence of the greater variation in abundance and composition of pelagic
macroplankton compared with benthic macrofauna (Mauchline and Gordon 1991; lken
et al. 2001; Cartes et al., 2010a; Mamouridis et al., 2011). Our results point to prey
availability as an important driver of feeding intensity and diet composition. Some
authors have suggested that seasonal changes in feeding intensity and diet
composition of megafauna are not only driven by fluctuations in food availability but
also by the need to cover different energy requirements at different times of year.
More specifically, it has been argued that deep-sea shrimps shift to more energetic
diets in pre-reproductive periods in order to match the energy demands for gonadal
development (Cartes et al., 2008; Fanelli and Cartes, 2008; 2010). Contrarily, Madurell
and Cartes (2005) found general seasonal stability in the energy content of the diet
composition of demersal fish in the eastern lonian Sea and suggested that animals
simply eat more when they need more energy. Considering the differences in the
feeding patterns of adults and juveniles of the same species (i.e. differences in the
shifts in dietary composition and in fullness trends), some influence of the

reproductive period in the feeding patterns of adult fish cannot be discarded.
4.3. Relationship between trophic dynamics and reproduction

In a thermally stable environment such as the deep Mediterranean, continuous
biological processes were once expected (Orton, 1920), but both seasonal and
continuous reproductive patterns have since been found in slope megafauna (e.g.
Massuti et al., 1995; Rotllant et al., 2002; Cartes et al., 2008) and in the present study.
Seasonality in reproduction responds to natural fluctuations in environmental factors
(Gage and Tyler, 1991), and the main seasonal fluctuations in the area are associated
with pulses of food reaching bathyal depths. Consistently, GSI of fish from the present
study was associated with abundances of trophic resources and specific prey, which
are known to fluctuate temporally in the NW Mediterranean Sea related to seasonality

in OM inputs (Cartes and Sorbe, 1996; 1998; Cartes, 1998a; Cartes et al., 2002; Guidi-
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Guilvard et al., 2007). Among most mid-slope fish (excluding N. aequalis) GSI was
partially controlled by indicators of the vertical flux from surface production, implying
rapid transfer and use of vertical production to deep-sea predators of different trophic
guilds, probably through diel vertical migrations of macroplankton (e.g. pasipheid
shrimps: Cartes, 1993). This was observed not only among strictly pelagic feeders, but
also in some benthos/hyperbenthos feeders (T. scabrus, H. italicus) that shifted their
diets and consumed macroplankton in autumn (October), prior to the beginning of
their GSl increases in winter (February). Organic material from the photic zone is the
main food source supporting the bathyal and abyssal faunal communities, especially
pelagic species, and the seasonal variations in this food input provoke important
changes in such communities (Polunin et al., 2001; Drazen, 2008; Stowasser et al.,
2009; Fanelli et al., 2011a,b; Papiol et al., 2013). The response of GSI to indicators of
surface production varied among species. The temporal patterns in GSI differed among
species within the same feeding guild, pointing to successive and non-overlapping
spawning. Therefore, even though the seasonality in food inputs exerts some control
to biological cycles of deep-sea species, other factors contribute to regulation of the
timing of reproduction. This is coherent with the idea that temporal (or spatial)
segregation in reproduction is an adaptive strategy for avoiding interspecific

competition among offspring (Sabatés et al., 2007; Tsikliras et al., 2010).

High GSI during most of the year in the two smaller macrourids N. aequalis and H.
italicus suggests a continuous (or almost continuous) pattern of reproduction for the
two species and is consistent with previous observations (Massuti et al., 1995;
D’Onghia et al., 1996). Protracted spawning is considered to be an adaptive strategy
aimed at ensuring that at least some of the larvae will encounter favourable conditions
for survival and growth (Sherman et al., 1984). It could be one factor contributing to
the great abundances of Nezumia spp. and H. italicus over Mediterranean continental
margins (Stefanescu et al., 1994; Madurell et al., 2004; Papiol et al., 2012). In both N.
aequalis and H. italicus, the main increase in feeding intensity preceded their increases
in GSI, pointing to food consumption, and thus food availability (see above), as the
trigger for reproduction. Partitioning of available prey between the two species
probably enables a certain degree of reproductive succession, deduced from their
different timing of the initial increase in GSI: (from June/July to October in N. aequalis;
from October to February in H. italicus). Maintenance of high feeding intensity through
protracted seasons in N. aequalis and H. italicus indicates continuous reliance on food

available in the environment, rather than intermittent reliance on body reserves,
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which is characteristic of iteroparous fish species with protracted spawning periods
(Murua and Saborido-Rey, 2003). Moreover, low seasonal oscillations of the HSI and
the C/N ratio of muscle in N. aequalis and H. italicus point to low usage of body

reserves (Lambert and Dutil, 1995; Drazen, 2002b).

Reproduction by continuous mating and egg deposition, with peaks of activity in both
winter and summer, has previously been described for the oviparous catshark Galeus
melastomus in the Mediterranean Sea and the Atlantic (Costa et al., 2005; Rey et al.,
2005), which is in agreement with our trends in its GSI. As in the two small macrourids,
we observed high feeding rates during most of the year. Nevertheless, G. melastomus
presented marked oscillations in HSI and muscle C/N, which peaked in April and
June/July respectively. The HSI increase coincided with an increase in F and with
ingestion of very energetic prey (i.e. cephalopods: Madurell and Cartes, 2005),
suggesting energy storage in liver. Subsequent increase of muscle C/N with continued
high feeding intensity points to later storage of lipids in muscle. This differential
storage of energy is possible through the ability of sharks to selectively deposit lipids
into different tissues (Pethybridge et al., 2010). Deep-water sharks function differently
than bony fish with protracted reproductive cycles, which rely on energy from food
immediately available in the environment for sexual maturation. In chondrichthyes,
and more specifically scyliorhinids, the liver plays an important role in energy storage
for fuelling reproduction (Pethybridge et al., 2010), and we think G. melastomus may
be largely using this energy source for maintaining the all-year-round vitellogenic

activity reported by Capapé and Zaoualli (1977).

We observed that population density played an important role in the reproductive
cycles of some species, especially those with protracted spawning. Positive
correlations between GSI and density of N. aequalis and G. melastomus suggest
aggregations for reproduction. These two species present a bigger-deeper trend in size
distribution, and the relationship of GSI with weight of individuals suggests that large,
reproducing adults may aggregate at specific depths (Massuti et al., 1995; Morales-Nin
et al., 2003). In contrast, mature individuals of H. italicus do not aggregate for
reproduction, and body size is uniformly distributed along its bathymetric range

(Massuti et al., 1995).

Patterns of seasonal reproduction in mid-slope fish of the NW Mediterranean have
already been described for T. scabrus (Motais et al., 1960; Massuti et al., 1995;
D’Onghia et al., 1996; Fernandez-Arcaya et al., 2012), P. blennoides (Rotllant et al.,
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2002) and M. poutassou (Matarrese et al., 1998; Sbrana et al., 1998; Martino et al.,
2001), and agree with the temporal patterns we found in GSI. Iteroparous species with
short spawning seasons mostly depend on their body reserves for gonad maturation
(Murua and Saborido-Rey, 2003), and we observed correspondingly large oscillations in
HSI and C/N from muscle. Moreover, opposed trends between HSI and GSI are
attributable to the importance of the liver in providing energy for gonad development

(Lambert and Dutil, 1995; Marshall et al., 1999).

We observed parallel temporal trends of increase in fullness and HSI, both preceding
gonad growth (GSl) in the two gadids (i.e. M. poutassou and P. blennoides). As a matter
of fact, temporal patterns in GSI were positively related to previous patterns in HSI.
Greater feeding intensity in pre-reproductive periods evidently enabled energy storage
in the liver (e.g. Lambert and Dutil, 1995), which was later used for gonad
development, as discussed for P. blennoides by Gallardo-Cabello (1979) and as
observed in the Atlantic cod (Marshall et al., 1999). While muscle C/N of P. blennoides
remained rather constant throughout the year, the great decrease observed from June
/July to October in muscle C/N of M. poutassou pointed to usage of energy stored in
the muscle. The muscle lipid may well have been metabolised to sustain the high
activity of this natatory species during gonad development from nutriment stored in

the liver.

Also for T. scabrus and L. crocodilus, greatest feeding intensity preceded gonad growth
(if we assume a composite year), pointing once more to a direct relationship between
food consumed and reproduction. In addition, phytodetritus inputs may favour gonad
growth afterwards in both species, likely related to the ingestion of mesopelagic
crustaceans observed in both species before maturation. Nevertheless, these species
had different strategies of energy storage and reproduction than those discussed
above. In both species, greatest feeding intensity was in autumn (October), and it
seems to have promoted the growth of both the gonad and the liver. Moreover, we
unexpectedly observed a peak of HSI after greatest GSI. This temporal scheme does
not agree with previously published patterns of energy use and storage, and further
studies on these species would help us to understand the variety of population

maintenance strategies employed by fish living under restricted food availability.

We observed a common trend of reproduction between late autumn and spring/early
summer that did not follow the main Mediterranean pattern of spawning in spring and

summer (see Tsikliras et al., 2010 for a review). This most typical pattern is mainly
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based on fish from coastal zones, early stages of which generally feed on
phytoplankton and zooplankton from the photic zone and/or the Deep-Chlorophyll-
Maximum (Sabatés et al., 2007). Little is known about the ecology of early stages of
bathyal fish, although production of buoyant pelagic eggs has long been considered
typical (Gage and Tyler, 1991; Merret and Barnes, 1996; Adlandsvik et al., 2001) and
the recruitment of juveniles to depth has been described for some species as occurring
months after the spawning period (Massuti et al., 1995; 1996). The early spawning of
bathyal fish may be timed to match both the peak in surface production and the
formation of the thermocline. Larvae hatching in the winter-spring period in shallower
layers of the water column most probably find maximum abundance of POM from
surface production in this period (Miquel et al., 1994). Also, early downward vertical
migration of small individuals can allow them to reach depths below the thermocline
before it is formed (May-June: Papiol et al., 2012), thus avoiding the difficulty of
transiting such a barrier. However, in deep studies of early stages of bathyal fish

species would be required in order to clearify this issue.
Conclusions

The mid-slope fish community of the NW Mediterranean has high levels of resource
partitioning that are related to their size, swimming capacity and to the energetic
demands of metabolism, growth and reproduction. Partitioning decreases in periods of
superabundant prey, and seasonal changes in fish diets are coupled to cycles of
secondary production. Consistently, feeding intensity (F) is linked to food availability.
Feeding intensity of benthos-feeders is linked to food sources (TOC%) and to surface
production (2 months prior to F peaks). The link is through enhanced benthos (and
hyperbenthos) production. The F of plankton-feeding fish is mainly linked to lipids both
in the sediment and the muscle of fish. Association to lipids in sediment, probably
related with phytodetritus deposition, may be because of consumption of mesopelagic
prey that relies on this phytodetritus. Greatest F precedes gonad maturation for most
fish species; thus changes in food availability appear to trigger the reproductive cycles
of benthopelagic fish. Probably related with an optimization of food partitioning, we
observed a clear temporal segregation in the reproductive cycles of fish species
feeding on similar resources. Spawning was mostly concentrated from autumn to
spring. Given that, it seems that food for adults is more important than resource

