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SUMMARY

Over the past 10 years, Species Distribution Models (SDMs) have become
commonplace in the studies of biogeography, ecology, conservation biology, and
climate change. However, most studies applying SDMs mainly quantify species-
environment relationships, being related to the Grinnellian niche concept, which
describes the response of the species to a given set of non-interactive variables. As a
result, the Eltonian niche —focused on the functional roles of species, biotic
interactions and resource-consumer dynamics— has been largely omitted in the field
of SDMs, although it is well known that species distribution and abundance patterns
not only depend on species individual responses to the abiotic environment, but also
on their interactions.

For a long time, biotic interactions have been believed to affect ecological
processes mainly at local scales, preventing researchers working at large
biogeographical scales from addressing them. In contrast, recent evidence suggest
that biotic interactions can shape species distributions from local to regional and
continental scales, and even improve the explanatory power and predictive accuracy
of the models.

Inferring biotic interactions, however, is not an easy task, as it requires a good
knowledge on species behaviour or a direct observation of interactions. When direct
information about biotic interactions is not available, proxies such as geographical
data can help obtain insights about them, by asking if some species co-occur more or
less often than what could be expected by random, or by computing and visualizing
the spatial overlap in species distributions.

In dynamic environments such as ocean, acquiring such information requires big
efforts, due to the size and complexity of the marine realm and the relative difficulty of
taking measurements in there. Integrated ecosystem surveys, directed to monitor the
biological (e.g., plankton, fishes, megafauna) and the physical (hydrography)
component of the ecosystem, provide an excellent opportunity, as they offer a
simultaneous framework in which the different components of the ecosystem can be
analysed together at the same spatio-temporal scale. By this means, synoptical
relationship can be explored between the species and their environment, following
the traditional SDM approach, or between species, aiming to advance towards a

better knowledge of biotic interactions.



In southern European waters, several institutions perform multidisciplinary
surveys to monitor the widely diverse community of plankton, fish and megafauna
inhabiting the area. The JUVENA survey is such an example, which monitors the
marine environment of the Bay of Biscay in autumn, coinciding with the period in
which numerous top predator species use the area as a migration corridor.

Top predators such as seabirds and cetaceans have been long considered good
ecological indicators, as they face numerous impacts and respond to different
ecosystem changes while moving across their vast distributional ranges. They are, in
addition, protected under different international agreements, such as the Bird
Directive (Council Directive 2009/147/EC) or the Habitat Directive (Council Directive
92/43/EEC), which aim to promote and maintain biological diversity through the
conservation of natural habitats and biodiversity in the European Union territory. But
despite the conservation efforts, seabirds are one of the most threatened groups,
while many cetacean species are still intentionally killed or indirectly impacted by
commercial fisheries.

Effective conservation and management measures require the identification of
variables shaping the niche of species (both the Eltonian and the Grinnellian niche)
and that is why this thesis aimed to advance in the understanding of how biotic and
abiotic factors shape species distribution and abundance by using the community of
top predators of the Bay of Biscay as case study. To address this overall objective, we
carried out three different studies that were displayed as independent chapters and
that aimed to answer specific research questions.

Chapter |, for example, aimed to identify interspecific associations occurring
within the predator-prey network of the Bay of Biscay as well as their potential drivers.
For that, we applied the Joint Species Distribution Modelling approach, JSDM, to the
co-occurrence (presence/absence) patterns of both prey and top predator
communities (11 and 17 species, respectively) obtained from JUVENA surveys during
2013-2016. JSDM, unlike conventional approaches, allows distinguishing between
biotic interactions and dis-/similar environmental preferences. In fact, a positive (or
negative) spatial association between two species does not necessarily signify a biotic
interaction, and it can result, instead, from the species having similar (or dissimilar)
habitat requirement. By this means, we found that the co-occurrence patterns of top
predators and prey were driven by a combination of environmental factors (dis-
/similar environmental preferences) and biotic interactions, among which we

identified schooling in prey (e.g., anchovy-sardine), local enhancement/facilitation in
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predators (e.g., Cory’s shearwater-fin whale), and predation between predator-prey
species (e.g., northern gannet-horse mackerel). These results suggest that analysing
species co-occurrence patterns with tools such as JSDM can help identify, up to a
certain point, interspecific interactions, which in turn, may be useful to obtain insights
on the functioning of ecological network. However, the identification of biotic
interactions with JSDM, like with all statistical approaches aimed at attributing sources
of species covariation, is very sensitive to the choice of environmental covariates, and
this is why a careful and reflective interpretation of resulting interactions is
recommended.

A conceptually simpler but technically more challenging alternative would be to
derive interactions from abundance (count) data while including interacting species
(e.g., prey) as predictor variables in SDMs. Although inferring ecological interactions
from the easiest data to acquire (presence-absence data) holds a great appeal, count
data carry more information that could be used to make more refined inferences on
why species occur at a specific location and how the biotic predictors affect their
distribution and abundance patterns.

In this line, Chapter Il modelled the sightings (counts) of five phylogenetically
related seabird species collected during 2013-2017 in JUVENA surveys with the aim
of understanding how co-occurring top predators shared the environmental and
trophic niche. To address this objective, we a) identified the biologically meaningful
vertical range affecting seabird species, b) modelled their environmental and trophic
niches, c) estimated an environmental and trophic overlap index for each pair-wise
species, and d) developed a conceptual framework with the most plausible
segregation hypotheses. The application of the conceptual framework revealed that
in this particular area, pelagic birds coexist through environmental and trophic niche
partitioning and potentially through vertical segregation, based on the different
biologically meaningful vertical ranges we identified for each species. Indeed, some
species responded to prey and oceanographic conditions on the surface (10 m), while
others responded to the conditions on deeper waters (above the depth of maximum
temperature gradient). Considering all the dimensions of the niche is therefore
essential to fully understand how diving seabirds coexist in dynamic systems and in
addition, provides insights on species’ 3D niches that may help advance into their

management.
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Both Chapter | and Chapter Il, however, were restricted to autumn (i.e., JUVENA
survey), which despite being one of the most diverse seasons in terms of top
predators, only provides information for a given period of time.

Chapter lll managed to solve the temporal scale issue by analysing the spatio-
temporal patterns of one of the most abundant cetaceans in the area with data
collected throughout the year and over 24 years. In this case, we tested the effect of
three sets of potential drivers (climate indices, oceanographic conditions, and prey
biomasses) on the common dolphin abundance and distribution with a Vector
Autoregressive Spatio Temporal (VAST) model that accounts for changes in sampling
effort resulting from the combination of multiple datasets. Our results showed that the
common dolphin significantly increased in abundance in the Bay of Biscay during the
study period. These changes were best explained by the North Atlantic Oscillation
(NAO) climatic index and by prey species biomass, while oceanographic variables
such as chlorophyll a concentration and temperature were less useful or not related.
In addition, we found high variability in the geographic centre of gravity of the species
within the study region, with shifts between the inner (southeast) and the outer
(northwest) part of the bay, although the majority of this variability could not be
attributed to the drivers considered in the study. Overall, these findings indicate that
at relatively small scales and within the core of the species range, as in the Bay of
Biscay, temperature may not be such an important driver for explaining the
abundance and distribution patterns of common dolphin and instead, suggest
important influences from prey and regional climate indices that integrate multiple
ecological influences.

The results obtained in this thesis have therefore shown that the incorporation of
biotic drivers to the traditionally used Species Distribution Modelling approach allow
the identification of biotic interactions (e.g., facilitation, competition or predation),
trophic preferences and trophic segregation processes, providing new information on
the coexistence, food web structure and spatio-temporal patterns of the top predators
of the Bay of Biscay.

However, the incorporation of biotic drivers, and specially the use of prey
variables, has also revealed a lower contribution and/or smaller explanatory power of
such drivers in comparison to environmental variables, which can be related to 1)
methodological constraints in the acoustic detection of prey, 2) mismatches between
predator and prey distribution linked to the resolution of the scale or 3) the use of

inadequate predictors of predators-prey relationships.
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These results reaffirm the difficulty of capturing significant spatio-temporal
relationships between mobile marine top predators and prey and suggest that
environmental variables are generally better predictors of marine top predator
distributions than prey abundance.

Even so, we consider that given the valuable information provided by biotic
drivers, it is worth keeping investigating on the identification of suitable scales and
meaningful prey characteristics that could help us obtain more accurate and

representative relationships of the ecosystem functioning.
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RESUMEN

Durante los ultimos 10 afos, los modelos de distribucion de especies (Species
Distribution Models; SDM) se han convertido en herramienta indispensable de los
estudios de biogeografia, ecologia, biologia de la conservaciéon y cambio climéatico.
Sin embargo, la mayoria de los estudios que aplican SDM cuantifican principalmente
las relaciones especie-ambiente, estando relacionados con el concepto del nicho
grinnelliano, que describe la respuesta de la especie a un conjunto de variables no
interactivas. De este modo, el nicho eltoniano, centrado en los roles funcionales de
las especies y las interacciones bidticas, es generalmente omitido en el desarrollo de
los SDM, a pesar de ser bien sabido que los patrones de distribucién y abundancia
de las especies no solo dependen de sus respuestas al ambiente abidtico, sino
también de sus interacciones.

Durante mucho tiempo, sin embargo, las interacciones bidticas han sido
consideradas relevantes Unicamente a la hora de estudiar procesos ecoldgicos a
escalas locales, haciendo que los investigadores que trabajaban a grandes escalas
biogeograficas no las abordasen. Recientemente, en cambio, se ha demostrado que
las interacciones bidticas pueden influir en la distribucion de las especies desde
escalas locales a regionales y continentales, e incluso mejorar el poder explicativo y
la precision predictiva de los modelos.

Inferir interacciones bidticas, no obstante, no es una tarea sencilla, ya que
requiere un buen conocimiento del comportamiento de las especies o una
observacion directa de las interacciones. Cuando no se dispone de informacién
directa sobre las interacciones bidticas, los datos georreferenciados de ocurrencia de
las especies pueden ayudar a obtener informacién sobre las mismas, analizando si
algunas especies coexisten con mas o menos frecuencia de lo que podria esperarse
al azar, o estimando la superposicién espacial en la distribucién de las especies.

En ambientes dindmicos como el océano, la adquisicién de dicha informacidn
requiere de grandes esfuerzos, debido al tamano y la complejidad del medio marino
y la relativa dificultad de tomar medidas en él. Las campafas oceanogréficas
multidisciplinares, destinadas a monitorear el componente bioldgico (p. ej., plancton,
peces, megafauna) y el fisico (hidrografia) del ecosistema, brindan una excelente
oportunidad, ya que ofrecen un marco simultdneo en el que los diferentes
componentes del ecosistema pueden ser analizados conjuntamente en la misma

escala espaciotemporal. De esta manera, se puede explorar la relacién entre la

XV



especie y su entorno, siguiendo el enfoque tradicional de los SDM, o entre las propias
especies, con el objetivo de avanzar hacia un mejor conocimiento de las interacciones
bidticas.

En aguas del sur de Europa, varias instituciones realizan programas de monitoreo
multidisciplinares con el fin de estudiar la amplia y diversa comunidad de plancton,
peces y megafauna que habita la zona. La campana oceanogréfica JUVENA
representa uno de esos programas, en el cual se realiza un seguimiento del medio
marino del golfo de Vizcaya en otofo, coincidiendo con el periodo en el que
numerosas especies de depredadores utilizan la zona como corredor migratorio.

Los depredadores apicales como las aves marinas y los cetidceos se han
considerado desde hace mucho tiempo buenos indicadores ecoldgicos, ya que
enfrentan numerosos impactos y responden a diversos cambios en los ecosistemas
mientras se desplazan a lo largo de sus amplios rangos de distribucién. Ademas, estéan
protegidos por diferentes acuerdos internacionales, como la Directiva Aves (Directiva
2009/147 / CE del Consejo) o la Directiva Habitat (Directiva 92/43 / CEE del Consejo),
que tienen como objetivo promover y mantener la diversidad bioldgica a través de la
conservacién de los habitats naturales y la biodiversidad en el territorio de la Unién
Europea. Pero a pesar de los esfuerzos de conservacién, las aves marinas constituyen
uno de los grupos méas amenazados mientras que muchas especies de cetaceos
mueren todavia intencional o indirectamente por la pesca comercial.

Frente a esa situacidon, es necesario desarrollar medidas efectivas de
conservacién y gestién, que a su vez requieren un profundo conocimiento de las
variables que configuran el nicho de las especies (tanto el nicho eltoniano como el
grinnelliano). Por ese motivo, esta tesis tiene como objetivo avanzar en la
comprensién de cémo los factores bidticos y abidticos contribuyen a moldear la
distribucién y abundancia de las especies utilizando como caso de estudio la
comunidad de depredadores del golfo de Vizcaya. Para abordar este objetivo
general, llevamos a cabo tres diferentes estudios que se presentan en esta tesis como
capitulos y que buscan responder preguntas de investigacion especificas.

El Capitulo | tuvo como objetivo identificar las principales asociaciones
ambientales y bidticas que ocurren dentro de la red depredador-presa del golfo de
Vizcaya. Para eso, aplicamos un método relativamente nuevo llamado Modelizaciéon
Conjunta de Distribucién de Especies (Joint Species Distribution Modelling, JSDM) a
los patrones de coocurrencia (presencia/ausencia) de las comunidades de presas y

depredadores (11 y 17 especies, respectivamente) obtenidos durante las campanfas

XV



JUVENA 2013-2016. Los JSDM, a diferencia de los enfoques convencionales,
permiten distinguir entre interacciones bidticas y preferencias ambientales, ya que
una asociaciéon espacial positiva (o negativa) entre dos especies no significa
necesariamente una interaccidn bidtica, sino que también puede ser resultado de
compartir requisitos ambientales similares (o diferentes). De esta manera,
encontramos que los patrones de coocurrencia de los depredadores y presas del
golfo de Vizcaya ocurren por la combinacién de factores ambientales (preferencias
ambientales similares/diferentes) e interacciones bidticas, entre las cuales
identificamos principalmente interacciones del tipo mutualista (por ejemplo, anchoa-
sardina, pardela cenicienta-rorcual comun), y depredacién (por ejemplo, alcatraz-
jurel). Estos resultados sugieren que el anélisis de patrones de coocurrencia con
herramientas como JSDM pueden ayudar a identificar, hasta cierto punto,
interacciones interespecificas, que a su vez, pueden ser Utiles para obtener
informacién sobre el funcionamiento de los ecosistemas. Sin embargo, la
identificacién de interacciones bidticas con JSDM, al igual que con la mayoria de los
analisis estadisticos destinados a atribuir fuentes de covariacidén entre especies,
resulta muy sensible a la eleccidon de las variables ambientales, por lo que se
recomienda una interpretacién cuidadosa y reflexiva de las interacciones resultantes.

Una alternativa conceptualmente mas simple pero técnicamente mas compleja
consistiria en inferir las interacciones bidticas a partir de datos de abundancia
(contaje) mientras se incluyen las especies interactivas (por ejemplo, las presas) como
variables predictoras en los SDM. Aunque inferir interacciones ecoldgicas a partir de
los datos de presencia-ausencia resulta atractivo por su menor complejidad, los datos
de contaje posibilitan hacer inferencias mas refinadas sobre por qué las especies
ocurren en un lugar especifico y sobre cémo los predictores bidticos afectan a sus
patrones de distribucién y abundancia.

En esta linea, el Capitulo Il modeld la distribucién de cinco especies de aves
marinas relacionadas filogenéticamente a partir de los avistamientos (contajes)
recogidos durante 2013-2017 en las campafas JUVENA. En este caso, el objetivo era
comprender cémo los depredadores del golfo de Vizcaya compartian el nicho
ambiental y tréfico. Para ello, a) identificamos el rango vertical biolégicamente
significativo de cada una de las aves marinas, b) modelamos sus nichos ambientales
y tréficos, c) estimamos un indice de superposicion ambiental y tréfico para cada
pareja de especie, y d) desarrollamos un marco conceptual con las hipdtesis de

segregacion mas plausibles. La aplicacion del marco conceptual reveld que, en esta

XVII



area en particular, las aves peldgicas coexisten a través de la particion del nicho
ambiental y tréfico y potencialmente a través de la segregacion vertical, ya que
algunas especies respondieron a las condiciones ambientales y tréficas asociadas a la
superficie del mar (10 m), mientras que otras respondieron a las condiciones
asociadas a aguas mas profundas (por encima de la profundidad del gradiente
maximo de temperatura). Considerar todas las dimensiones del nicho es, por tanto,
esencial para comprender mas profundamente cémo las aves marinas coexisten en
sistemas dindmicos y permite, a su vez, obtener informacién relevante que puede
ayudar a avanzar en su gestién.

Tanto el Capitulo | como el Capitulo I, sin embargo, se restringieron al otofo
(campana JUVENA), que a pesar de ser una de las estaciones més diversas en cuanto
a numero de depredadores, solo proporciona informaciéon para un periodo de
tiempo determinado.

El Capitulo Ill logré resolver el problema de la escala temporal mediante la
compilacién de datos recolectados a lo largo del afo y durante 24 afios en el golfo
de Vizcaya. En este caso, analizamos el efecto de tres grupos de variables (indices
climéticos, condiciones oceanogréficas y biomasas de presas) en la abundancia y
distribucién del delfin comin con un modelo Vector Autorregresivo Espacio
Temporal (Vector Autoregressive Spatio Temporal, VAST) que tiene en cuenta los
cambios que puedan ocurrir en el esfuerzo de muestreo como consecuencia de
combinar multiples fuentes de datos. Nuestros resultados mostraron que el delfin
comun aumenté significativamente su abundancia en el golfo de Vizcaya durante el
periodo de estudio. Estos cambios se explicaron mejor por indices climaticos como
la Oscilacion del Atlantico Norte (NAQO) y por la biomasa de las presas. Las variables
oceanogréficas como la concentraciéon de clorofila ay la temperatura explicaron una
menor proporcion de la variabilidad o directamente no estuvieron relacionadas.
Ademas, encontramos una alta variabilidad en el centro de gravedad geogréfico de
la especie dentro del drea de estudio, aunque la mayoria de esta variabilidad no pudo
ser atribuida a las variables consideradas en el estudio. En general, estos hallazgos
indican que, a escalas relativamente pequenas y dentro del nicleo de distribucion de
la especie, como es el golfo de Vizcaya, la temperatura puede no ser un factor tan
importante a la hora de explicar los patrones de abundancia y distribucién y que, en
su lugar, las presas y los indices climaticos pueden contribuir en mayor medida a

explicar la variabilidad observada en esta area.
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Los resultados obtenidos en esta tesis han demostrado, por tanto, que la
incorporacién de variables bidticas en el Modelado de Distribucién de Especies
permite la identificacion de interacciones bidticas (como, por ejemplo, la facilitacion,
la competencia o la depredacidn), preferencias tréficas y procesos de segregacion,
proporcionando nueva informacidn sobre la coexistencia, red tréfica y patrones
espaciotemporales de los principales depredadores del golfo de Vizcaya.

Sin embargo, la incorporacién de variables bidticas, y especialmente el uso de las
presas, también ha revelado una menor contribucién y/o menor poder explicativo de
dichas variables en comparacién con las variables ambientales, lo que puede estar
relacionado con: 1) limitaciones metodoldgicas en la deteccion acustica de las presas,
2) desajustes espaciales entre la distribucién de depredadores y presas vinculados a
la resoluciéon de la escala, o 3) el uso de predictores inadecuados para el estudio de
las relaciones depredador-presa. Estos resultados reafirman la dificultad de capturar
relaciones espaciotemporales significativas entre los depredadores moviles y las
presas y sugieren que las variables ambientales son generalmente mejores
predictores de la distribucién de los depredadores apicales que la propia abundancia
de presas.

Aun asi, consideramos que dada la valiosa informacién que brindan las variables
bidticas, vale la pena seguir investigando hacia la identificacion de las escalas
adecuadas y caracteristicas significativas de las presas que podrian ayudarnos a

obtener relaciones més precisas y representativas del funcionamiento del ecosistema.
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| ABURPENA

Azken 10 urteetan, espezieen banaketa-ereduak (Species Distribution Models,
SDM) ezinbesteko tresna bihurtu dira biogeografia, ekologia, kontserbazioaren
biologia eta klima-aldaketa aztertzeko, besteak beste. Hala ere, SDM aplikatzen duten
ikerketa gehienek espeziearen eta ingurunearen arteko harremanak neurtzen dituzte
nagusiki, eta hortaz, loturik daude Grinnell-ek definituriko nitxoaren kontzeptuarekin,
hau da, nitxo grinnelliarrarekin, zeinak espezie eta aldagai ez-interaktiboen arteko
erlazioak deskribatzen dituen. Ostera, nitxo eltoniarra, espezieen rol funtzionalak eta
elkarrekintza biotikoak aztertzen dituena, gutxitan hausnartzen da SDMen esparruan,
nahiz eta ondo jakin espezieen banaketa eta ugaritasun-patroiak espezien
elkarrekintzen mende ere badaudela.

Denbora luze batez, interakzio biotikoek eskala txikiko prozesu ekologikoei soilik
eragiten zietela uste izan da, eta ondorioz, eskala biogeografiko handietan lan egiten
zuten ikertzaileek elkarrekintza horiek alde batera utzi dituzte. Duela gutxi, ordea,
elkarrekintza biotikoek eskala handiagoetan ere eragina izan dezaketela frogatu da,
bai espezien banaketa bera azaltzen bai banaketa-ereduen azalpen-ahalmena eta
aurreikuspen-zehaztasuna hobetzen.

Hala ere, interakzio biotikoak ondorioztatzea ez da lan erraza, espezieen portaera
ondo ezagutzea edota interakzioak zuzenean behatzea eskatzen baitu. Elkarrekintza
biotikoei buruzko zuzeneko informaziorik ez dagoenean, espezieen banaketari
buruzko datu geoerreferentziatuak lagungarri izan daitezke interakzioak
ondorioztatzeko, espezie batzuk ausaz espero litzatekeena baino maiztasun
handiagoz edo txikiagoz elkarrekin existitzen diren aztertuz, edo espezieen banaketa
eremuen gainjartze espaziala estimatuz.

ltsasoa bezalako ingurune dinamikoetan, aipatutako informazioa eskuratzeko
ahalegin handiak egin behar dira, bai itsasoaren tamaina eta konplexutasunagatik, bai
bertan lagintzeak dituen zailtasunengatik ere. Diziplina anitzeko kanpaina
ozeanografikoek, ekosistemaren osagai biologikoa (planktona, arrainak, megafauna)
eta fisikoa (hidrografia) aztertzera bideratuta daude eta hortaz, aukera paregabea
eskaintzen dute ekosistemaren osagai desberdinak eskala tenporal eta espazial
berean aztertzeko. Horrela, espeziearen eta bere ingurunearen arteko harreman
sinoptikoa azter daiteke, SDMen ikuspegi tradizionalari jarraituz, edota espezieen

artekoa, interakzio biotikoak hobeto ezagutze aldera.
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Europa hegoaldeko uretan, hainbat erakundek diziplina anitzeko laginketa-
programak burutzen dituzte zonaldean bizi den plankton, arrain eta megafauna
komunitate zabal eta aberatsa aztertzeko. JUVENA kanpaina ozeanografikoa
laginketa-programa horietako bat da. Bertan, Bizkaiko golkoko itsas ingurunea
aztertzen da udazkenean, harrapakari espezie askok eremua korridore migratzaile
gisa erabiltzen duten garaiarekin bat etorriz.

Harrapakari apikalak, hala nola, itsas hegaztiak eta zetazeoak, aspalditik hartu dira
adierazle ekologiko ontzat; izan ere, ekosistemetan gertatzen diren aldaketa eta
inpaktu ugariri erantzun behar izaten diete itsaso zabalean zehar mugitzen diren
bitartean. Gainera, nazioarteko hainbat akordiok babesten dituzte, hala nola
Hegaztien Zuzentarauak (Kontseiluaren 2009/147/EE Zuzentaraua) edota Habitatei
buruzko Zuzentarauak (Kontseiluaren 92/43/EEE Zuzentaraua). Baina kontserbatzeko
ahaleginak egiten badira ere, itsas hegazti askok larriki mehatxatuta egoten jarraitzen
dute eta zetazeo-espezie asko oraindik ere nahita edo zeharka hiltzen dira arrantza
komertzialaren ondorioz.

Egoera horri aurre egiteko, kontserbazio eta kudeaketa neurri eraginkorrak
garatu behar dira, baina horretarako, espezieen nitxoa (bai eltoniar nitxoa, bai
grinnelliarra) osatzen duten aldagaiak ondo ezagutu behar dira. Horregatik, tesi
honen helburua faktore biotiko eta abiotikoek espezieen banaketa eta ugaritasuna
nola moldatzen duten ulertzea da, azterketa-kasu gisa Bizkaiko golkoko harrapakarien
komunitatea erabiliz. Helburu orokor horri heltzeko, hiru azterlan burutu ditugu, tesi
honetan kapitulu independente gisa aurkezten direnak.

|. kapituluan, esaterako, Bizkaiko golkoko harrapakari-harrapakin komunitatearen
baitan gertatzen diren harreman nagusiak (bai inguruneari lotuak zein biotikoak)
identifikatu genituen. Horretarako, Espezieen Banaketarako Modelizazio Bateratua
(Joint Species Distribution Modelling, JSDM) izeneko metodoa aplikatu genien
JUVENA 2013-2016 kanpainetan lortutako harrapakin eta harrapakarien (11 eta 17
espezie, hurrenez hurren) banaketa datuei (presentzia/ausentzia). JSDMek, ikuspegi
konbentzionalek ez bezala, elkarrekintza biotikoak eta inguruneari lotutakoak
bereiztea ahalbidetzen dute; izan ere, bi espezieren arteko harreman espazial positibo
(edo negatibo) batek ez du nahitaez elkarrekintza biotiko baten seinale izan behar, eta
ostera espezieek antzeko ingurumen-betekizunak (edo desberdinak) partekatzen
dituztela adieraz dezake. Horrela, Bizkaiko golkoko harraparien eta harrapakinen

arteko harremanak ingurumen-faktoreen (antzeko ingurumen-
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lehentasunak/desberdinak) eta elkarrekintza biotikoen konbinazioagatik gertatzen
direla ikusi genuen. Azken hauen artean, batez ere harrapakaritza (adibidez, zanga eta
txitxarroa artekoa) eta mutualista motako elkarrekintzak (adibidez, antxoa eta sardina
artean, edota gabai arrea-zere arrunta artean) identifikatu genituen. Emaitza hauek,
beraz, JSDM bezalako tresnek elkarrekintza inter-espezifikoak identifikatzeko balio
dutela adierazten dute, ekosistemen funtzionamenduari buruzko informazioa
eskuratzeko baliagarriak izan daitezkeelarik. Hala ere, JSDMren bitartez eginiko
ondorioztapenak oso sentikorrak dira erabilitako ingurumen-aldagaiekiko eta, hori
dela eta, identifikatutako interakzioak arretaz eta arduraz interpretatzea gomendatzen
da.

Interakzio biotikoak aztertzeko aukera sinpleagoa baina teknikoki konplexuagoa
abundantzia (kontaketak) datuetan oinarritzean datza, elkarrekintzan parte hartzen
duten espeziak (adibidez, harrapakinak) SDMetan aldagai iragarle gisa erabiltzen
diren bitartean. Presentzia/absentzia datuetatik abiatuz interakzio ekologikoak
ondorioztatzea erakargarria bada ere, eskaintzen duten konplexutasun txikiagoagatik,
kontaketak dituzten datuek informazio zehatzagoa ematen dute espezieak leku jakin
batean zergatik agertzen diren edota iragarle biotikoek euren banaketa- eta
ugaritasun-patroiei nola eragiten dieten jakiterako orduan.

lldo horretan, Il. kapituluan, filogenetikoki harremandutako bost itsas-hegazti
espezieren banaketa aztertu genuen 2013-2017 bitarteko JUVENA kanpainetan
jasotako behaketetatik (kontaketak) abiatuta. Kasu honetan, helburua Bizkaiko
golkoko harrapakariek nitxoa (bai ingurune fisikoari lotutakoa, zein trofikoa) nola
partekatzen zuten ulertzea zen. Horretarako, a) itsas hegazti-espezie bakoitzaren
eremu bertikal biologikoki esanguratsua identifikatu genuen, b) haien nitxoak
modelatu, c) espezie-bikote bakoitzarentzat nitxoaren gainjartze-indize bat kalkulatu,
eta d) segregazio-hipotesi onargarrienak dituen grafika kontzeptuala garatu genuen.
Grafika kontzeptualaren aplikazioak agerian utzi zuen, eremu honetarako behintzat,
hegazti pelagikoek ingurumen-nitxoa eta nitxo trofikoa partekatzen dituztela eta horri
esker, bost espeziak elkarrekin bizitzeko gai direla eremu berean. Horrez gain,
nitxoaren bereizketa dimentsio bertikalean ere gerta zitekeela aurkitu genuen; izan
ere espezie batzuk itsaso gainazalari lotutako ingurumen-baldintzei eta baldintza
trofikoei (10 m) erantzun zieten, eta beste batzuk ur sakonagoei lotutako baldintzei
(tenperaturaren gehieneko gradientearen sakoneraren gainetik). Honela, emaitza

hauek nitxoaren dimentsio guztiak kontuan hartzea funtsezkoa dela erakusten dute,
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bai itsas hegaztiak sistema dinamikoetan nola existitzen diren sakonago ulertzeko
baita haien kudeaketan aurrera egiteko ere.