partitioning for the offspring, which may find enough food in water column features
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such as the slope Intermediate Nepheloid Layer before formation of thermocline (late

spring).
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Abstract

Trophic dynamics and biological cycles of decapods from the middle slope of the
Catalan Sea (Balearic Basin, NW Mediterranean) have been investigated. Samples were
collected on a seasonal basis from 600 to 1000 m depth between February 2007 and
February 2008. Stomach contents of the 6 most abundant species were analysed and
weights of gonads and livers were measured. Each species had a distinctive diet but
they mainly fed upon benthos and zooplankton. Dietary overlap was greater among
macroplankton feeders than among benthos feeders. Dietary overlap among both
macroplankton feeders and among the different classes of the endobenthos feeder
Aristeus antennatus was lowest in April. Among macroplankton feeders it was greatest
in February, and among A. antennatus, in October. Diet of macroplankton feeders
mainly changed from February to April, related to the maximum of secondary
mesopelagic production. Diets of A. antennatus changed between all consecutive
seasons and this species exploited different types of prey, from benthos to
hyperbenthos and zooplankton, according to their availability. Generalised greater
dietary diversity coincided with lowest dietary overlap in April in macroplankton
feeders, and the opposed situation was observed in A. antennatus. Feeding intensity
(stomach fullness, F) was related with food availability. Based on Generalised Linear
Models, the F of macroplankton feeders was related to dietary diversity, to the density
of mesopelagic fish and to indicators of surface production. For A. antennatus,
densities of benthic prey (i.e. C. macandreae and benthic polychaetes) were important
explanatory variables of trends in F, which were also related to surface production and

to densities of stomiiforms. Size was also an important factor defining prey selection
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and trends of Fin A. antennatus. We observed different timing of gonad maturation
(high gonadosomatic index) between species feeding on the same prey resources, but
planktotrophic larvae were released in summer, and lecitotrophic larvae in winter-
spring. The gonadosomatic index of mid-slope decapods was related to indicators of
the vertical flux from surface production. Increased feeding intensities usually
preceded gonad maturation, and hepatosomatic index depletion was also observed
parallel to gonad increase. Different relationships between food intake, and energy
storage and reproductive indicators pointed to other biological processes affecting

importantly the energetic balance required for reproduction to take place.

Keywords: Deep Sea, benthopelagic decapods, diet, reproduction, seasonality, food

availability.

1. Introduction

Decapod crustaceans are the most abundant taxon on the Mediterranean slopes
(Cartes and Sarda, 1992; D’Onghia et al., 2003; Politou et al., 2008), and more
specifically in the Catalan Sea (NW Mediterranean Sea) (Cartes and Sarda, 1992;
Cartes, 1993a; Papiol et al., 2012), where the distribution and composition of
benthopelagic decapod assemblages has been extensively studied. In this area, three
depth zones characterised by different decapod assemblages have been identified: the
upper, the middle and the lower slopes (Abelld et al., 1988; Abell6é and Valladares,
1988; Cartes and Sarda, 1992; Cartes, 1993a), which coincide with the different depth
strata defined by Péres (1985) for the bathyal Mediterranean. The middle-slope
assemblage, located between ~600 and ~1200 m, is characterised by high diversities of
benthic and nektobenthic decapod species and some typical bathypelagic species that
coexist (Cartes and Sarda, 1993). This assemblage is dominated by the benthic shrimps
Aristeus antennatus and Calocaris macandreae, but assemblage composition varies
seasonally and high densities of mesopelagic shrimps are observed in spring over the
upper and the middle slopes (Cartes et al., 1994). Given the thermohaline stability of
the deep Mediterranean (below ~200 m) (Hopkins, 1985), changes in assemblage
structure are attributed to fluctuations in food availability (Cartes, 1998JMBAUK;
Papiol et al., 2012).

Most decapod species inhabiting the middle slope of the Catalan Sea are secondary

consumers mainly feeding on macrofauna (Cartes, 1993b-e; 1994; Fanelli and Cartes,
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2008). Together with fish, they consume virtually all macrobenthic and
macroplanktonic production (Cartes and Maynou, 1998), thus food constitutes a
limited resource. In such conditions, minimisation of competition in food use may be
essential to ecological success of species (Margalef, 1974; Jeffreys et al., 2009) and is
probably a crucial factor allowing dominance of decapods in the deep Mediterranean.
Even though dominant decapod species on the middle slope have mixed diets based
on small sized benthopelagic and mesopelagic prey (Cartes and Maynou, 1998; Cartes
and Carrassén, 2004), dietary overlap is held to be low and high levels of food
partitioning take place (Cartes, 1998). Usually, species inhabit and feed at different
levels of the sediment-water interface, preying upon different prey taxa. Contrary to
that observed in fish (Macpherson, 1981), dietary overlap among decapods is lower
among benthic species than among benthopelagic species, which has been attributed
to greater diversities of benthic (Mamouridis et al., 2011) and hyperbenthic (Cartes et
al., 2003) prey with respect to zooplankton (Cartes et al., 2010). Nevertheless,
seasonality in the abundances of the different prey types causes changes in the
feeding and diets of their predators (e.g. Cartes, 1994; Cartes et al., 2008; Fanelli and
Cartes, 2008). Species may expand their foraging niche in order to survive to transitory
resource limitation and/or to gain competitive advantage over other species (Jeffreys
et al., 2009). As a result, resource partitioning can decrease due to exploitation of a
peaking resource by several species (Macpherson, 1981; Cartes, 1998). In the
northwestern Mediterranean, seasonal consumption of macroplankton by coexisting
species has been observed and has been related to the large seasonal fluctuations in
abundance of pelagic macroplankton compared to benthic macrofauna (Mauchline
and Gordon, 1991; lken et al., 2001; Cartes et al., 2010; Mamouridis et al., 2011).
Otherwise, dietary overlap may remain high, as species can use the same food
resources in different seasons.

Seasonal changes in availability of macrofauna respond to variations in food inputs to
bathyal depths (Cartes et al., 2002; Guidi-Guilvard et al., 2007; Mamouridis et al.,
2011). The main food input sustaining the majority of deep benthopelagic
communities is marine snow originated at surface (Tyler, 1988; Graf, 1989; Smith et al.,
1996; Drazen et al., 2004; Stowasser et al., 2009), which reaches bathyal depths
through vertical transport. Dependence of deep communities on organic matter
derived from surface production has also been reported in the NW Mediterranean Sea
(Polunin et al., 2001), where the importance of this food source varies seasonally

(Fanelli et al., 2011a,b; Papiol et al., 2013). Flux of marine snow is greater after the late

131



Feeding and reproduction of slope decapod crustaceans

winter surface blooms when the water column is homogeneous. Low particle flux is
associated with periods of stratification that usually extend from April to November
(Miquel et al., 1994). In addition to inputs of marine snow, food availability in the
continental slope of the Catalan Sea is also determined by local influence of advective
currents through submarine canyons that convey organic matter across the slope
(Buscail et al., 1990; Palanques et al., 2006) and resuspend OM from the upper
sediment layers (cf. Shepard et al., 1974; Monaco et al., 1990). Advective fluxes are
greatest in spring and least in summer, related to hydrologic processes taking place in
shelf areas (Monaco et al., 1990; Buscail et al., 1990; Canals et al., 2006; Palanques et
al., 2006).

The temporal oscillations in food availability are likely the drivers of the biological
cycles of fauna in a constant physical environment such as the deep Mediterranean.
That agrees with the idea that seasonal reproductive processes respond to the natural
fluctuations in environmental factors (Gage and Tyler, 1991). It has been reported that
different macrofauna groups from the NW Mediterranean slope have biological cycles
coupled to cyclic food availability (Cartes and Sorbe, 1996; 1998; Cartes, 1998a).
Among megafauna, reproduction and recruitment processes of some detritivore
species respond to pulses of food (Ginger et al., 2001; Hudson et al., 2004; Wingham et
al., 2003; Howell et al., 2004). Nevertheless, few studies have related food availability
with the reproductive cycles of deep-water predators. Biological cycles of
benthopelagic shrimps have been associated to vertical fluxes of organic matter
reaching bathyal depths (Puig et al., 2001), and delayed responses to blooms in surface
production have been observed (Cartes et al., 2008; Fanelli and Cartes, 2008; Briones-
Fourzdan et al., 2010). The time lag between the physiological response of secondary
consumers and the organic matter inputs is attributable to the additional trophic step
between them. Consistently, the biological cycles of some bathyal benthopelagic
shrimp species were related to changes in prey consumption (Cartes et al., 2008;
Fanelli and Cartes, 2008). These studies focused on a single species or on congeneric
species that are bathymetrically segregated but such work considering coexisting
species has not been performed. If food availability were the most important factor
controlling reproduction at bathyal depths, one would expect that reproductive cycles
of cohabiting species with contemporary inputs of organic matter were synchronised.
Contrarily, both seasonal and continuous reproductive cycles have been found in
coexisting benthopelagic decapod crustaceans. Moreover, a pattern of successive

reproductive cycles among middle-slope species has been described (Company et al.,
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2003). A similar phenomenon was observed among dominant benthopelagic fish
species from the middle-slope of the Catalan Sea (Papiol et al., this volume).
Reproductive cycles of these fishes were defined by patterns of feeding and energy
allocation, which were ultimately driven by prey availability and use. For decapods, it is
known that the success in maturation and spawning depends on their nutritional
status before maturation (Teshima et al., 1988). An optimal dietary balance is required:
the dietary intake of energy substrates in addition to energy reserves of the body must
exceed the maintenance and activity costs of an animal in order to have sufficient

energy to invest in reproduction, somatic growth or moulting (Harrisson, 1990).
In our study of middle-slope decapod crustaceans we aimed to

i) analyse the partitioning of trophic resources previously described at a seasonal
scale and identify the trophic patterns of the whole assemblage,

ii) relate their trophic dynamics with their reproductive cycles,

iii) determine the main food sources driving their feeding dynamics and

reproductive cycles.