Hala eta guztiz ere, |. eta ll. kapituluak, udazkenera mugatu ziren (hau da, JUVENA
kanpainara), eta nahiz eta, harrapakarien kopuruari dagokionez, urtaro
aberatsenetako bat izan, onartu beharra dago, ikerketa biek denbora-tarte jakin
baterako informazioa baino ez dutela ematen.

lll. kapituluak denbora-eskalaren arazoa konpontzea lortu zuen, urtean zehar eta
24 urtez bildutako datuak erabili baitziren gure zonaldean oso ugaria den zetazeo
baten aldaketa espazio-tenporalak aztertzeko. Kasu honetan, hiru aldagai-multzok
(klimaren indizeak, baldintza ozeanografikoak eta harrapakinen biomasak) izurde
arruntaren ugaritasunean eta banaketan duten eragina aztertu genuen. Horretarako,
Vector Autoregressive Spatio Temporal (VAST) izeneko eredua aplikatu genuen, datu-
iturri ugari konbinatzearen ondorioz gerta daitezkeen aldaketak kontuan hartzen
baititu. Horrela, Bizkaiko golkoan izurde arruntak nabarmen egin duela gora aurkitu
genuen, aldaketa horiek batez ere lpar Atlantikoko Oszilazioa (North Atlantic
Oscillation, NAQ) izeneko indize klimatikoak eta harrapakinen biomasak azaltzen
zituztelarik. Klorofila a-ren kontzentrazioa eta tenperatura bezalako aldagai
ozeanografikoek aurkitutako aldaketak azaltzeko ahalmen gutxiago erakutsi zuten
edo zuzenean ez ziren erlazionatuta ageri. Espeziearen banaketari dagokiola,
grabitate zentroa izeneko metrikak aldakortasun handia erakutsi zuen azterketa-
eremuaren barruan, nahiz eta aldakortasun horren gehiengoa ezin izan zen azaldu
azterlanean aztertutako aldagaiekin. Aurkikuntza hauetan oinarriturik, beraz,
ondoriozta dezakegu, Bizkaiko golkoan, tenperatura ez dela uste bezain faktore
garrantzitsua izurdearen ugaritasun- eta banaketa-patroiak azaltzeko eta aldiz,
harrapakinak eta klima-indizeak baliagarriagoak izan daitezkeela.

Tesi honetan lortutako emaitzek, beraz, frogatu dute Espezieen Banaketa
Ereduetan aldagai biotikoak sartzeak interakzio biotikoak (adibidez, mutualismoa edo
edo harrapakaritza), dieta preferentziak eta segregazio prozesuak identifikatzea
ahalbidetzen duela, Bizkaiko golkoko harrapakarien koexistentziari, elikadura-sare
trofikoaren egiturari eta aldaketa espazio-tenporalei buruzko informazio berria
emanez. Hala ere, aldagai biotikoak gehitzeak, eta, bereziki, harrapakinak erabiltzeak,
agerian utzi du aldagai horien ekarpen txikiagoa eta/edo azalpen ahalmen txikiagoa
ingurumen-aldagaien aldean, zeinak zerikusia izan dezake 1) harrapakinak

estimatzeko erabiltzen den metodologia akustikoaren mugekin, 2) harrapakarien eta
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harrapakinen banaketa espazialen arteko desorekarekin edo 3) harrapakari-
harrapakinen arteko erlazioak aztertzeko erabiltzen diren iragarle motekin. Oro har,
emaitza horiek harrapakari eta harrapakinen arteko harreman esanguratsuak
identifikatzea zaila dela berresten dute, eta iradokitzen dute inguruneko aldagaiak
harrapakari apikalen banaketaren iragarle hobeak direla harrapakinen ugaritasuna
bera baino. Hala ere, aldagai biotikoek ematen duten informazio baliotsua kontuan
izanik, merezi du ekosistemaren funtzionamenduaren erlazio zehatzagoak eta
adierazgarriagoak lortzen lagun diezaguketen eskala egokien eta harrapakinen

ezaugarri esanguratsuen identifikazioari buruz ikertzen jarraitzea.
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Introduction

The ecological niche of species

The niche concept has always been central to ecology (Hutchinson 1957, Chase
& Leibold 2003). However, a renewed interest has emerged in recent years as a
consequence of the computational and technological advances that have allowed
scientists to estimate species distribution patterns through new modelling techniques
(Soberon 2007, Holt 2009, Soberon & Nakamura 2009, Peterson et al. 2011,
Pocheville 2015).

Over the past 10 years, Species Distribution Models (SDM; Guisan & Zimmermann
2000) have become commonplace in the studies of biogeography, ecology,
conservation biology, and climate change (Broennimann et al. 2011, Ballard et al.
2012, Erauskin-Extramiana et al. 2019b, Waggitt et al. 2020). But still, there are
conflicting views about what the models truly represent. Despite several authors have
attempted to clarify the relationship between SDMs and the concept of ecological
niche (Guisan & Thuiller 2005, Aradjo & Guisan 2006, Kearney 2006, Soberon &
Nakamura 2009), the debate is still open and opposes authors who think that SDMs
provide an approximation to the species’ fundamental niche (Soberén & Peterson
2005), with others that consider them a spatial representation of the realized niche
(Pearson & Dawson 2003, Araudjo & Pearson 2005) on the grounds that the observed
species’ spatial distributions are already constrained by non-climatic factors.

What is clear is that most modelling approaches developed for predicting species
distributions (and abundances) have their roots in quantifying species-environment
relationships (Guisan & Thuiller 2005) and so, they are based on the Grinnellian niche
concept (Grinnell 1917), which describes the response of the species to a given set of
non-interactive variables (termed scenopoetic variables or conditions). However,
species also depend on their intra- and interspecific interactions and therefore,
species distribution and abundance patterns will be hardly understood by studying
exclusively their individual responses to the abiotic environment (Wisz et al. 2013).

The role of biotic interactions, together with resource-consumer dynamics, are
defined in the Eltonian niche (Elton 1927), but unlike the increasingly available
scenopoetic variables (Turner et al. 2003), biotic interactions (or bionomic variables)
remain difficult to measure (Aradjo et al. 2011). As a result, little is known about the
types of interactions that exist among species and the importance of such interactions
for the generation and maintenance of biodiversity on Earth (Bascompte 2009,

Morales-Castilla et al. 2015).



This lack of knowledge regarding intra- and interspecific interactions is called the
Eltonian shortfall (Figure 1) (Peterson et al. 2011) and one reason why it is so prevalent
in the field of SDMs is that, for a long time, biotic interactions were believed to affect
ecological processes mainly at local scales (Pearson & Dawson 2003). In contrast,
recent evidence suggest that biotic interactions can shape species distributions from
local to regional and continental scales (Araudjo & Luoto 2007, Gotelli et al. 2010, Wisz
et al. 2013), improve the explanatory power and predictive accuracy of the models
(Heikkinen et al. 2007), and even assess the impacts of climate change prediction in

species distributions (Araujo et al. 2011).
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Figure 1. Global distribution of the number of recorded interactions (5%5° grid cell
resolution). Adapted from Hortal et al. (2015).

Thus, one key aim of modern community ecology is to gain an integrative
understanding of how biotic and abiotic factors structure local species pool at
different spatio-temporal scales (Ovaskainen et al. 2017). However, fulfilling this
objective in the marine realm is harder than in land, where the three dimensionality of
the habitat and its inherent complexity have often lagged its understanding behind
that of terrestrial environment (Carr et al. 2003). As a result, information on species
distribution, abundance and diversity patterns is poorer in marine ecosystems than in
terrestrials (Carr et al. 2003), and so is our knowledge about biotic interactions (Hortal

et al. 2015).
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Biotic interactions

There are many ways to describe a biotic interaction, including the type (e.g.,
negative or positive, direct or indirect), the strength (e.g., weak or strong), and the
symmetry (e.g., symmetric or asymmetric). Interactions can be also defined based on
whether the net effect of the interaction on each interacting species is detrimental
(competition, -/-) or beneficial for both (mutualism, +/+), positive for one species and
negative for the other (predation or parasitism, -/+), positive for one species and
indifferent for the other (commensalism, +/0), or detrimental for one and indifferent
for the other (amensalism, -/0).

Although the quantification of the prevalence of each interaction in nature is still
lacking, those concerning competition and predation have been the focus of more
than three quarters of all published studies on biotic interactions (Figure 2) (Morales-
Castilla et al. 2015). Competition, in particular, has attracted ~50% of all citations in
the biotic interaction’s literature in the past decades (Figure 2), believed to be one of
the most important processes determining the structure of natural communities

(Tilman 1982, Chase et al. 2002). In the last few years, in contrast, positive interactions
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such as mutualism have become increasingly popular, with numerous studies
indicating that they can be as important as negative interactions for species survival,
conservation and diversification (Callaway et al. 2002, Aizen et al. 2012, Veit & Harrison
2017, Bascompte 2019).

Inferring biotic interactions, however, is not an easy task, as it requires a good
knowledge on species behaviour or a direct observation of interactions (Clua &
Grosvalet 2001, Camphuysen et al. 2007). When direct information about biotic
interactions is unavailable, proxies such as geographical data, traits, or phylogenies
can help obtain insights about them while offering a starting point for predicting the
general properties of the interaction network (Morales-Castilla et al. 2015).

Geographical data, for example, provide co-occurrence patterns from which
signals of species interactions can be inferred by asking if some species co-occur more
or less often than what could be expected by random (Gotelli & Ulrich 2010, Veech
2013). Species assemblages, however, are affected by environmental conditions and
a multitude of direct and indirect interactions, and hence, it is difficult to conclusively
infer the causal links from observational data by this means (Sebastian-Gonzalez et al.
2010). In fact, a positive (or negative) association between two species does not
necessarily signify a direct or indirect interaction, and it can result, instead, from the
species having similar (or dissimilar) habitat requirements (Ovaskainen et al. 2010).

Within that context, traits —defined as morphological, physiological and/or
phenological characteristics of species that directly impact on their fitness (Violle et al.
2007)- can help simplify the interacting groups of species, by determining if a given
interaction is probable or possible. In marine predator-prey relationships, for
example, traits such as prey body size or predators’ diving capability determine prey
selection (Spitz et al. 2014, Lambert et al. 2018) and hence, can be used to discard
“impossible” trophic relationships, assuming that predators cannot capture prey
species that are bigger than what they can swallow or that occur at depths that cannot
reach. Finally, phylogenies measuring evolutionary relationship can also be used
when information on traits is not available or incomplete, under the assumption that
phylogenetically related species are ecologically similar (Losos 2008).

Lately, substantial advances have been made to improve the accuracy of biotic
interactions inferences. New approaches enable now distinguishing between biotic
interactions and similar environmental preferences while combining the information
given by traits and phylogenies (Figure 3) (Hui 2016, Morueta-Holme et al. 2016,
Ovaskainen et al. 2017).
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Observational data How to link the data to ecological questions?
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Figure 3. A conceptual illustration of how data can be linked to community ecology. The
green and white colours represent differences in the environmental conditions, the
butterflies with different colours represent different species, and the small boxes represent
sampling units. From Ovaskainen et al. (2017).

Such developments have led to the application of network statistics, which based
on the number of species’ interactions or links provide insights about species role and
species centrality. Having more positive than negative associations, for example,
makes a species an aggregator (or a segregator, if otherwise), while a high centrality
score (e.g., a high number of links) means that the species is important for the network
structure and stability (Martin Gonzélez et al. 2010, Morueta-Holme et al. 2016). The
simply mapping of interactions can also tell us about the properties of the community
network (Figure 4); we can know, for example, how resilient the community is
(complex communities are on average more resistant to species loss) or how the loss
of a given species will affect the remaining interacting species (the loss of highly
connected species triggers on average the largest number of secondary extinctions)

(Eklof & Ebenman 2006).



Figure 4. /l/ustration of a
network’s  nodes and
links. Nodes with many
links  have a higher
centrality and are shown
with light colours. From
https://aksakalli.github.io

Network theory provides, therefore, a suitable and powerful framework to
address the complexity of the network functioning, and hence, bigger effort should
be directed to account for interdependencies between species, especially when
anthropogenic impacts such as climate change or overfishing are expected to keep
altering the properties and functioning of communities (Myers et al. 2007, Doney et

al. 2012, Chust et al. 2014a).

Changing environment

Over the past 50 years, the global mean surface temperature has increased on
average about 0.7° C (Stocker et al. 2013). Such warming, however, has not been
uniform and has led to heterogenous patterns across Earth. Ocean surface waters, for
example, have warmed three times slower than air temperatures (Solomon et al.
2007). Isotherms, in contrast, have shifted faster at the ocean surface than over land
(Burrows et al. 2011), and as a result, the rates of observed shifts in species distribution
are comparable to or greater than those for terrestrial systems (Poloczanska et al.
2013). Such rapid change, summed to an increase in acidification, a decrease in
oxygen and an alteration in primary production has led the Intergovernmental Panel
on Climate Change (IPCC) to highlight in their Special Report on the Ocean and
Cryosphere in a Changing Climate (IPCC 2019) an ocean transition to unprecedented
conditions, impelling an universal redistribution of life on Earth (Pecl et al. 2017).

It is therefore not surprising that climate change was identified as the primary
anthropogenic force impacting marine ecosystems (Halpern et al. 2008), affecting not
only the distribution, but also demography, abundance, phenology and calcification

of species (Poloczanska et al. 2016). However, long-term studies of climate change on
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marine ecosystems are less numerous by comparing to those on land, partly due to
the size and complexity of the ocean and the relative difficulty of taking measurements
in marine environments (Hoegh-Guldberg & Bruno 2010). In addition, the multiple
factors that influence a species’ ability to track climate change make predictions
challenging, being necessary the implementation of quantitative tools able to
distinguish climate impacts from other drivers (Brown et al. 2011).

Spatio-temporal models considering the effect of explanatory variables such as
latitude, longitude and time have been described as promising methods beyond
those traditionally used (i.e., correlation and linear regression) (Brown et al. 2011). But
even with robust tools, several weakness have been detected when trying to
understand climate change impacts, such as marginalizing other important non-
climate drivers of change, ignoring temporal and spatial autocorrelation, or not
accounting for uneven sampling effort (Brown et al. 2011, Thorson et al. 2016,
Erauskin-Extramiana et al. 2020).

Despite the challenges, the biological trends detected up to now seem to match
with global warming predictions, including poleward shifts, warm water species
increase and earlier spring events (Figure 5), among others (Parmesan & Yohe 2003,

Poloczanska et al. 2013, Poloczanska et al. 2016). Most taxonomic groups have also
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Figure 5. Proportion of marine observations consistent with global climate change
predictions by taxonomic group and response type. Adapted from Poloczanska et al. (2013)



shown consistent responses (Poloczanska et al. 2013), including endothermic animals
(e.g., marine mammals and seabirds), in which physiological functions are not directly
impacted by changes in ambient temperatures or other environmental variables
(Sydeman et al. 2015, Poloczanska et al. 2016).

At regional scales, in contrast, climate change effects may be more difficult to
detect, given the high degree of both spatial and temporal variability and the relative
importance of other variables besides temperature, such as vertical mixing, salinity,
rainfall, fresh water run off or nutrients supply (Anker-Nilssen et al. 2008). In addition,
climate change effects at these scales may be combined with the existing regional
pressures, such as overfishing or bycatch, leading to complex and sometimes
synergistic interactions (Doney et al. 2012). Indeed, both climate change and
overfishing (and also bycatch) have the potential to modify ecosystem properties such
as trophic structure and food web dynamics by altering biotic interactions (Estes et al.
2011, Doney et al. 2012).

Trophic cascades, largely attributed to overfishing, constitute such an example,
as they are now being described in the context of climate change too. In some cases,
they occur by the combined effect of climate change and overfishing, as in Australia,
where the removal of predators and increasing temperatures have led to the
expansion of sea urchin, with the subsequent kelp deforestation and loss of

biodiversity (Ling et al. 2009).
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In other cases, in contrast, detected cascading effects are purely attributed to
climate change. In the North Sea, for example, shifts in the abundance and distribution
of the dominant copepod have caused a decline in sandeel recruitment and poor
seabird breeding success (Figure 6) (Frederiksen et al. 2013), whereas in the California
Current, changes in basic oceanographic processes such as upwelling have reduced
the productivity of the zooplankton, forage fish and seabirds (Sydeman et al. 2009).

Such profound changes at ecosystem level show that focusing on single species
is not sufficient and highlight the importance of considering other factors besides
temperature (e.g., prey, productivity) in a more comprehensive, multispecies- to

ecosystem-level assessment context.

Ecosystem-based approach

The collapse of numerous fish stocks together with the depletion of vulnerable
populations caught incidentally over the last years revealed the incapability of
traditional approaches to sustainably manage marine resources (Jackson et al. 2001,
Myers & Worm 2003). The main reason given to explain such failure was the focus on
single species and single sector (Leslie & McLeod 2007, Curtin & Prellezo 2010). In
fact, by doing so, it was ignored the role that ecological interactions play in the
resilience and health of coastal and ocean systems (Hughes et al. 2005) and the
pressure exerted by all the activities and threatens (shipping, fisheries, tourism,
climate change) taking place in or around seas (Curtin & Prellezo 2010).

Ecosystem based management (EBM) was developed to address such gaps,
which means that it considers the interactions among ecosystem components and the
cumulative impacts of multiple activities and pressures (Leslie & McLeod 2007, Curtin
& Prellezo 2010). It represents, therefore, a new and more holistic way of
understanding ecosystem functioning (Curtin & Prellezo 2010), which aims to protect
and manage ecosystem structure, function and key processes while acknowledging
their social and economic features (Arkema et al. 2006, Leslie & McLeod 2007).

Although scientists have been contemplating EBM to land management since the
early 1950s, EBM in the ocean is a relatively new approach (Christensen et al. 1996,
Arkema et al. 2006), and by now, only few cases exist in which large parts of the marine
ecosystem are being managed (Ruckelshaus et al. 2008). One of such cases is
illustrated by the krill fishery in the Southern Ocean, where the rates of krill removal

are determined considering its importance to predators, with the result that the



recommended rates of removal are 25% lower than if predators were not considered
(CCAMLR 2006, Ruckelshaus et al. 2008).

At European level, the Marine Strategy Framework Directive (MSFD; Directive
2008/56/EC) approved in 2008 is considered the first concerted attempt by the EU to
apply an ecosystem-based approach to the management of human activities affecting
the marine environment and ecological systems (Long 2015). In fact, it established a
framework that required Member States to assess the environmental status of species
and ecosystems based on 11 high level criteria or descriptors, that included, among
others, biological diversity, food webs, invasive and overexploited species, and
anthropogenic impacts.

Achieving a good knowledge of all those descriptors in marine environments,
however, is challenging, and requires long term, scientifically oriented and
ecosystem-based monitoring programmes. Integrated ecosystem surveys meet all
those criteria and thus, provide an excellent opportunity to advance towards a more
comprehensive EBM while providing simultaneous information on different

ecosystems components.

Integrated ecosystem surveys

As with resources management, monitoring programmes have also evolved from
single species assessment, typically oriented to fisheries management, to a more
comprehensive and holistic multispecies approach focused on sampling the
biological (plankton, fishes, megafauna) and the physical (hydrography) components
of the ecosystem (Doray et al. 2018). Such integrated assessment is usually conducted
in four differentiated areas, consisting in acoustic sampling and mid-water trawls for
fish estimation (Figure 7, step 1,2,3), hydrological sampling and CTD casts (Figure 7,
step 4 & 6), megafauna observation (Figure 7, step 5), and meso-zooplankton
collection (Figure 7, step 7).

By this means, multidisciplinary surveys provide a simultaneous framework in
which the different components of the ecosystem can be analysed together at the
same spatio-temporal scale. As a result, synoptical relationship can be explored
between species-environment (Boyra et al. 2016, Louzao et al. 201%a, Garcia-Bardn et
al. 2020), predator-prey (Certain et al. 2011, Lambert et al. 2018, Waggitt et al. 2018,
Louzao et al. 201%a), or predator-predator (Louzao et al. 2019b) using the data

collected in situ either as a response variable or as a predictor.
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Figure 7. Example of how data is collected in an integrated ecosystem monitoring programme.

During daytime: 1) Fisheries acoustics, 2) Midwater trawling, 3) Support of pair trawlers fishing
vessels, 4) Hull-mounted thermosalinometer, 5) Megafauna sightings. During night-time, at
fixed stations: 6) Sonde-based hydrobiological sampling, 7) Meso-zooplankton nets. Source:
Doray et al. (2018).

In southern European waters, several institutions perform multidisciplinary
surveys (e.g., BIOMAN, PELGAS, PELACUS, JUVENA) to monitor the widely diverse
community of plankton, fish and megafauna inhabiting the area (Lavin et al. 2006,
Doray et al. 2018). Such diversity becomes specially high in summer-autumn months,
coinciding with JUVENA survey, as it is when many top predator species use the Bay
of Biscay as a migration corridor (Lezama-Ochoa et al. 2010, Louzao et al. 20153,
Garcia-Barén et al. 2019). Both the Bay of Biscay and the JUVENA survey constitute
therefore an excellent opportunity to analyse the abundance, distribution and
coexistence patterns of many top predators while addressing some of the descriptors
defined by the MSFD, such as biodiversity and food webs.

Relying on annual surveys, however, has its own limitations too, as they only
provide a snapshot of a particular period. Under such circumstances, efforts have
been recently directed to cover longer and wider spatio-temporal scales through
compiling different survey data (Waggitt et al. 2020), although important components

of the ecosystem still need to be incorporated.

Case study: the top predators of the Bay of Biscay

The Bay of Biscay (BoB, hereafter) is a well-differentiated geomorphological unit
in the Northeast Atlantic that comprises the waters between Cape Ortegal in Spain
(43°46'N 7°52'W) and Penmarch Point in France (47°48'N 4°22'W). It falls within the
North Atlantic demarcation defined by the MSFD and forms the transitional region

between the cold boreal waters and the warm waters of the temperate



biogeographical province (Lavin et al. 2006), which results in a higher biodiversity in
comparison to adjacent areas. It is limited in the south by the North-lIberian margin,
where water temperature is warmer and continental shelf narrower, and by the
Aquitaine and Armorican margin in the eastern part, characterized by a large French
continental shelf and colder waters (Figure 8) (Koutsikopoulos & Le Cann 1996,
Mulder et al. 2012).

In the oceanic area, the general circulation is weak and generally variable, with a
frequent presence of cyclonic and anticyclonic eddies. In the slope, a consistent
poleward flow can be detected while in the shelf, the residual currents are principally
governed by the wind, tides and water density (Figure 8) (Koutsikopoulos & Le Cann
1996).
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Following the typical pattern of a temperate sea, the primary production is
governed by the alternation between mixing and stratification of the water column,
and shows two phytoplanktonic peaks, a primary one in spring and a secondary one
in autumn (Bode et al. 1996, Varela 1996). Despite being considered moderate
(Aquarone et al. 2008), the primary production of the BoB is seasonally and locally
enhanced by mesoscale features, such as coastal run-offs, river plumes, coastal
upwelling and internal waves, which have long allowed the development of important
fisheries (Lavin et al. 2006).

Upper in the trophic level, this moderately productive bay also maintains a highly
diverse and abundant community of top predators. Some of these are resident
species, while others only visit the BoB during their feeding migrations in summer-
autumn months, coinciding with JUVENA survey. The BoB is therefore an important

feeding ground, that congregates a wide variety of taxa (e.g., seabirds, cetaceans,
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tuna, sharks, sunfish, turtles), although seabirds and cetaceans represent the most
diverse groups (Lorance et al. 2000, Sims et al. 2009, Goni & Arrizabalaga 2010,
Doherty et al. 2017, Laran et al. 2017, Pettex et al. 2017, Avens & Amico 2018).
Among seabirds, resident species (those that breed in the BoB) include yellow-
legged gull Larus michahellis, the lesser black-backed gull L. fuscus, the European
herring gull L. argentatus, the European shag Phalacrocorax aristotelis, the European
storm-petrel Hydrobates pelagicus, the black-legged kittiwake Rissa tridactyla, the
sandwich tern Thalasseus sandvicensis, the common tern Sterna hirundo and the
Cory's shearwater Calonectris borealis. Wintering/migrants species, on the other
hand, comprise the northern gannet Morus bassanus, the great skua Stercorarius skua,
the artic jaeger S. parasiticus, the pomarine jaeger S. pomarine, the Black-headed gull

Chroicocephalus ridibundus, the Sabine's gull Xema sabini, the Mediterranean gull

Figure 9. Some of the most frequently observed seabird species during JUVENA survey. (1)
yellow-legged gull, (2) lesser black-backed gull, (3) European herring gull, (4) Sabine’s gull,
(5) European storm-petrel, (6) sandwich tern, (7) common tern, (7) Cory's shearwater, (9)
northern gannet, (10) great skua, (11) Arctic jaeger, (12) common guillemot, (13) razorbill,
(14) sooty shearwater, (15) great shearwater, (16) Manx shearwater, (17) Balearic shearwater.
Images have been compiled from www.seo.org and birdguides.com.



Ichthyaetus melanocephalus, the common guillemot Uria aalge, the razorbill Alca
torda, the sooty and great shearwaters Ardenna griseaand A. gravis, and the Balearic
and Manx shearwaters Puffinus mauretanicus and P. puffinus (Figure 9).

Among cetaceans, the fin whale Balaenoptera physalus represents the most
commonly reported baleen whale, known to visit the BoB during the sping-autumn
period (Garcia-Bardn et al. 2019). The vast majority of remaining species are small
toothed-cetaceans that include the common dophin Delphinus delphis, the striped
dolphin Stenella coeruleoalba, the bottlenose dolphin Tursiops truncatus, the harbour
porpoise Phocoena phocoena, the long-finned pilot whale Globicephala melas and
the Risso's dolphin Grampus griseus, although some deep diving cetacean species
can be also found, such as the sperm whale Physeter macrocephalus and the Cuvier'

beaked whale Zjphius cavirostris (Figure 10).

Figure 10. Some of the most frequently observed cetacean species during JUVENA survey.
(1) fin whale, (2) common dolphin, (3) stripped dolphin, (4) bottlenose dolphin, (5) long-
finned pilot whale, (6) Cuvier's beaked whale. Image courtesy of Joshua G. Herranz (Marine
Life Project).

Such productivity and diversity, however, might be altered by climate change in a
near future, as raising temperatures are expected to increase ocean stratification and
reduce primary production and zooplankton biomass (Chust et al. 2014a). In the last
years, a significant warming has been detected in the BoB (Costoya et al. 2015),
together with losses in fisheries production (Free et al. 2019), and changes in the
composition, distribution and abundance of both fish and top predators species
(Blanchard & Vandermeirsch 2005, Hemery et al. 2007, Authier et al. 2018, Baudron
et al. 2020).
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Overexploitation episodes (Lazkano et al. 2013), oil spills events (Ridoux et al.
2004) and unsustainable bycatch rates (ICES 2020) have been also reported in the last
decades in the BoB, which overall, threaten the stability and health of the ecosystem
and put in risk the conservation and viability of many top predators that are either

protected, endangered or threatened.