2. Materials and methods

Data describing diets and gut fullness of six species of dominant benthopelagic
decapod crustaceans of the middle slope of the Catalan Sea (Balearic Basin, NW
Mediterranean Sea) were obtained using bottom trawls and analysed on a seasonal

basis over a one-year period.
2.1. Study area and sampling strategy

Five multidisciplinary surveys distributed in the four seasons of a calendar year were
performed between February 2007 and February 2008 (BIOMARE B1, B2, B3, B4 and
BO8) at depths ranging from 423 to 1175 m within the project BIOMARE. Three
stations in an open slope area were sampled along the isobaths close to 650, 800 and
1000 m, except in April when no samples were collected from 1000 m. In addition,
sampling was performed inside the Besos submarine canyon, a site locally called E/
Buscarro ground at ca. 600 m depth along the canyon’s southern wall. Nineteen hauls
were performed using a semi-balloon otter trawl (OTSB-14) (Merrett and Marshall,
1981) in February, April, June/July and October 2007, and February 2008. Details of the

OTSB-14 samplings can be found in Papiol et al. (2012). Twelve hauls were carried out
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with a commercial trawl only at two of the stations (ca. 600 m and ca. 800 m), and
those tows were performed on dates close to OTSB-14 tows (2007: March 6th, May
11" June 25", July 19", September 17" and December 28™). All hauls were carried
out during daytime. The time on bottom of each haul ranged between 45 and 90 min

at a towing speed around 2.6 knots.

Samples of surface sediment (0—-2 cm depth) for analysis of particulate organic matter
(POMeq) were collected with a multicorer from the 600 and 800 m stations throughout

the sampling period. Sediment was immediately frozen at -20 2C for later analysis.
2.2. Analyses of stomach contents and biological parameters.

All benthopelagic megafauna collected was identified to species level, counted,
measured and weighed, either on board or at the laboratory when further
identification was necessary or when sample mass was not large enough for precise

weighing. Specimens were immediately frozen at -20 2C for future analyses.

At the laboratory, we analysed the biological parameters of 1564 decapod crustaceans
belonging to the six species dominating the slope assemblage (Table 1; Cartes et al.,
1994). Only adult individuals of most species were selected for analysis, but we
distinguished two size classes (small and large) for Aristeus antennatus. This is the only
species presenting a marked sexual dimorphism, mature females achieving larger sizes
than males, thus, the size class of small individuals consisted of mature males and
immature females that were analysed separately. All individuals were sexed and
weighed (+0.001 g), and cephalothorax length (mm) was recorded. Sexual maturity of
females was determined macroscopically according to five stages of gonadal
development: I: immature; II: resting gonads; lll, IV and V: 3 stages of recrudescent
gonads, i.e. from the initial stages of gametogenesis up to the stage prior to spawning
of eggs (Company et al., 2003). Presence of eggs in pleopods was also logged. For
females of A. antennatus, seven gonadal stages of gonad maturation were
determined: I: undeveloped, II: undeveloped/resting, lll: developing, IV: maturation, V:
advanced maturation, VI spawning, VII: post-spawning (Demestre and Fortufio, 1992).
Stomach content, liver and gonads were removed and weighed (+0.001 g). The food
items were identified to species or to the lowest feasible taxonomic level, and their
percentage volume was estimated by the subjective points method (Swynnerton and

Worthington, 1940). Most decapods use their mandibles to crush their food and have
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plates in their stomachs that will further grind and process the food for digestion. For
this reason, prey remains were strongly broken and mixed, and direct prey weighing

was impossible in practice.
2.3. Analyses of sediment organics

TOC of sediments (TOCsq) was determined by the same procedure employed for

muscle tissue. TOC amounts are reported as percentage of sediment dry weight.

Total lipid content of sediments (lipidsseq) Was also analysed following a modified Bligh
and Dyer method (Bligh and Dyer, 1959; Alfaro et al., 2006). Lipid amounts are

reported as percentage of sediment dry weight.

In addition, phytoplankton pigments in sediments were analysed as indicators of OM
from surface primary production in the area by means of reverse-phase high-pressure

liquid chromatography (HPLC).

For all sedimentary analyses, three replicates were analysed for each sample at each
collection station in each season. Details of the analyses of sediment organics can be

found in Papiol et al. (2013).
2.4. Environmental variables

Casts were performed at each station with a SBE-32 CTD coupled with a fluorometer.
Locations were the same as those where biological and sediments samples were
collected. Values of fluorescence were recorded for each CTD profile at 5 m above the

sea bottom (5 mab).

Phytoplankton pigment concentration (PPC, mg Chla m™), obtained from
http://reason.gsfc.nasa.gov/Giovanni, was used as a rough index of surface primary
production in the area. We used monthly average PPC values at the bottom trawl
positions coincident with sampling, and 1, 2 and 3 months before sampling (Cartes et
al., 2004).

2.5. Data analysis

Two-way PERMANOVA with a crossed design considering sampling sites (i.e. depth)
and surveys (i.e. seasons) as factors was used to test spatial and temporal differences

among environmental variables and sediment organics.
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Table 1. Decapod species examined in the present study. Length ranges (CL = cephalotorax length), number of specimens dissected
for measuring biological parameters, number of stomach contents analysed, number of females dissected for measuring biological
parameters by season (win=winter; spr=spring; sum=summer; aut=autumn). Trophic guild from literature and source are also
indicated (B=benthos feeders; nmM=non-migratory macroplankton feeders; mM=migratory macroplankton feeders).

Species CL(mm) Season Dissected Females Diet Trgzpi)lk;c Source
Aristeus antennatus large 30-50 B Cartes and Sarda, 1989;
win 76 73 56 Cartes et al., 2008
spr 58 58 43
sum 73 72 51
aut 80 77 57
Aristeus antennatus small 20-30 B Cartes, 1994; Cartes et
win 43 29 al., 2008
spr 48 42
sum 124 60
aut 158 77
Acantephyra eximia 24-33 nmM  Cartes, 1993b
win 35 32 32
spr 9 7 8
sum 76 49 68
aut 35 26 29
Munida tenuimana 8-19 nmM  Cartes, 1993c
win 42 22 34
spr 49 22 36
sum 21 7 15
aut 28 11 20
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Pasiphaea multidentata

Plesionika martia

Polycheles typhlops

Total

25-45
win 81
spr 29
sum 70
aut 8
15-25
win 74
spr 55
sum 72
aut 67
20-40
win 53
spr 17
sum 47
aut 36
1564

55
23
46

29
24
35
22

41

32
24

801

46
19
33

54
37
39
47

19

15
10

985

mM

nmM

Cartes, 1993d; Fanelli
and Cartes, 2008

Cartes, 1993e; Fanelli
and Cartes, 2008

Cartes and Abell6, 1992
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Abundances of the megafauna species analysed and of potential prey species were
standardized to a common swept area of 1 ha (ind ha-1), according to the values

proposed by Cartes et al. (2009a).
2.5.1. Trophic data

The dietary composition was analysed for 976 individuals with stomachs containing
food (Table 1). The contribution of each prey item to the diets was standardised to

total individual weight.

Stomach fullness (F) was used to measure feeding intensity and was calculated as: F =

100 (stomach content weight / predator weight).
2.5.2. Biological parameters

Two indices were calculated for describing the overall physiological condition of the
decapods. The hepatosomatic index (HSI) was calculated as a proxy for energy reserves
stored in the liver (George and Patel, 1956; Gibson and Barker, 1979): HSI =100 (liver
weight/body weight). The gonadosomatic index (GSI) is often considered as a
surrogate for reproductive effort (e.g. Tuck et al., 1997; Cartes et al., 2008), and it was
calculated as: GSI =100 (gonad weight/body weight). All weights were wet weights.
Taking into consideration that females allocate more energy to reproduction than
males and that the liver plays an important role in energy storage (Rosa and Nunes,

2003a; Guijarro et al., 2008), HSI and GSI were only estimated for adult females.

In order to compare the duration of the annual reproductive periods, percentage of
females with recrudescent gonads (Stages Il to V; Stages lll to VI in A. antennatus) and
percentages of ovigerous females were calculated in relation to the population of adult

females by survey.
2.5.3. Overall diet of species

Diet was analysed for each species in each haul and survey. Between 8 and 22
individuals (a “sample”) were analysed per haul for all species. For the hauls analysed
with low numbers of individuals (<8), specimens from different hauls within the same
survey were pooled to attain minimum sample sizes of 8 individuals (30% of the total
samples). For each diet category (prey type) in each sample, prey biomass was

standardised to an equivalent of 10 individuals.

To identify overall trophic interactions among fish species, a hierarchical cluster
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analysis (average grouping method) was performed on the square-root transformed
biomass data using the Bray-Curtis similarity index (Field et al., 1982). To illustrate
observed similarities or dissimilarities (distances) between the groups resulting from
the cluster analyses, multidimensional scaling (MDS) analysis was carried out on the
same data matrix. The groups obtained were compared with postulated trophic groups
based on the literature (Table 1). Analysis of similarities (ANOSIM) between the
different groups obtained by cluster analysis was performed on the same resemblance
matrix to test significance of segregation between the groups. SIMPER analysis was
performed to identify characteristic prey for each group obtained from cluster analysis
and to calculate the degree of similarity/dissimilarity among diets of the different

groups of species.

Diet diversity across samples was calculated for each species using the Shannon-

Wiener H  index (Shannon and Weaver, 1949).
2.5.4. Seasonal intraspecific variations

Two-way permutational multivariate ANOVA with a crossed design considering both
sex (adult males and females) and survey as factors was used to test sexual differences

in diet composition between immature females and small males of A. antennatus.

Seasonal variations in diets of each species were measured by applying a one-way
PERMANOVA (Anderson, 2001; Anderson et al., 2008) to square-root transformed
proportional biomass data of individual stomach contents based on the Bray-Curtis
similarity index. Additionally, temporal trends in prey consumption (biomass) were

studied by merging all replicates from the same season.
Seasonal trends in dietary diversity (H’) were described.

Two-way permutational univariate ANOVA with a crossed design considering both sex
(adult males and females) and survey as factors was used to test sexual differences in
fullness in all species. Large and small A. antennatus were considered separately.
Pairwise tests were performed in order to allocate the sources of variation. One-way
permutational univariate ANOVAs (Anderson, 2001) based on Euclidean distances
were adopted to test seasonal changes in fullness, HSI and GSI after arcsine
transformation in order to approximate Normality (Sokal and Rohlf, 1995). While
permutational ANOVA was designed for multivariate analysis of distance matrices, it

can be used for univariate ANOVA. Because we have only one dependent variable in
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the analysis and use Euclidean distances, the resulting sums of squares and F-ratios are
the same as Fisher’s univariate F-statistic in traditional ANOVA. Significance was set at
p = 0.05; p values were obtained using 9999 permutations of residuals under a reduced

model (Anderson, 2001).
Seasonal trends in the percentages of mature and ovigerous females were described.
2.5.5. Seasonal changes in interspecific relationships

Affinities between diets of the different species in each season were calculated using

the quantitative Schoener index (o) (Schoener, 1974).
2.5.6. Drivers of fullness and biological cycle

A draftsman plot (i.e. scatter plots of all pairwise combinations of variables) (Clarke
and Warwick, 1995) was applied to environmental variables to identify whether any of
them were strongly correlated, thus providing redundant information. Redundant
variables (r > 0.70) were discarded, simplifying the matrix for later Generalised Linear
Models.