The rationale of the study

Seabirds and cetaceans have been long considered good ecological indicators,
as they face numerous impacts and respond to different ecosystem changes while
moving across their vast distributional ranges (Piatt & Sydeman 2007, Hazen et al.
2012). They are in addition protected under different international agreements, such
as the Bird Directive (Council Directive 2009/147/EC) and the Habitat Directive
(Council Directive 92/43/EEC), which aim to promote and maintain biological diversity
through the conservation of natural habitats and biodiversity in the European Union
territory. But despite the conservation efforts, seabirds are one of the most threatened
groups (Croxall et al. 2012, Dias et al. 2019), while many cetacean species are still
intentionally killed or indirectly impacted by commercial fisheries (Allen 2014).

The BoB comprises some of these protected, endangered, and threatened (PET)
species, whose study is now systematically possible thanks to the development of
integrated ecosystem surveys. Given the nature of the observations recorded in
research vessels, species’ abundance and distribution patterns are the most
commonly addressed topics. However, and despite the large variety of species
comprised in on-board-collected data, many studies mostly focus on the
individualistic responses of top predators to environmental conditions, omitting the
potential interactions with species from the same guild or other trophic levels.

Recent examples have shown that not accounting for biotic interactions limits the
understanding of underlying patters when studying species distribution (Wisz et al.
2013) and hence, effective conservation and management measures should require
the identification of variables shaping both the Eltonian and Grinnellian niche of
species.

For that reason, the present study has aimed to incorporate both biotic and
abiotic factors in the study of top predators’ community of the BoB, for which we have
set the following hypothesis and objectives. By this means, we intended to obtain a
more comprehensive understanding of the drivers governing the assemblage of top

predators and a better knowledge of the ecosystem functioning of the BoB.



Hypothesis and objectives

The working hypothesis is a “provisional, working means of advancing

investigation” that acts as a guide for the explanatory research (Dewey 1999, Shields

& Tajalli 2006), and as such, it has been constructed as follows:

“The distribution and abundance of top predators are driven by environmental
factors and biotic interactions, and thus, the consideration of both components should
provide us with new information on species interactions while contributing to improve
our understanding of the assembly rules governing species coexistence, food web

structure and spatio-temporal patterns”.

In order to test the working hypothesis, four specific research objectives were

established. Three of them were tackled in each specific chapter, while the last one
was addressed along the whole thesis:

1. To uncover the underlying mechanisms of predator-prey co-occurrence
patterns by identifying interspecific associations and their main drivers
(Chapter ).

2. To understand how co-occurring top predators share the environmental and
trophic niche (Chapter I).

3. To define the role of prey, climatic and oceanographic variables in driving the
spatio-temporal patterns of a highly mobile top predator (Chapter Ill).

4. To determine the relative importance of biotic and environmental drivers in

explaining the abundance and distribution of top predators (Chapter |, I, IIl).

Structure of the thesis

Beyond this general introduction in the topic, which aimed to provide some
insights on the concepts that will be discussed later on, the main body of the thesis is
structured in three chapters, followed by a general discussion acknowledging the
main limitations and major findings and a final section resuming main conclusions.
Although the three chapters are related and directed to test the hypothesis of this
dissertation, the specific questions and methodologies addressed in each of them led
us to present the chapters as individual scientific papers with their own introduction,
material and methods, results, and discussion. The development of the three chapters
allowed us to address the first three objectives, while the conjunction of all of them
provided us with an additional conclusion that served to answer a widely discussed

topic in the field. The main subjects of each chapter are described below:



Introduction

In chapter |, we explored the main drivers governing the assemblage of the
pelagic predator-prey community by analysing their co-occurrence patterns
with a Joint Species Distribution Modelling approach (JSDM), that unlike
conventional approaches, allows distinguishing between biotic interactions
and similar environmental preferences.

In chapter I, we aimed to disentangle how co-occurring top predators share
the environmental and trophic niches by identifying the main segregation
mechanisms with a spatial modelling approach.

In chapter lll, we analysed the spatio-temporal changes and the effect of biotic
and abiotic drivers in the abundance and distribution of a highly mobile top
predator by means of a spatio-temporal model (VAST) that accounts for

changes in sampling effort resulting from the combination of multiple datasets.






CHAPTER 1

|dentifying drivers of interspecific associations in the marine
predator-prey network of the Bay of Biscay



ABSTRACT

Identifying the role that environmental factors and biotic interactions play in species
distribution can be essential to better understand and predict how ecosystems will
respond to changing environmental conditions. Within that context, this study aimed
to disentangle the assemblage of the pelagic predator-prey community by identifying
interspecific associations and their main drivers. For this purpose, we applied the Joint
Species Distribution Modelling approach, JSDM, to the co-occurrence patterns of
both prey and top predator communities obtained from JUVENA surveys during
2013-2016 in the Bay of Biscay. Results showed that the co-occurrence patterns of top
predators and prey were driven by a combination of environmental and biotic factors,
which highlighted the importance of considering both components to fully
understand the community structure. In addition, results also revealed that many
biotic interactions, such as schooling in prey (e.g., anchovy-sardine), local
enhancement/facilitation in predators (e.g., Cory's shearwater-fin whale), and
predation between predator-prey species (e.g., northern gannet-horse mackerel),
were led by positive associations, although predator avoidance behaviour was also
suggested between negatively associated species (e.g., striped dolphin-blue
whiting). The identification of interspecific associations can therefore provide insights
on the functioning of predators-prey network that might be used for the conservation
of endangered species or for developing a sustainable management of exploited
species based on their predators and competitors. By this means, approaches such as
JSDM can help advance towards an ecosystem-based management, although
contrasting the results with additional data source is recommended to discern true

interactions.

Published as:

Astarloa, A., Louzao, M., Boyra, G., Martinez, U., Rubio, A., Irigoien, X., Hui, F. K. C. &
Chust, G. (2019). Identifying main interactions in marine predator-prey networks of
the Bay of Biscay. /CES Journal of Marine Science, 76 (7), 2247-2259.
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1. Introduction

Climate change has been identified as a major future threat for marine
ecosystems (Collins et al. 2013) and it has triggered shifts in the abundance,
phenology and distribution of organisms (Doney et al. 2012, Poloczanska et al. 2013).
The assessment of these changes has been typically conducted considering only
climatic factors, based on the assumption that biotic interactions might play a minor
role in governing species distribution at regional to global scales (Pearson & Dawson
2003). However, it is now generally accepted that interspecific interactions can
strongly affect the biogeography of species beyond local extents (Aradjo & Luoto
2007, Wisz et al. 2013). Therefore, it is essential to understand the interplay between
environmental factors and biotic interactions to better anticipate how ecosystems will
respond (Gilman et al. 2010, Blois et al. 2013).

Biotic interactions are known to affect species spatial patterns via several
mechanism such as predation, competition, parasitism, mutualism and facilitation
(Wisz et al. 2013). Identifying such associations has long been a subject of ecological
research, that has been tackled by studying species co-occurrence patterns and
specifically by comparing observed occurrences with null models to detect non-
random patterns (for approaches based on randomized null models see Gotelli &
Ulrich 2010, for analytical null models see Veech 2013). These conventional
approaches, however, do not allow to distinguish whether the resulting associations
derive from the species having (dis-) similar habitat requirements or from a biotic
relationship. In fact, a positive association may be caused by biotic interactions (e.g.
facilitation) or by shared environmental requirements (e.g. similar habitat affinities),
whereas negative associations may be driven by biotic interactions (e.g. competition)
or reflect different habitat preferences (Ovaskainen et al. 2010).

Lately, new approaches including niche associations and network theory have
been developed to infer species associations (Morueta-Holme et al. 2016). In parallel,
other methods consisting in incorporating species co-occurrence data into the
classical species distribution model (SDM) framework have emerged (Clark et al. 2014,
Pollock et al. 2014, Warton et al. 2015, Hui 2016). By combining both components,
Joint Species Distribution Models (JSDMs hereafter) allow the analysis of correlation
patterns across taxa at the same time as studying environmental response (Warton et
al. 2015); as a result, species co-occurrence patterns can be decomposed into

environmental responses and residual correlation not explained by the measured



predictors (Hui 2016). A key step consists then in attributing this residual correlation
to biotic interactions, as there could also be non-biological explanations such as
missing environmental variables or poor model fit (Zurell et al. 2018). Some authors,
however, have already succeed in identifying biotic interactions, including
codominance in trees (Pollock et al. 2014) and heterospecific attraction in river birds
(Royan et al. 2016). In contrast, the implementation of JSDMs on predator-prey co-
occurrence patterns has been scarcely explored (Zurell et al. 2018) and hence, the
potential to detect ecological processes such as predation needs further investigation.

In the Bay of Biscay (BoB hereafter), the upwelling occurring mainly over the
lberian Shelf section and the river run-offs of the French shelf (Aquarone et al. 2008)
favour the occurrence of a rich community of small pelagic fishes, including European
sardine Sardina pilchardus, European anchovy Engraulis encrasicolus, Atlantic
mackerel Scomber scombrus and Atlantic horse mackerel Trachurus trachurus (ICES
2008). Additionally, the BoB also holds a rich cetacean fauna (Kiszka et al. 2007, Spitz
et al. 2011) and a highly diverse seabird population (Pettex et al. 2017), including
some endangered species such as the fin whale Balaenoptera physalus(Garcia-Barén
etal. 2019) and the Balearic shearwater Puffinus mauretanicus(Pérez-Roda etal. 2017)
that make the identification of interspecific associations essential to advance towards
an ecosystem based management (Veit & Harrison 2017). Acquiring simultaneous
data for both predator and prey, however, is challenging and as a result, predator-
prey interactions involving cetaceans and seabirds remain poorly understood in the
area (but see Certain et al. 2011, Lambert et al. 2018).

Within this context, this work aims to better understand the mechanisms
underlying the assemblage of the pelagic predator-prey community of the BoB by
identifying interspecific associations and their main drivers. For this purpose, we fitted
JSDMs by combining the environmental conditions and the co-occurrence patterns of
top predators and prey obtained from JUVENA surveys over the 2013-2016 period.

By this means, we addressed the following specific questions:

1. Are species interactions, such as predator-prey, triggering the observed
co-occurrence patterns?
2. Or, in contrast, are environmental factors the main explanatory features of

species co-occurrence?
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By answering to these questions, this study intends to provide relevant insights
about the functioning of predators and prey communities that may help the
conservation of endangered species and the sustainable management of exploited

species to advance ecosystem-based monitoring (Louzao et al. 2019a).

2. Material and Methods

2.1. Multidisciplinary surveys

JUVENA oceanographic survey takes place every September with the aim of
evaluating the population of European anchovy and monitoring the abundance of
other pelagic species in the BoB (Figure 1.1) (Boyra et al. 2013). The sampling strategy
is based on parallel transects arranged perpendicular to the coast, spaced at 15
nautical miles (nmi) and carried out by two oceanographic research vessels, Ramon
Margalef and Emma Bardan (R/V RM and R/V EB, hereafter), surveying transects from
the coast (20 m bottom depth) to beyond the shelf break (Figure 1.1). Data from
plankton to predators, as well as environmental information is also collected in order
to obtain an overall assessment of the marine ecosystem (Louzao et al. 2019a) (for a

schematic flowchart of the entire Material and Methods section see Figure 1.2).
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Figure 1.1. Overview of the study area and the sampling design of JUVENA survey.
Isobaths of 200 m, 1000 m and 2000 m are indicated.
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data selection and assemblage, data analysis and data interpretation.
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Sightings of top predators

Since 2013 sightings of top predators have been recorded aboard R/V RM by a
team of three experienced observers. By following the Distance sampling
methodology (Buckland et al. 2001), observers (2 at a time) searched for cetaceans
and seabirds ahead of the bow within an angle of 180° and from a single observation
platform located at 7.5 m above the sea level. For each observation, the radial distance
to animal clusters (individual birds or groups of animals of the same species) and the
angle of the cluster sighting with respect to the trackline were estimated based on a
range finding stick (Heinemann 1981) and an angle metre. Sightings were made with
naked eye, except for the identification of species and counting of individuals, which
was aided by 10 x 42 Swarovski binoculars. Time of observation, species composition,
group size, movement direction, and behaviour (e.g., displacing, foraging, attracted)
were also noted. In addition, environmental conditions affecting the detectability of
species such as Beaufort sea-state, swell height, wind speed, visibility, or glare
intensity were recorded at the beginning of each observation period (i.e. every hour)
or whenever observation conditions changed. Sampling effort was performed only
during daytime, at a constant speed and under sea-state conditions <6 and it was
geographically located based on the vessel GPS which logs the coordinates of the

vessel every 1 min.

Biomass estimates of pelagic prey species

Biomass of pelagic species (fish and crustaceans, prey hereafter) were estimated
by means of acoustic methods and pelagic trawls for the 2013-2016 period to match
in time with the available data of predators. The acoustic equipment used for that
consisted on Simrad EK60 split-beam echosounders (Kongsberg Simrad AS,
Kongsberg, Norway) located on both vessels that sampled the water column to depths
of 200-300 m during daytime (Boyra et al. 2013). Sampling started on the northern
Spanish coast, from west to east, where each R/V monitored the pelagic ecosystem
simultaneously over different transects. Then, both R/V moved to the north to sample
French waters where the smaller R/V EB sampled the inner section of the transects,
while the larger R’V RM sampled the outer sector. The acoustic data collected by both
vessels were then processed together: abundance estimates were obtained
processing the collected acoustic data in the positive strata by layer echo integration
and using an ESDU (Echo integration Sampling Distance Unit) of 0.1 nmi, whereas

identification of organisms and population size structure was determined using net



sampling and echo trace characteristics. Finally, abundance in number of individuals
was multiplied by the mean weight, obtaining biomass estimates per age, and length

class for each ESDU [more details can be found in Boyra et al. (2013)].

Oceanographic characterization of the pelagic realm

During the survey, oceanographic data were also collected using a CTD profiler.
For each transect, a minimum of three profiles were performed (coastal, continental
shelf, and oceanic waters) measuring the water column from the surface to 200 m
depth. Temperature, salinity, and water density were directly inferred from CTD casts.
The depth of the maximum temperature gradient (as a proxy of the mixing layer depth)
and geostrophic velocities were derived from temperature and density data following
Rubio et al. (2009) and Caballero et al. (2016), respectively. Horizontal fields of these
variables were obtained using Optimal Statistical Interpolation scheme described in
Gomis et al. (2001) over a spatial grid with regular node distances of 0.15 x 0.15°
latitude-longitude. To obtain 3D matrix fields, horizontal analyses were performed
independently at 5 dbar intervals from 10 to 200 m. In this way, we obtained
temperature, salinity, and geostrophic velocities values for the surface (Ts, SALs, and
GVs) and for the water column up to 200 m by estimating the median value (T200,
SAL200, GV200), making them suitable for the study of seabirds and cetaceans. For the
depth of maximum temperature gradient (DTG), no additional estimates were made
since it is a two-dimensional field. Finally, distance to the coast (DCO) and depth
values (DEP) were extracted from NOAA database using the marmap R package V.:
1.0.2 (Pante & Simon-Bouhet 2013) and added to the analysis (Table 1.1).