In order to identify which variables explained patterns of fullness and GSI, values of
fullness and GSI were compared with independent explanatory variables by means of
Generalised Linear Models (GLMs) after normalising the dependent variables by
arcsine transformation (Sokal and Rohlf, 1995). GLMs for fullness were calculated on
each of the trophic groups obtained by cluster analyses using mean values of fullness
per haul and species. GLMs for GSI were calculated on each species using GSI per
individual (not mean per haul) in order to increase sample size. GLMs are flexible
generalisations of ordinary least squares regression. A GLM generalises linear
regression by allowing the linear model to be related to the response variable via a link
function and by allowing the magnitude of the variance of each measurement to be a
function of its predicted value. The distribution family used was Gaussian with identity
link. The models were computed by adding single terms based on minimising Akaike’s
Information Criterion (AIC) and only including variables that were significant (p<0.05).
Both in the fullness and the GSI models we included environmental variables: i) surface
phytoplankton pigment concentration (PPC) simultaneous with and 1, 2 and 3 months
before the sampling, ii) fluorescencesmap; iii) sediment TOC.eq%, iv) sediment total lipids
and v) the sum of sediment chloropigments (chlorophylls and their degradation

products). Chloropigments were used as general indicators of the quantity of
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phytodetritus (Vidussi et al., 2000 and references therein). Standardised abundances
of potential prey of megafaunal fish caught with the OTSB-14 (i.e. sergestid and
pasipheid shrimps, brachyuran crabs, Calocaris macandreae, mesopelagic myctophids
and stomiiforms smaller than 50 mm [Cartes et al., 2008], euphausiids, mysids,
isopods, hyperiids) were also included in the models, as was dietary diversity and
predator’s density. Additionally, densities of polychaetes and ophiuroids obtained by
means of a Box-Corer in a parallel study (Mamouridis et al., 2011) were used. Also, for
the monospecific models performed on GSI, density, size and individual predator W (in
the case of models for GSI) and HSI were included as biological variables potentially
linked to gonad maturation. Considering fullness is an immediate reflection of what is
consumed, we compared fullness with variables sampled simultaneously. Given that
gonad growth has some delay in relation to the food ingested or the energy stored in
the organism, values of GSI were compared with variables sampled simultaneously and
those from the previous sampling. For previous biological indices, mean values per
sampling station were used because we considered the animals sampled in each

season as a cohort from the same population.

All statistical analyses were performed using PRIMER6 and PERMANOVA+ (Clarke and
Warwick, 1995; Anderson et al., 2008), R 2.14.2 (http://www.r-project.org/), STATISTICA
6 and XLSTAT software.

3. Results
3.1. Organic matter sources

Results for spatial and temporal trends of TOC.q% and surface primary production are
detailed in Papiol et al. (2012) and lipids and pigments in sediments and fluorescence 5
m above sea bottom are reported in Papiol et al. (2013). Those are not repeated here,

as they are taken into account only for developing GLMs.
3.2. Overall diet of species
3.2.1. Resource partitioning

The MDS analysis performed on dietary data shows that position of predators along a
benthic—pelagic gradient, that is, the distribution of their prey in the near-bottom
water column is the main structuring factor (Fig. 1). Combining the results of cluster
analysis with the MDS ordination we distinguish three main groups at 20% similarity.

Species from both categories of macroplankton feeders established from the literature
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Fig. 1. MDS ordination plot of stomach contents of the different decapod crustacean species
per haul, based on Bray-Curtis resemblance matrix of square-root transformed prey weight
data. Data points are identified by species and by trophic guilds from the literature (Table 1):
black = benthos feeders; dark grey = non-migratory macroplankton feeders; light grey =
migratory macroplankton feeders. Circles indicate cluster overlay at 20% of similarity.

migratory macroplankton feeders (nmM) Munida tenuimana, Acantephyra eximia and
Plesionika martia, and the migratory macroplankton feeder (mM) Pasiphaea
multidentata) cluster together at the left side of the MDS, and each of the benthic-
feeder species (A. antennatus and Polycheles typhlops) forms another cluster located
at the right side of the MDS. A. antennatus is located at the top right and P. typhlops is
at the bottom right. All groups obtained by cluster analyses were statistically distinct

(ANOSIM R=0.748; p<0.001).

SIMPER reveals that 67% of the diet of macroplankton feeder species was represented
by the euphausiid Meganyctiphanes norvegica, the congeneric mesopelagic shrimps
Pasiphaea sivado and P. multidentata, unidentified fish and stomiiforms. The group
consisting of the two size categories of the benthic feeder shrimp A. antennatus was
more homogenous than the rest (average within group similarity=65.3%). Diets of A.
antennatus were characterised by consumption of polychaetes (principally Nephtydae
and Glycera sp.), hyperbenthic isopods (essentially, Natatolana borealis), bivalves,
holothurians, hyperbenthic gammariids, benthic foraminiferans, caudofoveats, fish

remains and echinoid remains, accounting for 60% of the cumulative W of the diets.
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Diets of P. typhlops were characterised by mesopelagic stomiiforms, A. antennatus
remains, unidentified fish remains and hyperbenthic isopods, accumulating 68% of the
diet W. Dissimilarities between diets of the different groups of species obtained by

cluster analysis were well above 80%.
3.3. Intraspecific seasonal variations
3.3.1. Seasonal trends in diets

Statistical significance estimates for seasonal variations in dietary composition can be
found in Table 2.

Table 2. Results of PERMANOVA pair-wise tests comparing diet composition of each decapod
species in consecutive seasons based on 9999 permutations. t values and p-level significance
(*p<0.05; **p<0.01; ***p<0.001; n.s.=not significant) indicated.

Feb-Apr Apr-Jun/jul  Jun/Jul-Oct Oct-Feb
P. martia 2.459"" ns 2.2697 3.280""
A. eximia ns ns ns ns
P. multidentata 2.178"" 1.431 - -
M. tenuimana 1.705" ns ns 1.901""
P. typhlops - - ns 1.360"
A. antennatus large 3.1217 1.737" 2,570 1.822""
A. antennatus small 1.302° 1.889"" 29797 1.586

Macroplankton feeders

Diet of the pandalid shrimp P. martia changed seasonally (pseudo-F3 176=5.23;
p<0.001), although pasipheid shrimps (i.e. P. multidentata and P. sivado) were the
most important prey in all seasons (Fig. 2). In February pasipheid shrimps, mostly P.
multidentata, were main prey, representing almost 60% of the food consumed. Diet
changed significantly to April, when P. martia consumed greater variety of prey, and
proportion of pasipheid shrimps in the diet, now primarily P. sivado, was less (23%).
Mesopelagic fish, i.e. myctophids and stomiiforms, were also abundant in the diet
(19%). Changes to June/July were not statistically significant, although consumption of
hyperiids, myctophids and M. norvegica decreased and was replaced by ingestion of
gelatinous zooplankton, benthic polychaetes and the hyperbenthic isopod N. borealis.
Diet in October differed significantly to that of June/July and main prey was P. sivado
(46%).

143



Feeding and reproduction of slope decapod crustaceans

P. martia A. eximia

P. multidentata

0.03 0.03
0.02 0.02 -
0.01 s
0 3 0.01 -
0 |El T 1
Feb Apr Jun/Jul
£] Other Mesopelagic fishes
W Sergestids O Polychaetes
& Pasiphaea spp. B Unidentified fishes
B Organic debris O Hyperiids
B Gelatinous zooplankton Euphausiids
O Eucopia hanseni W Epibenthic decapods

Fig. 2. Diet composition (by weight) of macroplankton feeder decapod species in each
sampling period.

Seasonal changes in the diet of the oplophorid shrimp A. eximia were not significant
(p>0.05), and diet did not change significantly between consecutive seasons, being P.
multidentata the most important prey throughout the year (Fig. 2). In February, P.
multidentata represented 37% of the food ingested, and second most important prey
was gelatinous zooplankton, mainly salps. Consumption of P. multidentata decreased
in April but was still most important prey together with mesopelagic fish, namely
stomiiforms, and Plesionika sp. In June/July myctophids, especially Ceratoscopelus
maderensis, and the sergestid Sergia robusta were abundant prey together with P.
multidentata. In October, main prey was the euphausiid M. norvegica and P.
multidentata was second most important prey in terms of biomass. Mesopelagic fish
and the hyperbenthic isopod N. borealis represented each more than 10% of the food

ingested in this period.
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Diet of the pasipheid shrimp P. multidentata changed seasonally (pseudo-F; 97=3.80;
p<0.001). In February, M. norvegica dominated in the diet of this predator (40%),
which also ingested substantial amounts of Sergestes arcticus, P. sivado and
mesopelagic fish, mainly small stomiiforms (Fig. 2). Diet changed significantly to April,
when it consisted mainly of the mysid Eucopia hanseni, of the benthic shrimp Calocaris
macandreae, and of hyperiids. Changes to June/July were significant and in this period
the diet was again dominated by the euphausiid M. norvegica. The rest of the diet was
principally composed by P. sivado and myctophids, predominantly L. crocodilus. Diet in
October could not be described due to insufficient number of individuals (4) with

stomachs containing food.

Seasonal changes in the diet of the galatheid M. tenuimana were statistically
significant (pseudo-F3 104=2.42; p<0.01), and diet in February was different from both
diet in the following (April) and the preceding (October, assuming a composite year)
seasons. In February, diet of M. tenuimana mainly consisted of euphausiids, essentially
M. norvegica but also N. megalops, hyperiids and gelatinous zooplankton, mostly salps
and hydrozoans (Fig. 2). In April, main prey consisted of fish remains, and consumption
of gelatinous zooplankton maintained, although the siphonophore Chelophyes
appendiculata was now more important. Consumption of M. norvegica was still
important, although lower than in February, and M. tenuimana and brachyuran crabs
were also eaten. Changes to June/July were not statistically significant, but in this
period, main food items found in stomachs consisted of organic debris and fish
remains. Fish remains were the most abundant food item in October, when M.

tenuimana also fed on brachyuran crabs and M. norvegica.
Aristeus antennatus

For both size categories of A. antennatus, seasonal changes in the diet were significant
(large: pseudo-F3 ;06=6.28; small: pseudo-F; ;0,=4.23; both p<0.001) and diet changed
between all consecutive seasons (including October and February assuming a

composite year).

Benthic polychaetes, especially Nephtys sp. and Glycera sp., were the dominant prey in
all categories of A. antennatus, and their consumption was rather constant throughout

the year.