Table 1.1. Summary of the environmental variables used in the study. Dynamic variables were
estimated from oceanographic data collected on board, whereas static variables were extracted
from NOAA (ETOPOT database).

Variables Acronym Type Dimension
Temperature (°C) T Dynamic 3D
Salinity (psu) SAL Dynamic 3D
Geostrophic velocity (m s™) GV Dynamic 3D
Depth of maximum temperature gradient (m) DTG Dynamic 2D
Depth (m) DEP Static 2D

Distance to coast (km) DCO Static 2D
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2.2, Data selection and assemblage

Top predator's data were filtered by including only those sightings where the
identification was made at species level and by removing sightings considered to be
attracted by the vessel (i.e., those individuals coming directly to the boat). In the case
of prey, all species for which a biomass estimate was available were selected. Predator
and prey data (i.e., number of sightings and biomasses) were then transformed to
presence-absence and overlaid per year over a standard grid covering the study area
(latitudinal range: 43.2-48°N; longitudinal range: 1-9°W) with a cell size of 0.1° spatial
resolution. At this point, a second filter was applied, selecting only those prey and
predator data with common sampling effort within the same year. In addition, species
with less than 25 presences over the total survey period were removed with the aim of
avoiding problems related to small sample size (Wisz et al. 2008, Authier et al. 2018).
As a whole, 28 species were chosen, 17 top predators and 11 prey (Table 1.2) that
were arranged as a community matrix where columns were species and rows were
each cell of the standard grid by year (sites hereafter). As it can be seen, some species
within the prey group could be also acting as predators over other prey species, e.g.
mackerel-blue whiting (Olaso et al. 2005). However, to avoid misunderstandings,
predators and prey in this study will only refer to those species defined as such in
Table 1.2. Finally, environmental variables were resampled with the rasterpackage V.:
2.9.5 (Hijmans et al. 2017) to match the standard grid of predators and prey and
arranged in a matrix of environmental variables (columns) vs. sites (rows).
Table 1.2. List containing the family, scientific name, common name and acronym of the selected

species of pelagic prey and top predators. Acronym for prey refers to FAO code, whereas acronym
for predator holds the abbreviation, widely used by observers, of the scientific name.

Family Scientific name Common name Acronym
Caproidae Capros aper Boarfish BOC
Mediterranean horse HMM
Trachurus mediterraneus
Carangidae mackerel
Trachurus trachurus
Atlantic horse mackerel HOM
Sardina pilchardus European pilchard PIL
Clupeidae
t Sprattus sprattus European sprat SPR
E Engraulidae Engraulis encrasicolus European anchovy ANE
Euphausiidae Euphasia spp. Krill KRX
Gadidae Micromesistius poutassou  Blue whiting WHB
Scomber scombrus Atlantic mackerel MAC
Scombridae
Scomber japonicus Pacific chub mackerel MAS
Sternoptychidae  Maurolicus muelleri Mueller's pearlside MAV



https://en.wikipedia.org/wiki/Sternoptychidae

Balaenopteridae Balaenoptera physalus Fin whale BALPHY
Delphinus delphis Common dolphin DELDEL
Delphinidae
Stenella coeruleoalba Striped dolphin STECOE
Hydrobatidae Hydrobates pelagicus European storm-petrel HYDPEL
Yellow-legged gull LARMIC
Larus michahellis
Lesser black-backed LARFUS
Laridae Larus fuscus I
u
Xema sabini 9
&; Sabine's gull XEMSAB
E Ardenna gravis Great shearwater ARDGRA
é Ardenna grisea Sooty shearwater ARDGRI
E Procellariidae Calonectris borealis Cory's shearwater CALBOR
Puffinus mauretanicus Balearic shearwater PUFMAU
Puffinus puffinus Manx shearwater PUFPUF
Stercorarius parasiticus Avrctic jaeger STEPAR
Stercorariidae
Stercorarius skua Great skua STESKU
Sterna hirundo Common tern STEHIR
Sternidae
Thalasseus sandvicensis Sandwich tern THASAN
Sulidae Morus bassanus Northern gannet MORBAS

2.3. Predator-prey networks

In order to uncover the community structure behind predator-prey networks and
identify interspecific associations, we fitted a series of JSSDMs using the bora/package
V.: 1.7 (Hui 2018). JSDMs are extensions of the Generalised Linear Modelling (GLMs,
McCullagh and Nelder, 1989) framework, which is widely used for modelling species
distribution data (Guisan et al. 2002). A key feature of JSDMs is that they comprise
both environmental variables and latent variables, where the latter can be understood
as a set of unobserved predictors that induce correlation between species. Latent
variables, similarly to ordination axes, aim to represent the main axes of covariation
across taxa and that is why they are used as a tool for estimating the underlying causes
of covariation as well as for studying the factors driving co-occurrence (Warton et al.
2015). We refer the reader to Warton et al. (2015, 2016) or to Ovaskainen et al. (2017),
among others, for more comprehensive overviews of latent variables aimed at

ecologists.

Latent variables
A critical issue when fitting JSDMs is the choice of the number of latent variables:

a small number of latent variables means a simpler model, but risks a potentially too
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poor approximation of the true correlation structure, while more latent variables
means an inherently more complex model (Wilkinson et al. 2018). Previous literature
suggests that a small number (less than five) of latent variables is often enough for a
good approximation to the species correlation structure (Warton et al. 2015), so in
order to obtain the best model, we fitted a series of JSDMs using from 1 to 5 latent

variables.

Environmental covariates

Species distribution modelling is fundamental to understand the ecological niche
of species, which theoretically assumes a symmetric Gaussian-shaped response
(Austin 2007). When fitting GLMs for each species via the boral package, fitting a
quadratic polynomial function can be a possible solution in the absence of more
sophisticated non-linear methods (Jamil & Ter Braak 2013). However, adding
quadratic terms to the already available covariates could potentially lead to model
overfitting (Harris 2015). To overcome this problem, we identified the most important
variables by using two complementary approaches (based on the Multi-Model
Inference Approach and the JSDM approach) and limited the selection to five
variables at most to avoid excessive complexity (D'Amen et al. 2018) (for detailed

variable selection approach see Appendix A1).

Model fit

Five JSDMs ranging from 1 to 5 latent variables were fitted to the species co-
occurrence matrix, assuming the binomial error distribution with a probit-link function
and the aforementioned five environmental covariates as explanatory predictors. All
environmental covariates were standardized to have a mean of zero and a standard
deviation of one (Zuur et al. 2007) before entering them as both linear and quadratic
terms in the model. Additionally, a random row effect for both site and year was also
included in order to account for spatial and temporal correlation. To address the issue
of non-convergence due to complete separation in binary variables, we used an
informative prior on the regression coefficients (Ghosh et al. 2018), specifically
B ~ N(0,1), as recommended by Wilkinson et al (2018). We adopted the default
Markov Chain Monte Carlo (MCMC) configuration in boral, that is, running Bayesian
MCMC sampler with 40000 iteration, with the first 10000 discarded as burn in and the
remaining thinned by a factor of 30 (Hui 2018). For checking MCMC convergence, a
combination of trace plots and the Geweke diagnostic (Geweke 1992) was used.

Finally, estimated residual correlations, their uncertainty (defined as the width of their



corresponding 95% credible interval) and a variation partitioning was obtained for
each JSDM to assess the best model in terms of the number of latent variables

required (Appendix A2).

Ecological interpretation

Significant environmental and residual correlations (those whose 95% credible
interval does not contain zero) resulting from the best model were first analysed at the
community level and then separately in predator, prey and predator-prey assemblies.
To uncover the community structure behind each assembly, pair-wise correlations
were ecologically interpreted following D'Amen et a/. (2018) approach (Table 1.3). To
identify species with a high number of associations, degree centrality —defined as the
number of species a given species interacts with— was assessed for each group using
both positive and negative associations. For this purpose, the jgraph package V.:
1.2.4.1 (Csardi & Nepusz 2006) was used, which enabled the visualization of all
associations and in addition, assigned a larger weight to those species with higher
number of positive or negative associations.

Table 1.3. The ecological interpretation given to pair-wise associations based on their
environmental and residual response (inspired by D'’Amen et al. 2018).

Environmental Residual . . . A
. R Ecological interpretation of pair-wise associations
correlation correlation
0 + Positive interactions causing aggregation
+ Positive interactions despite of habitat differentiation
Positive interactions and similar env. preferences causing
+ + aggregation
+ 0 Similar habitat preferences
0 - Negative interactions causing segregation
Negative interactions and habitat filtering causing segregation
+ - Negative interactions despite shared environmental preferences
0 Habitat differentiation
0 0 Random pair

Additionally, a literature survey was conducted with the aim of contrasting results
and to discern biotic interactions from those associations driven by missing predictors.
Specifically, scientific papers focusing primarily in the North Atlantic and describing
species diet and feeding behaviour were searched in order to support predator-prey
interactions, mutualistic relationships or interspecific competition. Nevertheless, the
difficulty to assign mutualistic or competition evidences to pair-wise species lead us

to only quantify trophic evidences.
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3. Results

3.1. Predator-prey network structure

The comparison among the five JSDM candidates (where the number of latent
variables varied from 1 to 5) showed that the models tended to stabilize in terms of
their residual correlations from three latent variables onwards. We decided in the end
to select the JSDM with four latent variables, given that the model with three latent
variables showed small evidence (based on the Geweke diagnostic) that the MCMC
sampling algorithm had failed to converge within the current sampling configuration
(to compare the different JSSDMs see Appendix A2).

At the community level, the significant environmental correlations (58%) resulting
from the selected model showed a relatively homogeneous distribution of positive
and negative correlations (Figure 1.3a), followed by a homogenous distribution of
their uncertainty (Figure 1.3b) and a percentage of accounted variance ranging from
8% (lesser black-backed gull) to 70% (blue whiting) (Appendix A3). By contrast, the
significant residual correlations (45%) showed that positive correlations mainly
occurred between pair-wise species of prey or predators whilst negative correlations
especially happened among predator-prey species (Figure 1.3c). Estimates of residual
uncertainty also showed unbalanced results, pointing out some species, e.g., northern
gannet Morus bassanus, striped dolphin Stenella coeruleoalba or Cory's shearwater
Calonectris borealis, with high uncertainty (Figure 1.3d) and low percentage of
variance accounted for the latent variables (Appendix A3).

A similar pattern was found when environmental and residual correlations
between species pairs were compared: positive responses were mainly detected in
prey and predators’ guilds separately, while negative responses mainly occurred
within predator-prey group (Figure 1.4a-c). This last group showed the most diverse
response while the prey guild showed a clear two-fold pattern that corresponded to
neritic-oceanic species pairs (Figure 1.4c, a).

More detailed information was obtained when attributing an ecological meaning
to every pair-wise correlation (Figure 1.5). The two-fold pattern seen in prey (Figure
1.4a), for instance, was found to be mainly driven by the combined effect of positive
interactions and similar environmental preferences (49%) and by the combination of
negative interactions and habitat differentiation (22%). Predator guild, although in a
minor extent, also showed a high number of positive correlations (54%), attributed

mainly to similar habitat preferences (22%) and positive interactions (18%).
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Figure 1.3. Environmental and residual correlations and their corresponding uncertainty (defined as
the widlth of their 95% credlible interval) for each species-pair. Positive associations are indicated in blue
and negatives in red. The rectangle defined under the black lines corresponds to correlations among

predator-prey species.
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Negative correlations, in contrast, were very low (14%) and in most of the cases
were caused by different environmental preferences (10%). In the predator-prey
group, positive correlations were less abundant (30%) and mainly driven by similar
habitat preferences (20%), whereas the proportion of negative correlations was higher
(42%) and more diverse. Although no specific driver was detected in this group, for
first time all possible negative associations were described here, including those

classified as negative interactions despite shared environmental preferences.
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Figure 1.4. Significant environmental and residual correlations (those whose 95% credible
interval does not contain zero) between pairs of prey, predators, and predator-prey species.
The error bars represent 95% credible intervals. White circles indicate neritic-oceanic
species pairs, while black points represent either neritic-neritic or oceanic-oceanic species
pairs.
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3.2. Predator-prey network associations

The attribution of ecological associations to each pair-wise species enabled us to
identify species individual role and assess species degree centrality. This led to the
identification of many central species within the prey guild that interacted similarly in
terms of positive associations (Figure 1.6a). Krill and Mueller's pearlside Maurolicus
muelleri were the exception and accounted for the highest number of negative
associations (Figure 1.6d).

Among predators, many interacting species were found too, with sandwich tern
Thalasseus sandivicensis, great skua Stercorarius skua and sooty shearwater Ardenna
grisea as main central species. Among species with the lowest number of positive
associations, fin whale and Cory's shearwater were identified, followed by the
endangered Balearic shearwater (Figure 1.6b). These species were also found to have
negative associations, although the species with the highest proportion of negative
associations were fin whale and striped dolphin (Figure 1.6e).

Among predators-prey group, northern gannet, Balearic shearwater and yellow-
legged gull Larus michahellis seabirds together with Mediterranean horse-mackerel
7. mediterraneus were identified as central species, followed in a minor extent by krill
Euphasia spp. (Figure 1.6c). In the opposite side, species previously found to have
negative associations such as Cory’s shearwater, fin whale, striped dolphin or lesser
black-backed gull L.fuscus were identified, accompanied by blue whiting
Micromesistius poutassou, horse mackerel T.trachurus and sprat Spratus sprattus
(Figure 1.6f). In this case (Figure 1.6f), a new association not previously described in
the other guilds came out, i.e., negative interactions despite shared environmental
preferences.

On the other hand, the literature survey based on 36 scientific papers focusing
on all the predator-prey associations (those represented in Figure 1.6¢, f) revealed
that evidences of predation (mainly based on regurgitates, pellets and stomach
content) tended to be found more often between positively associated predator-prey
species (59%) than between negatively associated pairs (27%) (Figure 1.7 and
Appendix A4).
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Figure 1.7. Proportion of trophic evidences (and no evidences) found in the literature for
all the positive and negative associations occurring within predators-prey group.