Diet of large females of A. antennatus was dominated by benthic prey, especially

polychaetes in February (Fig. 3). Changes to April were mainly attributable to a large
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Fig. 3. Diet composition (by weight) of benthos feeder decapod crustacean
species in each sampling period.

increase in consumption of hyperbenthic isopods, essentially N. borealis (>40% of the
diet). This prey still dominated in the diet in June/July. In October consumption of N.
borealis decreased sharply and diet was dominated by polychaetes again. Brachyuran
crabs, holothurians and fish gained importance as prey. In June/July and October some

consumption of pasipheid shrimps was also observed.

The interaction between the two factors (sex and survey) of the two-way
permutational ANOVA performed on diet composition of small A. antennatus was not
significant (p>0.05), thus seasonal trends in diet composition of individuals of both
sexes were analyses jointly. Small A. antennatus consumed a wide variety of prey all
year long, none of them clearly dominating in the diet (Fig. 3). In February, the most
abundant prey were benthic polychaetes, foraminiferans, and ophiuroids. Mesopelagic

fish and M. norvegica were secondary. In April, consumption of hyperbenthic prey
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increased, and hyperbenthic gammariids and mysids, namely Boreomysis arctica, were
the most abundant. Contrarily, ingestion of ophiuroids and polychaetes decreased.
Consumption of the hyperbenthic gammariids and mysids decreased in June/July and
benthic prey (i.e. polychaetes and benthic foraminiferans) became main prey.
Consumption of cumaceans, especially Leucon longirostris, also increased in this
period. In October, main prey were polychaetes and N. borealis, and euphausiids and

pasipheid shrimps were also consumed.
Polycheles typhlops

Seasonal changes in the diet were statistically significant (pseudo-F; 43=1.61; p<0.01).
Main prey in February were C. braueri and fish eggs, and remains of the shrimp A.
antennatus, the cephalopod Histioteuthis reversa and the benthic shrimp C.
macandreae were secondary prey (Fig. 3). Diet could not be described in April because
of the few stomachs found containing food. In June/July, cephalopod remains were the
main food item, constituting more than half of the food ingested. Second most
important food item were fish remains. In October this predator mainly preyed upon
M. norvegica and hyperbenthic prey (i.e. B. arctica, N. borealis and Rachotropis spp.),
although changes from June/July to October were not statistically significant. Diet

differed significantly between October and February.
3.3.2. Seasonal trends in fullness

The interaction between sex and survey of the two-way ANOVA performed on fullness
of each species was never significant (p>0.05). Therefore, males and females of all the

species were analysed jointly.

Among macroplankton feeders, significant seasonal changes in stomach fullness were
only observed between February and April in P. martia, when fullness increased to a
maximum, decreasing gradually afterwards (Fig. 4). Fullness of A. eximia was greatest
in February and lowest in October, although changes were not significant. For P.
multidentata fullness decreased from February to June/July, when it was lowest and it
increased afterwards to maximum values in October. Munida tenuimana and P.
typhlops presented parallel temporal patterns of fullness, with similar values within
each species between February and June/July and a slight decrease of fullness in
October. These changes were not significant either. Fullness of large females of the
benthos feeder A. antennatus peaked significantly in April and remained constant

during the rest of the year. Fullness of small A. antennatus increased significantly from
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Fig. 4. Seasonal trends in %fullness (F) of the different decapod crustacean species. Vertical bars
indicate 95% confidence intervals. Asterisks indicate significant differences with preceding
sampling: *p<0.05; **p<0.01; ***p<0.001.

June/July to October, when it was greatest, and decreased in February to minimum

values.
3.3.3. Seasonal trends in dietary diversity

Diet diversity H among macroplankton feeders followed species—specific temporal
trends, and greatest diet diversities seemed to follow one another among the different
species (Fig. 5). That is, the diet of M. tenuimana was more diverse in February and
April and less diverse during the rest of the year, that of P. martia was more diverse in
April and June/July, and diet diversity in A eximia was relatively greater in June/July
and October. Diversity (H’) of these species was between 2.2 and 4. Dietary diversity in
P. multidentata was homogenous from February to June/July (H’=2.5+0.13). H’ of both
large and small females of A. antennatus was lowest in April and gradually increased to
October. Instead, for males H” was great in February and April, and lowest in June/July.
H’ of A. antennatus was the greatest among all species (H’=4.4-5.3). Although no value
was obtained in April for P. typhlops, the pattern of dietary H” was similar to that of

males of A. antennatus. H’ of diet of P. typhlops ranged between 2 and 3.1.
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Fig. 5. Seasonal trends in dietary diversity (H’) of the different decapod crustacean
species.

3.3.4. Seasonal trends in hepatosomatic index (HSI)

Greatest HSIs were found in A. antennatus and A. eximia (from 7.3% to 11.9%) and
lowest were in M. tenuimana and P. typhlops (from 0.3% to 2.5%). P. martia and P.
multidentata presented mid-values of HSI. Significant changes in HSI between

consecutive seasons are specified in Figure 6.

Among macroplankton feeders, temporal trends in HSI of P. martia and A. eximia were
parallel, and HSI decreased from February to June/July and increased afterwards (i.e.
October) (Fig. 6). HSI of P. multidentata increased gradually from February to October,
changes being statistically significant between February and April. Munida tenuimana

had low HSl in February and July, and great HSI in and October.

The HSIs of the benthic-feeders A. antennatus and P. typhlops were high in February
and April, and low in June/July and October. Significant temporal changes were

observed in A. antennatus but not in P. typhlops.

3.3.5. Seasonal trends in gonadosomatic index (GSI) and percentage of mature and

ovigerous females

In all species, trends in GSI and in the percentage of mature females were parallel.
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Temporal changes in the GSI of P. martia were not significant, due to the high variance
in GSI within each sampling period (Fig. 6). This is because P. martia has continuous
reproduction. In agreement, mature and ovigerous females were observed in all
periods (Fig. 7). GSI of A. eximia was greatest in February and gradually decreased to
June/July and October (Fig. 6). Low within-season variance in GSI was observed, so
maturity in the females’ population was synchronised. In fact, greatest percentage of
mature females was observed in February (Fig. 7), and no mature females were
observed in June/July and October. A peak in the percentage of ovigerous females was
observed four months after the presence of mature females (June/July). The number
of individuals for which GSI of P. multidentata was recorded was not large enough to
analyse temporal patterns appropriately. Ovigerous females were observed in October
and in February to a lesser extent. For M. tenuimana GSI had a main peak in October

and a secondary peak in April, parallel to the trends in percentages of mature and
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ovigerous females.

GSl and percentage of mature females of A. antennatus had both a sole significant

peak in June/July, and variance within each period was very low (Fig. 6). Aristeus

antennatus is a species that does not carry eggs (Demestre and Fortufio, 1992).

GSl of P. typhlops peaked in February and decreased afterwards (Fig. 6), parallel to the

trend in the percentage of mature females (Fig. 7). GSI in April was lacking. A peak of

ovigerous females was found in June/July, four months after the greatest percentage

of mature females.
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Dietary overlap was generally low throughout the whole period of the study (Table 3).

Among macroplankton feeders overlap was relatively high in February between P.

martia and A. eximia and between P. multidentata and M. tenuimana. Nevertheless,
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the most common trend was of relatively greatest overlap between pairs of species in
February, decreasing in April and June/July. Overlap increased slightly in October.
Dietary overlap between the two size categories of A. antennatus was lowest in April
and increased to greatest values in October. Although overlap between macroplankton
feeders and the benthic-feeder A. antennatus was always low, it was greatest in
October. Contrarily, temporal trends in dietary overlap between P. typhlops and the

rest of species were in general greatest in February and lowest in October.

Table 3. Diet overlap for the seven benthopelagic decapod species by season using
Schoener's Index. Aant L=A. antennatus large; Aant S=A. antennatus small; Aexi=A.
eximia; Mten=M. tenuimana; Pmar=P. martia; Pmul=P. multidentata; Ptyp=P. typhlops.

FEBRUARY AantL AantS Aexi Mten Pmar Pmul Ptyp
Aant L 1 0.52 0.12 0.10 0.09 0.01 0.15
Aant S 1 0.16 0.12 0.12 0.02 0.13
Aexi 1 0.29 0.58 0.03 0.19
Mten 1 0.27 0.41 0.11
Pmar 1 0.18 0.10
Pmul 1 0.02
Ptyp 1
APRIL AantL AantS  Aexi Mten Pmar Pmul

Aant L 1 0.36 0.09 0.12 0.18 0.10

Aant S 1 0.05 0.10 0.11 0.07

Aexi 1 0.03 0.20 0.02

Mten 1 0.26 0.05

Pmar 1 0.08

Pmul 1
JUNE/JULY AantL AantS Aexi Mten Pmar Pmul Ptyp
Aant L 1 0.47 0.10 0.07 0.23 0.03 0.11
Aant S 1 0.09 0.09 0.23 0.02 0.10
Aexi 1 0.06 0.22 0.12 0.07
Mten 1 0.08 0.02 0.20
Pmar 1 0.28 0.06
Pmul 1 0.02
Ptyp 1
OCTOBER AantL AantS Aexi Mten Pmar Ptyp
Aant L 1 0.66 0.17 0.17 0.13 0.09
Aant S 1 0.26 0.14 0.15 0.07
Aexi 1 0.21 0.29 0.06
Mten 1 0.23 0.06
Pmar 1 0.07
Ptyp 1

152



Feeding and reproduction of slope decapod crustaceans

3.5. Drivers of fullness

The generalised linear models (GLMs) performed on fullness data for each trophic
group revealed that fullness of macroplankton feeders was positively correlated with
dietary diversity (H’) and predator’s own density, and negatively correlated with
surface production 3 months before the sampling and the density of small mesopelagic

fish (Table 4). The model explained 47% of the total variation.

For A. antennatus, the GLM performed on fullness explained 44% of the total variation
and included densities of C. macandreae, small stomiiforms (i.e. A. hemygimnus and C.
braueri) and polychaetes, which were positively correlated with fullness (Table 4).
Additionally, fullness was inversely correlated to surface production taking place

simultaneously to the sampling.

The model for P. typhlops was not calculated due to the small number of samples

available.

Table 4. Generalised Linear Models performed on fullness of decapods considering the
trophic groups obtained by cluster analyses. D.f. = degrees of freedom. H’=dietary diversity;
PPC; months=Phytoplankton pigment concentration at surface 3 months before the sampling;
PPCqmur= Phytoplankton pigment concentration at surface simultaneously to the sampling.
Names of prey taxa indicate their densities.

Explained Residual. Explained Sign of
dev. dev. dev. F correlation p-value
Macroplankton feeders
NULL 0.050
H' 0.011 0.040 21.54 15.932 (+) 0.000
PPC3 months 0.004 0.036 7.67 5.676 (-) 0.022
Density 0.006 0.030 11.68 8.640 (+) 0.006
Mesopelagic fish ~ 0.003 0.027 6.39 4.729 (-) 0.036
47.28
D.f. 43
AIC -189.29
Aristeus antennatus
NULL 0.004
C. macandreae 0.001 0.003 24.40 14.860 (+) 0.001
Stomiiforms 0.001 0.003 12.01 7.312 (+) 0.011
PPCqimut. 0.000 0.002 7.73 4.708 (-) 0.038
Polychaetes 0.000 0.002 8.23 5.013 (+) 0.033
44.14
D.f. 33
AIC -221.27
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3.6. Relationship between biological cycle and food availability

The GLM performed on the GSI of females of P. martia revealed that 11% of the total
variation was explained by a negative correlation between GSI and surface production
taking place two months before (Table 5). The GSI of A. eximia was greater in larger
animals after greater concentrations of lipids in the sediment and after low stomach
fullness (Table 5). The GLM performed on the GSI of A. eximia explained 54% of the
total variation. The GLM for the GSI of adult females of A. antennatus included 5
variables that explained 75% of the total variation. The GSI was positively related to
surface production taking place three months before the sampling and to abundances
of N. borealis. GSI was greater at greater densities of adult females of A. antennatus
and in larger animals, following great stomach fullness. Trends in GSI of adult females
of P. typhlops were explained by two variables that explained 35% of the total
variation. Greater concentration of lipids in the sediments enhanced gonad growth,

which was observed in larger animals.

Table 5. Generalised Linear Models performed on gonadosomatic index of the seven species
of benthopelagic decapods. F value and significances specified. Sign of the correlation
indicated in parentheses. D.f. = degrees of freedom. Factors: Density= density of each
decapod species; PPC; months aNd PPCs months=Phytoplankton pigment concentration at surface
2 and 3 months before the sampling; Lipids=Ilipids concentration in sediments; 1
survey=value from the preceding sampling survey; densities of different potential prey
sampled with the bottom trawl also indicated.

Species
Factor P. martia A. eximia A. antennatus P. typhlops
Size 692" (+) 1076 (+) 589 (4
Density 46.16 (+)
Fullnessssyrey 2924 (1) 43317 (+)
PPC3 months 585 ()
PPC3 months 513.377 (4
Lipidsssurvey 1582 (+) 2866 (+)
C. borealisysyrvey 111.92°" (+)
% explained 10.87 53.60 74.68 35.42
AlIC -128.54 -256.57 -793.33 -247.34
D.f. 49 48 251 65
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4. Discussion
4.1. Feeding guilds

In agreement with previous studies on trophic relationships in crustacean assemblages
from the Mediterranean slope, benthopelagic decapods structured according to the
vertical distribution of available food resources near the seabed (Cartes, 1998; Cartes

and Carrassén, 2004; Papiol et al., 2013).

We recorded high diversities in diets of deep-sea decapods, indicating exploitation of a
great variety of prey. Nevertheless, two main trophic pathways based on mesopelagic
or benthic prey consumption can be deduced, as shown by Cartes (1998) from diets
and by Papiol et al. (2013) from stable isotope ratios. Dietary results coincided, in
general, with previous studies (see references in Table 1). Dietary data did not allow
the discrimination between migratory (i.e. P. multidentata) and non-migratory (i.e. the
Plesionika martia, Acantephyra eximia and Munida tenuimana, feeding close to the sea
bottom) plankton feeders (Cartes, 1993d, g). Both groups prey on similar pelagic
species, though at different levels of the water column. Benthos feeders (B) were
strongly segregated; Aristeus antennatus mainly foraged on prey that live buried in the
substratum or right beneath it (Cartes and Sarda, 1989; Cartes, 1994) and P. typhlops
restricted to the uppermost level of the bottom sediment and the water layer
immediately adjacent to the seabed (Cartes and Abelld, 1992). Among B, pelagic prey
were also important seasonally, and may act as vectors for surface production and

signals for reproduction processes (see below).

A pattern of increasing food consumption with increasing swimming capacity (Maynou
and Cartes, 1998; Papiol et al., this volume), which is related to greater metabolic rates
(Koslow, 1996; Company and Sarda, 1998; Drazen, 2002), was confirmed: the benthic
P. typhlops had the lowest feeding intensity, which was greater in nektobenthic
species (i.e. P. martia, A. eximia and A. antennatus). The low feeding intensity of the
mesopelagic shrimp P. multidentata is attributable to its nocturnal feeding behavior
mainly in midwater (water levels above the Benthic Boundary Layer) (Cartes, 1993c, d),
so when specimens were caught in the daytime stomachs were empty. Differently,
greatest feeding intensity of the slow-moving benthic M. tenuimana is reinforced by its
diurnal feeding (Maynou and Cartes, 1998) linked to the presence of the species’
preferred prey items near the bottom (Sardou et al., 1996). Nevertheless, other factors

should contribute to the high feeding intensities of M. tenuimana, as discussed below.
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Related with the swimming capacity of decapods, we observed a pattern of greater HSI
in more mobile species and low HSI in low-mobile ones (i.e. M. tenuimana and P.
typhlops). The hepatopancreas (HP) of decapods is considered the main organ for
energy storage, providing metabolic energy for the main energy expending processes,
i.e. swimming (Gade, 1983; Yu et al., 2009), reproduction (Gibson and Barker, 1979)
and moulting (Adiyodi and Adiyodi, 1970). Thus, the HP of species with low natatory
capacity may be exempt of storing energy for this purpose, enabling the existence of a

small HP.
4.2. Seasonal variations in resource use and feeding intensity

We performed over the Catalonian slope novel analyses on seasonal changes in the
resource use in deep sea trophic webs. In general, diets of M changed from February
to April, after the late winter bloom of surface production and particle flux (Miquel et
al., 1994). In February, M mainly preyed upon M. norvegica and P. multidentata (Fig.
2), which dominated the macroplankton community in this period of low diversities of
macroplankton (Sardou et al., 1996; Cartes, 1998b; Cartes et al., 2010). Expected
influence of predator size in prey selection (Cartes, 1993b,d,e) was observed and while
P. multidentata and M. tenuimana preyed upon M. norvegica, larger M predators (i.e.
P. martia and A. eximia) consumed greater amounts of P. multidentata. In addition,
the pairs of predators feeding on the same prey (and with high dietary overlap in this
period) avoid possible competition by feeding at different times of the day and at
different levels of the water column (e.g. M. tenuimana and P. multidentata: Cartes,
1993c, g), or by being bathymetrically segregated (e.g. A. eximia and P. martia: Cartes,
1998a). In April, the natatory A. eximia, P. martia and P. multidentata consumed
greater amount of different mesopelagic prey. These species must respond to the
bloom of secondary production, which is characterized by greater availability of a large
variety of plankton (e.g. mesopelagic fish, hyperiids and gelatinous zooplankton:
Sardou et al., 1996; Cartes, 1998b; Cartes et al., 2010). Instead, the low-mobile M.
tenuimana switched diets to greater consumption of prey from the bottom surface,
and an increase in the scavenging activity that continues to June/July can be deduced
from the presence of fish remains and of organic debris in stomachs (Cartes, 1993c).
The temporal patterns in dietary overlap were coupled to the trends in diversity and
dominance in the macroplankton community. The availability of a wider array of
potential prey (in other words, the lack of a dominant single prey) in April and

June/July favored greater partitioning of resources, as revealed by the decrease in
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dietary overlap. This suggests active prey selection among decapods that should be
based, at least to some extent, on prey-predator visual interactions. In October, the
dynamics of zooplankton and the dietary composition of M were also parallel: the
decline in secondary pelagic production and the dominance of M. norvegica close to
the seabed (Sardou et al., 1996; Cartes et al., 2010) coincided with the greater
consumption of the latter, a phenomenon that has been reported in other studies on
bathyal benthopelagic megafauna (Macpherson, 1981; Cartes, 1998a). The dominance
of M. norvegica and P. multidentata in October and February brought about greater

dietary overlap (i.e. more similar diets).

Seasonal patterns in the feeding intensity within the group of M decapods differed,
although a trend of great fullness in April and June/July that decreased in October was
observed among the non-migratory species. As observed in fish (Madurell and Cartes,
2005; Papiol et al., this volume), great feeding intensity followed the greater
availability of prey after the late winter surface bloom. Lower fullness in October was
associated to the decrease in small macroplankton production. The peak of fullness of
A. eximia in February is attributable to the capacity of this species to prey on small P.
multidentata present over mid-slope depths in this period (authors’ unpublished data),
which probably owes to its greater size (compared to P. martia) (Cartes et al., 1994)
and its burst swimming performance (Bailey et al., 2005). Temporal patterns in feeding
activity of the own P. multidentata, were opposed to those of the non-migratory
species above cited (Fig. 4), and seemed coupled to the presence of small pelagic prey,
essentially M. norvegica, in the water column and the BBL (Sardou et al., 1996; Cartes
et al., 2010). Some kind of association must exist between the diet and the seasonal
migratory behavior of P. multidentata. For example M. norvegica should be captured
rather at surface/midwater (0-300 m) in February and closer to the bottom (ca. 500 m)
in October, following the annual migratory cycle of this euphausiid (in the Ligurian Sea:

Sardou et al., 1996).

We discussed that pelagic secondary production after the winter-spring bloom
enhances the feeding activity of M benthopelagic decapods. This idea is reinforced by
the relationship found between surface production 3 months before samplings and
fullness in GLMs for macroplankton feeders. M decapods respond to the winter
surface bloom of primary production with this delay (ca. 2-3 months) because this may
be the time required for biomass increases of their pelagic prey (Fanelli et al., 2011b).

The increased flux of particulate organic matter (POM) from surface production in
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spring-summer (Miquel et al., 1994) along the water column likely enhances the
growth of larvae and early stages of macroplankton species found in the epi and
mesopelagic zones, which may later perform ontogenetic migrations to the Benthic
Boundary Layer with adult stages reaching bathyal depths (e.g. C. braueri: Goodyear et
al., 1972; M. norvegica: Sardou et al., 1996). Particle flux after the surface bloom also
favors the proliferation of deep macroplankton from low trophic levels near the

bottom (Franqueville, 1971; Sardou, 1996; Cartes, 1998b; Cartes et al., 2010).

The positive relationship between fullness (F) of macroplankton feeders and their
population density must be associated to feeding aggregations, as found for Plesionika
spp. (Fanelli and Cartes, 2004). In addition, aggregations of adults for reproduction
(e.g.in P. martia: Puig et al., 2001; Fanelli and Belluscio, 2003; P. multidentata:
Company et al., 2001), cannot be excluded and these species generally had a temporal

pattern of F parallel to that of the gonadosomatic index, as discussed later.