4. Discussion

4.1. Environmental factors vs biotic interactions

The significant associations resulting from the JSDM at the community level
showed a slightly larger proportion of correlations due to (dis)similarity in
environmental preferences (58% of environmental correlations vs. 45% of residual
correlations), which may indicate a higher weight of the environmental conditions in
driving the co-occurrence patterns of the overall predator-prey network. Similar
results were also found by Royan et al. (2016) in river bird communities, who
concluded that species interactions were of secondary importance in comparison to
habitat structure. In this work, however, the proportion of residual correlations did not
greatly differ from the former, meaning that biotic interactions might also be an
important driver. It is important to keep in mind that in the JSDM, like with all statistical
approaches aimed at attributing sources of species covariation, the identification of
biotic interactions is sensitive to the choice of environmental covariates (D'Amen et al.
2018). Unexplained deviance due to missing predictors could result in the effect of
biotic interactions (Hui 2016), and hence, contrasting the results with an additional
source of information, such as literature, is recommended. In our case, the literature

survey conducted, despite referring only to predator-prey group, could indicate that



some of the residual correlations do not correspond to a truly biotic interaction.
Otherwise, a higher percentage of agreement would have been found between
literature and predator-prey associations. Nevertheless, it must be considered that
obtaining information on predators’ diet may have some limitations too. Indeed, most
of the top predators of this study are protected under different Conservation
Agreements, while most of the seabird species observed do not breed in the BoB,
which does not make possible colony-based field studies that would contribute to the
collection of trophic evidences. Diet studies, therefore, are limited to the analysis of
stomach contents of opportunistically stranded or bycaught animals (Spitz et al. 2006,
Pusineri et al. 2007) or to the application of indirect methods such as stable isotope
analysis, genetics or fatty acids (Navarro et al. 2009, Kakela et al. 2010). Consequently,
the information used to contrast the results can be incomplete, leading to an

underestimation.

4.2. Ecological interpretation of associations

While acknowledging its limitations, the JSDM approach has successfully
identified general patterns of species co-occurrence such as environmental filtering
(D'Amen et al. 2018), competition (Zurell et al. 2018) or mutualism (Royan et al. 2016).
In our case, the mutualistic associations derived from the aggregation behaviour of
both prey and predators could also explain a large proportion of positive interactions.
Among pelagic fishes, for instance, schooling behaviour has been long described,
including mixed schools among engraulids, clupeids, carangids and scombroids
(Pitcher 1986). In the BoB, Boyra et a/ (2013) reported that European anchovy could
be found mixed with European sardine, Atlantic horse-mackerel, Atlantic mackerel
and European sprat, explaining up to some extent the positive interactions detected
in this study.

Similarly, the positive interactions found in seabirds, which are known to heavily
rely on other seabirds and cetaceans to locate prey and increase fishing success
(Fauchald 2009), could also indicate mutualistic associations such as local
enhancement or facilitative mechanisms. Among predator-prey group, positive
interactions could indicate predation, based on the trophic evidences found in the
literature. In contrast, negative interactions could be related to the aggregation
behavior of prey and predators described above, which may induce local peaks in
predators’ densities, leaving other zones free of predators and leading to spatial

mismatches between predators and prey (Ballance et al. 2001, Fauchald 2009).
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Alternatively, a second reason could be a predator avoidance behaviour, described
by Lambert et a/ (2018) for the cetaceans-prey of the BoB and suggested by Logerwell
and Hargreaves (1996) for seabirds-prey species. In our case, the smaller percentage
of trophic evidences found among negative interactions might indicate that predation
leads positive spatio-temporal associations, but also might support the avoidance
behaviour hypothesis, since several predator-prey pairs have been identified.

Among prey, the negative interactions in krill could also indicate some kind of
avoidance, since most of the neritic species targeted in this study could feed on
euphausiids (Bachiller & Irigoien 2015). However, the effect of habitat segregation
cannot be omitted, since the highest number of negative interactions was found in
oceanic species (krill and Mueller’s pearlside). Habitat differentiation was also found
to be the main driver among predators, where the fin whale and striped dolphin
(oceanic species) accounted for the highest proportion of negative associations.
Competition, in contrast, might not be occurring (e.g., due to a non-limiting resource)
or might be hidden by indirect effects; in fact, if two competing species share a
positive relationship to the same resource, their occurrence could be positively
correlated, when the true effect should be negative (Morueta-Holme et al. 2016).
Despite being difficult to test with the current method, this possibility cannot be
discarded given the high diet overlap that some prey (Bachiller & Irigoien 2015) and
some top predator species have within their own guilds (Appendix A4).

Besides that, it must be taken into account that biotic interactions overall are scale
dependent. Positive interactions (e.g. mutualism), for instance, can be manifested
across scales, whereas negative interactions (e.g. competition) are unlikely to be
discernible beyond local and regional scales (Aradjo & Rozenfeld 2013). Many studies
focusing on predator-prey relationships have found that spatial correlations increase
with increasing scales. At large scales, prey may be aggregated on predictable areas
linked to mesoscale oceanographic features, leading to positive correlations, whilst at
smaller scales, prey may be further congregated in dense and unpredictable schools
to avoid predation, inducing negative correlations (Rose & Leggett 1990, Fauchald et
al. 2000). In this work, we have characterized mesoscale processes (phenomenon of
spatial scales between ~10 and ~100 km and timescales from several days up to 1
month) as a result of analysing synoptically the data of this regional survey (Louzao et
al. 2019a). However, the analysis of spatial associations at finer scales is still possible

using the same dataset but different approaches (see Lambert et al. 2018).



4.3. Main association components

In graph theory, indicators of centrality are used to identify the most important
vertices within a graph. During the last decades, a growing number of studies have
applied these measures in species co-occurrence networks in order to assess the
species contribution to network robustness (Aratjo et al. 2011) or to identify keystone
species (Martin Gonzélez et al. 2010, Berry & Widder 2014). The analyses conducted
in this study did not enable the identification of keystone species (sensu Paine 1969)
but pointed out those species with an important role within their own community
(Morueta-Holme et al. 2016). In the predator’s guild, for instance, the high centrality
shown by the sandwich tern, sooty shearwater and great skua may be related to their
role within the flock as catalysts (species that initiate the flock and attract other
seabirds with their presence; Camphuysen et al. 2007), facilitators (species that drive
prey to surface and make available to others; Veit & Harrison 2017) and
kleptoparasites (species that steal prey from other seabirds; Camphuysen et al. 2007),
respectively. However, these roles are not limited to these three species; instead, they
can be found widespread along the top predator community. Fin whale and striped
dolphins for instance, can act as facilitators too, leading to some positive interactions
previously described by other authors, e.g. fin whale - Cory's shearwater (Veit &
Harrison 2017) or striped dolphin - great shearwater - Cory's shearwater (Clua &
Grosvalet 2001) and also found in this study. Due to their limited ability to dive, species
such as terns and storm-petrels also tend to interact with cetaceans or shearwaters; it
is the case, for instance, of the interaction between the storm petrel and the Manx
shearwater detected in this study and also described by Skov et al. (1995). Similarly,
the lower centrality showed by other species such as the northern gannet, could be
also a consequence of their role as suppressors (species whose presence decreases
the availability of prey to other predators), since they take over the surface-feeding
opportunities from smaller species (Camphuysen et al. 2007).

In the prey guild, the degree centrality measure did not reveal any outstanding
species but reflected species spatial distribution, making difference between neritic
and oceanic species. In predator-prey guild, the analysis detected highly interacting
species but did not identify most predatory species or most consumed prey since
predation evidences were spread into both positive and negative interactions. But we
could identify, based on the literature, some predator-prey associations potentially
occurring in the BoB. Some of them were accurately identified by the model as biotic

interaction, such as the northern gannet predating upon the horse mackerel (Lewis et



Chapter 1

al. 2003, Hamer et al. 2007, Certain et al. 2011), the striped dolphin feeding on krill
(Hassani et al. 1997) and the fin whale feeding upon krill and Mueller's pearlside
(Bravo Rebolledo et al. 2016). In other cases, in contrast, potential trophic
relationships described by the literature were classified as environmental association
by the model. Northern gannet, for example, is known to feed on mackerel, but here
we only found a positive association indicating similar habitat preferences. Same
happened with the Balearic shearwater, which only showed similar habitat
preferences with species that are known to be part of its diet, such as sardine,
mackerel, horse mackerel or blue whiting (Yésou 2003, Navarro et al. 2009, Kakela et
al. 2010, Meier et al. 2017).

The JSDMs can therefore detect predator-prey associations, although
complementary information such as trophic evidence is necessary to contrast the
results. The incorporation of ancillary information such as traits or phylogeny may be
also helpful to complement the analysis and discern true interactions and thus, their
inclusion should be considered in further analysis (Ovaskainen et al. 2017, Hui 2018).
Meanwhile, a cautious application of JSDM in predator-prey networks can be useful
to obtain proxies of ecosystem functioning and community structure that may
contribute to advance towards an ecosystem based-management. Indeed, some of
the detected interactions can be used for the conservation of top predators, as
suggested by Veit and Harrison (2017) or for a sustainable management of exploited
and potentially exploited species (St John et al. 2016) based on their predators and
competitors (CCAMLR 2006, Ruckelshaus et al. 2008).

The combination of biotic and environmental drivers found in this study, on the
other hand, suggests that co-occurrence patterns of these species may be vulnerable
to climate change variability, and hence, to the potential modification of the network’s
link, being necessary further research to project how species networks will respond

under changing conditions.






CHAPTER 2

Niche segregation mechanisms in marine apex predators inhabiting
dynamic environments



ABSTRACT

Understanding the mechanisms that allow the coexistence of species is key to
preserve full ecosystem functioning. In dynamic environments, the study of ecological
niches faces the complexity associated to the three dimensionality of the habitat and
requires information that reflects such heterogeneity. Within this context, this study
intends to identify the segregation mechanisms behind the co-occurrence of five
phylogenetically related pelagic birds by applying a functional perspective based on
seabirds’ vertical ranges and prey availability features such as depth and body size.
Based on the hypothesis that niche differentiation may occur in any of the three
dimensions of the marine environment, we a) identified the biologically meaningful
vertical range affecting seabird species, b) modelled their environmental and trophic
niches, c) estimated an environmental and trophic overlap index for each pair-wise
species, and d) developed a conceptual framework with the most plausible
segregation hypotheses. The application of the conceptual framework revealed that
in this particular area, pelagic birds coexist through environmental and trophic niche
partitioning, and potentially through vertical segregation, based on the different
biologically meaningful vertical ranges we identified for each species. Indeed, some
species responded to prey and oceanographic conditions on the surface (10 m), while
others responded to the conditions on deeper waters (above the depth of maximum
temperature gradient). These different responses could be interpreted as an
additional mechanism to reduce competition, although seabirds diving records would
be needed to contrast this hypothesis. Considering all the dimensions of the niche is
therefore essential to fully understand how diving seabirds coexist in dynamic systems
and additionally provides insights on species’ 3D niches that may help advance into

their management.
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1. Introduction

The niche concept has been a major theme in ecology, mostly influenced by the
definition stated by Hutchinson (1957), who described it as a “n-dimensional
hypervolume of environmental states within which a species is able to survive”.
However, even the classical definition may create a dichotomy that affects the way in
which the entire concept is approached (Chase & Leibold 2003). In fact, much of the
confusion surrounding the term results because no distinction is made between the
responses of organisms to their environment and the effect of organisms on their
environment (Chase & Leibold 2003, Peterson et al. 2011). Under such circumstances,
two different niches should be discerned: the Grinnellian and the Eltonian niches
(Soberon 2007, Devictor et al. 2010). The Grinnellian niche (Grinnell 1917) describes
the response of the species to a given set of non-interactive variables, while the
Eltonian niche (Elton 1927) describes the biotic interactions and resource-consumer
dynamics trough trophic variables. Despite the attempts at synthesis and unification
(Chase & Leibold 2003), the complementary concepts of the environmental niche
(sensu Grinnell 1917) and trophic niche (sensu Elton 1927) serve as basis to assess the
ecological and biogeographical dis-/similarities of species and contribute to the
understanding of their distribution and diversity (Soberon 2007, Broennimann et al.
2011). Indeed, some of the main segregation mechanisms driving species coexistence
are known to occur either by means of trophic (MacArthur 1968, Tilman 1982) or
environmental niche partitioning (Chesson 2000). The spit up of the niche provides,
therefore, an excellent opportunity to advance in the identification of segregation
mechanisms, which is specially poorly understood in complex and dynamic
environments such as marine ecosystems.

In such ecosystems, the study of environmental niches faces the difficulties
inherent in understanding the three-dimensionality of the habitat, where physical and
ecological processes occurring below the surface layer, such as subsurface thermal
structure or subsurface primary production, have been found to be highly important
(Kuhn 2010, Scott et al. 2013). On the other hand, trophic niche analyses require the
consideration of complex predator-prey interactions, that result from the trade-off
between the energetic cost of seeking prey and the foraging profitability obtained
from successful events (MacArthur & Pianka 1966, Pyke 1984). Traditionally, predator-
prey interactions have been studied using a predominantly taxonomic approach

(species-species perspective), although functional characteristics related to the



species’ role, such as biological traits, have been proved to affect predator-prey
interactions (Spitz et al. 2014). In 3D dynamic environments, addressing community
ecology from functional traits perspective may be specially relevant, since prey depth
(i.e. the depth at which prey is available), together with body size or energy density,
can be key to understand predators’ prey preferences (Boyd et al. 2017, Lambert et
al. 2018, Spitz et al. 2018, Waggitt et al. 2018). Similarly, predators’ physiology and
morphology may also play an essential role in the foraging process by defining the
metabolic cost of living or the diving capabilities of species (Spitz et al. 2012, 2014).

Among marine top predators exploiting dynamic environments, seabirds are
considered one of the most diverse taxa, with several evidences indicating niche
differentiation among its members (Phillips et al. 2011). Most studies, however, have
been conducted during the breeding season, when the competition for resources is
particularly intense and segregation mechanisms are more likely to arise (Navarro et
al. 2013, Mancini et al. 2014). As a result, limited knowledge exists about the potential
segregation mechanisms outside the breeding season (Thiebot et al. 2012), despite
being the period in which animals migrate or disperse to favourable foraging areas,
aggregating in highly productive regions and coinciding with a high number of
migratory species (Grecian et al. 2016). Investigating and explaining niche
segregation outside the breeding season could help complement management
strategies involving all life stages, and thus, bigger efforts should be made in studying
the non-breeding areas of seabirds.