Greater seasonal variations of macroplankton communities with respect to
macroinfauna (Mauchline and Gordon 1991; lken et al. 2001; Cartes et al., 2010;
Mamouridis et al., 2011) did not lead to the greater changes in diet composition of M
compared to B that are usually accepted (e.g. Macpherson, 1981; Papiol et al., this
volume), and the diet composition of A. antennatus varied between all consecutive
seasons. Although the diet of A. antennatus is mainly based on endobenthos, this
species showed the capacity of exploiting a wide spectrum of prey. In April, A.
antennatus consumed greater amount of hyperbenthos, and in October their diet
included pelagic prey that peaked (i.e. fish: Cartes et al., 2010; and M. norvegica and P.
multidentata: Sardou et al., 1996; Cartes, 1998a; Cartes et al., 2010). Consistently, we
observed (from GLMs) that feeding intensity of A. antennatus was positively related to
densities of small mesopelagic fish in the environment. Large expansion of trophic
niche by A. antennatus was observed in other areas of the western Mediterranean Sea
(e.g. north of the Balearic Islands: Cartes et al., 2008) and was detected through stable
isotopes (Papiol et al., 2013). This must work as an advantageous strategy for gaining
competitiveness over other species, as confirmed by the dominance of A. antennatus
at middle slope assemblages in most areas in the western Mediterranean (Cartes and
Sarda, 1992; Papiol et al., 2012). High diet diversities (H’) obtained for A. antennatus
agree with the classification of this species as a non-specialised hunter (Cartes, 1994).
Therefore, diet should reflect the composition of benthos, and great consumption of

N. borealis by large A. antennatus in April and June/July should be associated to its
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greater availability. Both the presence of fish and cephalopod remains in stomachs of
coexisting N. borealis in April (authors’ personal observation) and the scavenging
activity in M. tenuimana in the spring-summer period support the possibility of great
availability of carrion that would in turn enhance the presence of large N. borealis
(Kaim-Malka, 1997; Johansen and Brattegard, 1998).

Large and small A. antennatus showed different, somehow inverse, temporal trends in
feeding activity. Although size had some influence in prey selection by A. antennatus
(Cartes and Sarda, 1989; own results), this must be associated to the reproductive
cycle of this species. While large females increased fullness in April, before the
reproductive period starting in May-June (Demestre and Fortufio, 1992) this tendency
was not found in small specimens. Ovarian development of A. antennatus seems to be
induced by copulation in spring (Carbonell et al., 2006; Kapiris and Thessalou-Legaki,
2008), and therefore pre-reproductive increase in fullness in April to meet the energy
demands for gonadal development is plausible and has been observed in other areas
in decapods (A. antennatus: Cartes et al., 2008; P. martia: Fanelli and Cartes, 2008) and
in fish (Madurell and Cartes, 2005; Papiol et al., this volume). Additionally, some
authors have reported greater ingestion of energetic prey accompanying the pre-
reproductive increase in food consumption (e.g. Cartes et al., 2008). Therefore, some
positive selection on N. borealis in April and June/July by large females of A.
antennatus cannot be discarded. The median size (>20 mm), the burrowing behavior
(MacQuart-Moulin and Kaim-Malka, 1994) and the moderate lipid content (152
mg/gDW in the North Atlantic: Zwaan and Skojldal, 1979; 35 mg/gDW in the Catalan
Sea: own unpublished data) of N. borealis, make this species the most likely source of

“extra” energy that A. antennatus could use prior to its reproduction in the study area.

Scavenging was important in the feeding activity of (adult) P. typhlops, and remains of
large cephalopods (Histioteuthis sp.) were the main food source in June-July coinciding
with the period of maximum fullness. This again suggests great presence of carrion
that could be available for consumption to this slow-moving blind species. P. typhlops
also exploited mobile living prey seasonally, e.g. M. norvegica and hyperbenthic
peracarids as B. arctica, R. caeca and N. borealis. High predation on M. norvegica in
autumn was found in previous studies in the same area (Cartes and Abelld, 1992),
coinciding with higher abundance of this euphausiid near the bottom (Sardou et al.,
1996). This tendency was not detected in October 2007 in P. typhlops, and was neither

as strong as previously reported in the diet of the benthos feeder A. antennatus
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(Cartes, 1994). This could be due to interannual changes in euphausiids abundance,

euphausiids’ scarcity restricting their consumption to more active predators.
4.3. Relationship between trophic dynamics and reproduction

After Orton’s rule (1920), biological processes ought to be continuous in stable
environments such as the Deep Sea. Instead, both seasonal and continuous
reproductive patterns have been found among slope decapod crustaceans (e.g.
Company et al., 2003; Fanelli and Cartes, 2008; Guijarro et al., 2008; Briones-Fourzan
et al., 2010; Gastoni et al., 2010; the present study). Even more, seasonality in
reproduction among decapods increases with depth in the Mediterranean Sea
(Company et al., 2003). This trend was also observed in the present study (Fig. 8), with
the species distributed deeper (i.e. A. eximia with average depth distribution > 1000 m;
Fanelli et al., submitted) showing high GSI during a shorter period. Seasonality in
reproduction responds to natural fluctuations in environmental factors (Gage and
Tyler, 1991), which in the study area are associated with variations in food (e.g. PPC,
lipids, prey) availability over slope depths. POM from the photic zone is the main food
source supporting the bathyal faunal communities, and its importance varies
seasonally causing important changes in their structure (Polunin et al., 2001; Drazen,
2008; Stowasser et al., 2009; Fanelli et al., 2011a,b; Papiol et al., 2013). Coherently, GSI
of mid-slope decapods was partially controlled by indicators of the vertical flux from
surface production (e.g. lipids, PPC 2 and 3 months before sampling), as has been
observed previously in other invertebrates (e.g. Bishop and Shalla, 1994; Ginger et al.,
2001; Howell et al., 2004; Fanelli and Cartes, 2008). This occurs not only among pelagic
feeders, but also among the benthos feeders. The delay in the response of GSI to the
vertical organic matter inputs was related to the trophic level and feeding mode of
decapods. The GSI of P. martia, feeding at lower trophic levels and on pelagic prey
(Papiol et al., 2013; own results), responded earlier (PPC; months in GLM) to new inputs
from surface production than A. antennatus, the latter with higher trophic level and
therefore with more trophic steps after the primary POM food source. GSI of A. eximia
and P. typhlops was linked to lipids deposited in the sediment. These are indicators of
the arrival of phytodetritus and marine snow (Fabiano et al., 2001), which has been
recorded in the western Mediterranean as deep as 2070 m (Riaux-Gobin et al., 2004).
Both A. eximia and P. typhlops had highest GSI in February, when they also occupied
similar trophic level (Papiol et al., 2013). Lipids are highly energetic and easily

degradable organic compounds that may be rapidly transferred through the food web
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Fig. 8. Scheme of the timing in the reproduction, biological and trophic condition of the
dominant decapods living along the continental slope in the Balearic Basin. Species are ordered
(downwards) by increasing average depth that they inhabit.

via the planktonic prey (i.e. P. multidentata for A. eximia and C. braueri for P. typhlops)
(Fanelli et al., 2011b). Lipid requirements increase in maturing decapods (Wouters et
al., 2001) due to increased lipid amounts in the ovary during ovarian maturation
(Kulkarni and Nagabhushanam, 1979; Harrison, 1990; Rosa and Nunes, 2003b). Within
species, GSI and brood size increased with female size (Maiorano et al., 2002; Guijarro

et al., 2008; Briones-Fourzan et al., 2010).

The response of GSI to indicators of surface production varied among species with
similar trophic dynamics (i.e. P. martia and A. eximia). Related to this, the temporal
patterns in GSI differed among species within the same feeding guild, pointing to

successive and non-overlapping spawning.
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High GSI and presence of ovigerous females during most of the year and especially in
summer in P. martia suggests a continuous (or almost continuous) pattern of
reproduction with a seasonal peak, which is consistent with previous observations
(Company et al., 2003; Maiorano et al., 2002). The rest of species from the present
study presented pronounced peaks of GSI in some specific seasons suggesting seasonal
reproduction, as has already been described (Demestre and Fortuiio, 1992; Company
et al., 2003; Guijarro et al., 2008; Gastoni et al., 2010). Timing of reproduction
observed agreed with the previous findings, with the exception of the galatheid M.

tenuimana.

Protracted spawning is considered as an adaptive strategy aimed at ensuring that at
least some of the larvae will encounter favorable conditions for survival and growth
(Sherman et al., 1984). It could be one factor contributing to the great abundance P.
martia over Mediterranean continental margins (Cartes and Sarda, 1992; Papiol et al.,
2012). Temporal trends in feeding intensity and GSI of P. martia were rather parallel,
and both were quasi-opposed to trends in HSI. The parallel temporal trends of feeding
intensity and GSI indicate continuous reliance on food available in the environment for
gonad maturation, which was observed in some decapods (Rosa and Nunes, 20033, b)
and is also characteristic of iterouparous fish (Murua and Saborido-Rey, 2003). Still, the
energy obtained from feeding is transferred to the ovary via the hepatopancreas
(Gibson and Barker, 1979), and seasonal trends in HSI are defined by the balance
between energy incomes and expenditures (Harrison, 1990; Tuck et al., 1997).
Therefore, HSI depletion in April and June/July is likely caused by greater energetic
expenses than those covered by the food ingested, which are attributable to the high
energetic costs of continuous maturation of ovaries and production of eggs
(Wehrtmann and Graeve, 1998). Consistently, the decrease in gonad maturation (GSI)
after summer concurred with HSI recovery (in autumn). The HSI increase must be
reinforced by contemporary consumption of highly energetic prey and by preceding

high feeding intensity, a relationship that was also found in the other M species.

The pattern of HSI depletion with gonad growth was much more apparent in A.
antennatus and P. multidentata (Fig. 6), both species also preferentially distributed
over the middle slope (< 1000 m). Moreover, greater feeding intensity also preceded
gonad development. Both patterns are again consistent with the great metabolic costs
associated to gonad maturation. Greater gonads (evidenced by the great GSI) in fully

mature females of A. antennatus (June/July) compared to the rest of species likely
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explain the greater oscillations both in fullness and HSI. Greater gonads are due to the
production of a greater number of eggs associated to reproductive strategy of A.
antennatus. As the rest of penaeoidean shrimps, A. antennatus sheds eggs into the
water not attaching them to their pleopods, and greater gonads facilitate the
production of increased egg number to compensate high larval mortality. The decline
in fullness with gonad size increase could be due to size restriction in the cephalotorax.
Regarding P. multidentata, production of few large eggs (Company et al., 2003) with
great amounts of yolk for the generation of lecitrotrophic larvae requires considerable
energy, additional to that required for the swimming activity of this mesopelagic
shrimp. Quite different reproductive strategies involving different parental care of the
offspring (planktotrophic vs. lecitotrophic) in this two species result in similar
reproductive success, and both species dominate over the middle slope (Cartes et al.,
1994).

In contradiction with this pattern, M. tenuimana, with a reproductive strategy similar
to that of P. multidentata (large eggs and lecitotrophic larvae), had contemporary
peaks of HSI and GSI. The great feeding intensities observed in the low-mobile M.
tenuimana compared to the rest of species coupled with their low energetic
requirements for swimming may result in energy intakes that cover the needs for
gonad maturation and allow simultaneous accumulation of reserves in the HP (April
and October). Low HSI in February and June/July, after the peak in GSI, are probably
associated to great consumption of energy during the posthatching moults, which may
be highly expensive in this species characterized by a large carapace/body mass ratio

and a much calcified carapace.

The two peaks of GSI and of ovigerous females observed in M. tenuimana suggest
bivoltine reproduction. This does not concur with previous findings in the same area
(Company et al., 2003), but agrees with observations made in the Atlantic Ocean
(Hartnoll et al., 1992). Differences with the previous study performed in the Catalan
Sea (Company et al., 2003) could be due to interannual differences in food availability.
Given that ovarian maturation takes place when the adequate balance in the energetic
budget is met, low food availability in the study by Company et al. (2003) could derive
in univoltinism. Differences in the sign of the North-Atlantic Oscillation index (NAO)
between the periods of the two studies could have some influence in this sense (Cartes
et al., 2009b), though specific studies would be required in order to confirm this

hypothesis.
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Acantephyra eximia and P. typhlops had parallel temporal trends in reproduction, with
a peak of GSl in February and of ovigerous females in June/July. Also, the February
reproductive peak coincided with greatest HSI. In this period, both species had great
relative feeding intensities and ingested pelagic energetic prey, which may reimburse
energy losses for gonad maturation. Although not easy to explain, the decrease of HSI
and GSl in June/July, when feeding intensities are still high must owe to some
relationship with other processes, most probably to egg spawning and the associated
moulting (Raviv et al., 2008). In fact, during and after egg extrusion, both the ovary and

the hepatopancreas are typically depleted (Harrison, 1990).

It is commonly accepted that breeding cycles among decapod crustaceans are
correlated with seasonal changes in such a way that the offspring are produced at a
time most favorable for their survival (Raviv et al., 2008). Despite the different timings
of ovarian maturation that we observed (Fig. 8), we found a common pattern in the
presence of ovigerous females and therefore the timing of larval eclosion. In species
directly producing larvae (i.e. A. antennatus) and those carrying relatively small eggs
(i.e. P. martia, P. typhlops and A. eximia), larvae were released in summer, while those
species with big eggs (i.e. P. multidentata and M. tenuimana) (Maiorano et al., 2002;
Company et al., 2003) carried them in late autumn and early spring, suggesting larvae
fed from the environment in the winter-spring period. Given that data on larval stages
of deep decapods suggests they migrate to the photic zone in their pelagic phases
(Lindley, 1986; Carbonell et al., 2010), this patterns of egg release could be linked to
the presence of food in shallower waters during the late winter surface production
bloom and/or to the existence of the permanent slope Intermediate Nepheloid Layer
(Puig and Palanques, 1998) in late-spring and early summer (Puig et al., 2001).
Nevertheless data on larval distribution is scarce and samplings of these studies are
usually restricted to shallow waters. Therefore, further seasonal studies considering
the entire water column (including de Benthic Boundary Layer) and covering all

seasons are required in order to clarify this issue.

The different reproductive patterns observed suggest seasonality in food availability is
not the only factor controlling the biological cycle of deep-sea species, and other
factors may contribute to regulation of the timing of reproduction (Harrison, 1990),
including internal regulation for the production of offspring in the most favorable
conditions (Raviv et al., 2008) or the effect of other biological processes affecting the

optimal energetic balance needed for reproduction (Harrison, 1990).
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As conclusion, we observed that bathyal decapods partition well the available
resources in all seasons and that changes in prey availability are critical drivers of
seasonal changes in their dietary composition and feeding intensity. In addition, the
phase of the reproductive cycle also seems important, and deep decapods increased
food consumption and ingestion of some prey, mainly mesopelagic (e.g. euphausiids,
Pasiphaeidae, fish) but also hyperbenthic (N. borealis) in pre-reproductive periods.
Relationships between the biological indicators (GSI, HSI, fullness) here considered
varied among decapod crustacean species depending of the variety of life strategies
adopted, which at the end can result in similar success in species dominance in deep-
sea systems in spite contrasting strategies. Despite all the differences observed,
spawning was coordinated to periods with high food inputs, reinforcing the idea that
production of offspring in the most favorable conditions also contributes to regulating

the timing of reproduction.
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CONCLUSIONS

Our results allow drawing some conclusions regarding the role of trophic resources in
spatio-temporal changes in assemblages, in food web structure, and in the feeding
patterns and reproductive dynamics of the benthic and the benthopelagic

communities over the Catalan slope:

1. Bathymetric changes in the composition and size distribution of benthopelagic
megafauna were attributable to the responses of species to environmental variables
correlated with depth (e.g. temperature and salinity) and the decrease in prey
availability with depth. Changes consisted in a species replacement with depth and a

bigger-deeper (or smaller-shallower) pattern of species’ size distribution.

2. Seasonal changes in the composition of benthopelagic fish and decapods mainly
depended on water column conditions (stratified vs. homogenised), basically defined
by changes in salinity and temperature. The presence/absence of the thermocline may

have influence on the dynamics of organic matter inputs reaching the deep sea.

3. Peaks in surface production in February-March and maximum river discharge in
April in periods of water column homogeneity, which must have increased the
availability of organic matter at bathyal depths, favoured greater densities of

megafauna.

4. Peaks of surface primary production in winter and maximum river discharge in April
corresponded to a maximum in megafaunal biomass in summer after a time lag of ca.
3-5 months. Intermediate peaks of macrofaunal key prey (zooplankton, micronekton
and benthic infauna) were observed, which may channel the organic matter inputs to

higher trophic levels.

5. Within the benthic community, a wide spectrum of feeding strategies (from active
suspension feeders to top predators) and complex food webs consisting of at least 3
trophic levels were deduced from the continuum of values (e.g. §"°N range of 8%.) of

stable isotope ratios found among the macro- and megabenthic fauna.

6. The °N enrichment of active suspension feeders and surface deposit feeders by ca.
3 %o with respect to particulate organic matter (POM) in sediments suggests that both
feed on sinking particles. The >N enrichment of sub-surface deposit feeders by ca. 6%o

with respect to POM in sediments points to the existence of a parallel and somehow
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new branch of the food web based on bacteria and refractory and biodeposited

material.

7. Generalised weak 6°N-8"C correlations in the benthic community indicate that it
relies on multiple carbon sources throughout the year: likely different kinds of sinking
particles (e.g. marine snow, phytodetritus), sedimented and recycled POM, and
macrophyte remains. Even weaker 8°N-8"3C correlations in October suggest an

increase in carbon sources.

8. Both marine and terrestrial inputs from vertical and advective fluxes, respectively,
were food sources for macro- and megabenthos, but their importance varied
seasonally. Organic matter deriving from the late-winter peak of surface primary
production was an important food source for the benthic community under water
column homogeneity. Terrestrial inputs channelled through maximal river discharges
in April were an additional food source for benthos in summer, after ca. 2 months, in

periods of low water turbidity near the bottom.

9. Within benthos, coupling with surface inputs differed between species with similar
trophic level belonging to different feeding guilds. The analysis of pigments in guts
revealed that active suspension feeders (the bivalve Abra longicallus) responded
earlier than surface deposit feeders (the thalassinid shrimp Calocaris macandreae) to

the late-winter surface bloom of production.

10. Fish and decapods were segregated from a trophic point of view. Fish had higher
5N and lower 6**C than decapods because they feed upon fauna with higher trophic

levels and ingest less amounts of benthic prey.

11. Within fish and decapods, both stable isotopes and dietary studies revealed that
the food web was structured as a function of the position along the benthic—pelagic
gradient in the sediment-water interface where megafauna species found their prey.
Predator size was also important, especially for fish. Large fish and decapods fed either
upon benthos or zooplankton. Small fish segregated from large ones and fed mainly

upon hyperbenthos and small macroplankton.

12. Strong 5°N-863C correlations observed in the benthopelagic community in periods
of water column homogeneity, after peaks of surface primary production, emphasize
the importance of OM from the photic zone as their main source of food source. As for

benthos, weaker correlations observed under stratified waters, especially in October,
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indicate the community relied on more diversified food sources, probably from

advection.

13. Seasonal changes in the food web structure of benthopelagic megafauna agree
with the patterns of macrofauna production. The *3C depletion after winter in
migratory macroplankton feeders (e.g. Sergia robusta) points to consumption of more
pelagic prey. The °N enrichment in summer among benthos feeders (e.g. Aristeus

antennatus) suggests greater consumption of enriched hyperbenthic macrofauna.

14. Within the benthopelagic megafauna community, seasonal changes in the prey
used were coupled with changes in the availability of different primary food sources
depending on the trophic guild considered. Seasonal variations in the food sources
used by macroplankton feeders were determined by changes in the amount of lipids
and of chlorophyll pigments in sediments, both proxies for phytodetritus inputs. In
contrast, in benthos feeders, seasonal changes in food utilisation were explained by
changes in total organic carbon (TOC) in sediments and in fluorescence measurements

near the seabed.

15. Changes in food availability are critical drivers of seasonal variations in the dietary
composition and feeding intensity of fish, with different responses observed between
fish of different trophic guilds. Benthos feeders increased feeding activity upon
hyperbenthic and deposit feeding macrofauna (C. macandreae) in summer, two
months after the peak of surface production when more TOC was available in the
sediments. Macroplankton feeders increased feeding activity towards more mobile
hyperbenthic and planktonic macrofauna after spring, in association with greater

inputs of phytodetritus (i.e. greater amounts of lipids in sediments).

16. As for fish, changes in food availability are critical drivers of seasonal variations in
the dietary composition and feeding intensity of decapod crustaceans. Macroplankton
feeder decapods increased feeding intensity towards zooplankton prey after the late-
winter surface production bloom. Feeding intensity of the benthos feeder A.
antennatus was enhanced by the availability of both benthic and mesopelagic prey.
Consistently, diet varied between all consecutive seasons mainly related with the

exploitation of hyperbenthic and planktonic macrofauna.

17. Both for fish and for decapods, gonad maturation (i.e. gonadosomatic index - GSI)
was associated with abundances of trophic resources and specific prey, suggesting that

the availability of specific trophic resources regulates the reproductive cycles, at least
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partially. Main primary food source controlling GSI was derived from surface
production and the associated detrital inputs in species from all feeding guilds, which
implies a rapid (ca. 2-3 months) transfer and use of water column production to deep-

sea predators.

18. Temporal trends in GSI differed among species from the same trophic guild, both
among fish and among decapods. This indicates that seasonal availability and use of

food do not affect all species reproductive processes equally.
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