The Bay of Biscay (BoB hereafter) represents such an example, as numerous
seabird species stopover there during their feeding migrations attracted by a highly
diverse and abundant community of small pelagic fishes (Pettex et al. 2017). It
conforms, therefore, an exceptional biogeographical area to test segregation
hypothesis and provides an incomparable opportunity to understand the mechanisms
that allow the coexistence of protected species. In fact, many pelagic birds visiting the
BoB are protected under different international agreements, such as the Bird Directive
(Council Directive 2009/147/EC) and the Convention for the Protection of the Marine
Environment of the Northeast Atlantic (OSPAR Convention), among others. Despite
the conservation efforts, seabirds are still one of the most threatened groups,
comprising rapid declining populations and critically endangered species (Croxall et
al. 2012, Dias et al. 2019). Effective conservation and management measures require
the identification of variables shaping species’ niches (Garcia-Barén et al. 2019, 2020)

and that is why, understanding the role that prey and environment play in species
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distribution turns so necessary. Within that context, the present study focused on
disentangling the assembly rules of pelagic birds by addressing the following

research questions:

1) Does niche segregation occur among wide-ranging species during their
feeding migrations?

2) Does this niche segregation occur in the environmental niche or in the
trophic niche?

3) Do prey and environmental conditions on the vertical dimension influence

the trophic and environmental niche of species?

To answer these questions, we modelled species environmental and trophic
niches and developed a conceptual framework with the most plausible segregation
hypotheses (Figure 2.1). This way, we aim to contribute to the understanding of
protected and endangered species coexistence and provide insights on the 3D niches

of species that may help advance into their management and conservation.
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Figure 2.1. Conceptual framework displaying the plausible segregation hypotheses that
arise from the pairwise comparison of environmental and trophic overlap. Main hypotheses
comprise: a) environmental segregation, b) alternative mechanisms, c) specific conditions
and d) trophic segregation.



2. Material and methods

2.1. Data collection: integrated monitoring schemes

Data on pelagic birds, prey species and environmental predictors were collected
through the multidisciplinary oceanographic survey JUVENA, which takes place every
September in the BoB by means of two different research vessels, Ramon Margalef
and Enma Bardan (R/N RM and R/V EB, hereafter). Since 2013, different components
of the pelagic environment (i.e., plankton, fish, megafauna, physical oceanography,
marine litter) are monitored, although its main aim is to assess the population of
juvenile European anchovy Engraulis encrasicolus. The sampling strategy is based on
parallel transects perpendicularly arranged to the coast and spaced at 15 nautical
miles, whose offshore and along-coast extension changes from year to year
depending on the distribution of the European anchovy (see details in Boyra et al.
2013, Louzao et al. 2019a). A schematic workflow of the entire analytical process is

described in Figure 2.2.

Pelagic birds

Five phylogenetically related shearwaters were selected based on their
conservation status and their high diversity and abundant records: the Cory's
shearwater Calonectris borealis, the great shearwater Ardenna gravis, the near
threatened sooty shearwater A. grisea, the Manx shearwater Puffinus puffinus and the
critically endangered Balearic shearwater P. mauretanicus. Sightings of these species
were recorded aboard R/V RM by a team of three experienced observers (2 at a time)
that followed the line-transect methodology (Buckland et al. 2001). This methodology
is conducted within the Distance Sampling framework to estimate seabirds’ densities
and requires the collection in-the-field of at least the radial distance of each
observation (Heinemann 1981), the angle of the cluster sighting with respect to the
trackline (estimated with an angle meter), time of observation, species composition
and group size. In addition, the behaviour of observed species (e.g., attraction) as well
as environmental descriptors affecting the detectability of species (e.g., Beaufort sea-
state, visibility, glare intensity or observation conditions) were collected in order to
account for response bias (when animals react to the presence of the platform) and
perception bias (when observer miss animals because their visibility is compromised),
respectively. Sampling effort was performed during daytime, at a constant speed and
under Beaufort sea-state conditions < 6 and it was geographically located every

minute with the vessel GPS (Figure 2.3).
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mechanisms in pelagic apex predators.
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Pelagic prey

Acoustically-based biomasses were included in the analysis only for those fish
species that were considered, based on bibliography, part of the diet of the seabirds
(see Appendix B1: Table B1.1): European anchovy (juveniles and adults were treated
separately due to their different spatial distribution), European sardine Sardina

pilchardus, European sprat Sprattus sprattus, Atlantic mackerel Scomber scombrus,



Chapter 2

Atlantic horse mackerel Trachurus trachurus and Mueller's pearlside Maurolicus
muelleri. Acoustic data were collected on R/V RM and R/V EB (Figure 2.4) by means of
Simrad EK60 split-beam echosounders (Kongsberg Simrad AS, Kongsberg, Norway),
that sampled the water column during daytime from the surface (5 m) to depths that
ranged from 200 to 400 m depending on the year (Appendix B1: Table B1.2). The
collected acoustic data by both vessels were processed in the positive strata by layer
echo integration using an ESDU (Echo integration Sampling Distance Unit) of 0.1 nmi
and categorized into ten depth layers (Appendix B1: Table B1.2). In parallel, mid-water
trawls were performed to assign the eco-traces to species (identification purposes)
and to obtain the necessary biological data (length, weight and age) to convert the
acoustic back-scattered energy to fish abundance. Finally, abundance in number of
individuals was multiplied by the mean weight, obtaining biomass estimates (tonnes)

per age, length and depth interval (Boyra et al. 2013).

Oceanographic and geographic environment

Oceanographic data were collected in both vessels using a CTD profiler. For each
transect, a minimum of three profiles were performed (coastal, continental shelf and
oceanic waters) measuring the water column from the surface (10 m, first available
data) up to 200 m depth (Figure 2.4). Temperature (T), salinity (SAL) and density data
were directly inferred from CTD casts. Horizontal fields of these three variables were
estimated every 5db from the vertical profiles using Optimal Statistical Interpolation
scheme (Gomis etal. 2001) on a spatial grid with regular node distances of 0.15x 0.15°
latitude-longitude covering all the study area (see details in Appendix B2). Then,
geostrophic velocities (GV) were derived from the interpolated density fields following
Rubio et al. (2009). Secondarily, the depth of the maximum temperature gradient
(DTG, as a proxy of ocean mixed layer depth and water column stability indicator), the
maximum temperature gradient (MTG, as a proxy of the strength of the water column
stratification) and the sea surface temperature gradient (SSTG, as an important
predictor for seabirds distributions) were estimated from temperature fields as
described in Louzao et al. (2019%a).

In order to characterize the geographic environment, depth (DEP) was
extracted from NOAA at a resolution of 0.016° (marmap package, Pante & Simon-
Bouhet 2013) and posteriorly modified to obtain the distance to the coast (DCO) and
the distance to the shelf break (DSHEL), defined by the isobath of 200 m. The spatial

gradientin depth (DEPG) was also estimated (Table 2.1); in fact, areas of strong spatial
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gradient may correspond to areas where internal waves generate, which can promote
an increase in primary production and small preys’ availability according to Scott et al.
(2010). For that, a spatial window of 3 x 3 cells was used in which the spatial differences
in bathymetric values were calculated and scaled to the maximum value [(maximum

value - minimum value)/maximum value] (Louzao et al. 2019a).
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Table 2.1. Summary of the environmental variables used in the study. Dynamic variables were
estimated from oceanographic data collected on board, whereas static variables were extracted
from NOAA (ETOPOT database).

Variables Acronym Type Dimension
Temperature (°C) T Dynamic 3D
Salinity (psu) SAL Dynamic 3D
Geostrophic velocity (m s™) GV Dynamic 3D
Depth of maximum temperature gradient (m) DTG Dynamic 2D
Maximum temperature gradient (°C m™") MTG Dynamic 2D
Sea surface temperature gradient SSTG Dynamic 2D
Depth (m) DEP Static 2D
Depth gradient DEPG Static 2D
Distance to coast (km) DCO Static 2D
Distance to shelf break (km) DSHEL Static 2D

2.2, Detection functions of seabirds’ sightings

In line transects, it is assumed that the likelihood of detecting animals becomes
smaller as the distance to the observer increases. To account for that bias, distance
sampling analyses were applied, which mainly consist on fitting a detection function
to the observed distances in order to estimate the proportions of animals missed by
the observer (Thomas et al. 2002). To do so, sightings of seabirds were first filtered
(by removing sightings with attraction behaviour) to avoid the response bias
generated when animals react to the presence of the platform; in fact, fisheries
discards can attract large feeding flocks and lead to misunderstand the distribution
and abundance of seabirds (Valeiras 2003). Due to the low number of sightings per
year of some species (Buckland et al. 2001), small (Balearic and Manx shearwaters)
and large species (Cory's, great and sooty shearwaters) were grouped together based
on their size (see Appendix B3). Once we defined the groups, the 5% of the sightings
detected at the largest distances were truncated to delete outliers (i.e. by setting the
truncation distance, w) (Buckland et al. 2001) and analysed using Multiple Covariate
Distance Sampling (Marques & Buckland 2004). Hazard rate and half normal functions
with no adjustments were then fitted in each of the groups using the dsfunction from
the Distance package (Miller 2020). As covariates, only those descriptors related to
the effort were considered, /.e. Beaufort sea-state, visibility, cloudiness, glare intensity,
observation conditions and year (see details in Appendix B4: Table B4.1), which were
introduced in the detection function as factor and selected by means of forward
selection (Appendix B4: Table B4.2) until the lowest Akaike information criterion (AIC

hereafter) was obtained (Sakamoto et al. 1986, Guisan & Zimmermann 2000). From



here, the probability of detecting an animal (Pa) was estimated, which multiplied by
the truncation distance (w) provided the effective strip half width (ESW= Pa*w). ESW
can be defined as the perpendicular distance in which the missing detections equal
the recorded detections and serves to estimate the area effectively covered, when
considering both observation sides and transect length (A= ESW*2*L). In such
estimations, seabirds’ behaviour (on flight vs. on water) can be an important aspect to
be considered, since flying individuals can lead to overestimation of densities when
they move faster than the observation platform (Buckland et al. 2001). In our case,
most seabirds were recorded on flight (90%- 95% of individuals in all species), and
hence, little bias was expected between areas with flying and sitting individuals;
overall overestimation, on the other hand, was considered negligible, since obtaining

absolute abundances was out of our scope.

2 3. Processing of explanatory variables

In order to understand the ecological niches of seabirds in the BoB,
environmental and trophic relationships were modelled. However, the differences in
the sampling coverage of seabirds, prey and environmental data did not allow for a
homogenous prediction. To solve that, prey and environmental data were first
processed to obtain continuous fields of explanatory variables covering the study area
and then categorized by depth and size to address the multidimensionality and

functionality of the environmental and trophic niches (Figure 2.2; step 3).

Prey fields

Since prey selection may be also conditioned by other factors related to prey
availability such as body size or depth at which prey is available, the original
biomasses (tonnes) of the seven prey species were categorized using 10 cm length
classes (Lambertetal. 2018): <10 cm, 10-20 cm and 20-30 cm. The resulting biomass
categories were then log-transformed and interpolated using universal kriging
(Appendix B2) over a standard grid covering the study area (latitudinal range: 43.2-
48°N; longitudinal range: 1-8°W) with a cell size of 0.1° spatial resolution.
Secondarily, all species biomasses but Mueller’s pearlside (see below) were split into
two main vertical layers (Appendix B5) following Louzao et al. (2019a): 1) the surface
layer, and 2) the deep layer, limited by the depth of the maximum temperature
gradient (DTG), a dynamic feature that approximates the depth of the ocean mixed
layer and that usually comprises the first 40 m of the water column (for the interannual

variability of DTG see Appendix B6). For the surface layer, the biomasses of each
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prey species and each size class comprised in the shallowest depth layer were
selected (between 5 and 15 m); for the deep layer, the same was done but summing
the biomasses from the surface up to the DTG. As a result, we obtained the
biomasses for a total of 18 prey categories (Table 2.2), that were afterwards
introduced in a PCA (Principal Component Analysis) to understand how prey fields

were spatially and functionally structured.

Table 2.2. Prey species categorized by size and depth. The biomasses of all these species
categories, excepting the Mueller's pearlside, were split into surface (~10 m) and deep layers
(above the depth of maximum temperature gradient).

Species Scientific name Size (cm) Depth Depth layers
categories categories

Anchovy adult Engraulis encrasicolus 10-20 2 Surface and deep
Anchovy juvenile  Engraulis encrasicolus 0-10 2 Surface and deep
Anchovy juvenile  Engraulis encrasicolus 10-20 2 Surface and deep
Sardine Sardina pilchardus 10-20 2 Surface and deep
Horse mackerel Trachurus trachurus 0-10 2 Surface and deep
Horse mackerel Trachurus trachurus 10-20 2 Surface and deep
Mackerel Scomber scombrus 10-20 2 Surface and deep
Mackerel Scomber scombrus 20-30 2 Surface and deep
Sprat Sprattus sprattus 0-10 2 Surface and deep

Mueller's pearlside Maurolicus muelleri 0-10 1 Surface-200m

In the case of the mesopelagic Mueller's pearlside, it was not classified into two
layers, as it spends the daytime between ~50 and 200 m (Kaartvedt et al. 1998,
Sobradillo et al. 2019); that is, in greater depths than the ones considered in this study
(i.e. surface and above the DTG). It is known, however, that it is an important resource
among procellariids (Watanuki & Thiebot 2018), so in order to test its relevance in our
seabird community, we included as predictor the biomass of the Mueller's pearlside
comprised between the surface and 200 m depth (Table 2.2). Although seabirds are
not able to dive so deep, this estimation was used as a proxy of the biomass available
at dusk and dawn, that it is when the pearlside migrates close to the surface and
aggregates at about 20 to 40 m (Kaartvedt et al. 1998), becoming available to

seabirds.

Environmental fields

As with prey fields, those environmental variables collected at different depths

(i.e. T, SAL and GV) were also vertically analysed and classified into surface and deep



layers (Louzao et al. 2019a). For the surface layer, the shallowest values were selected
(10 m); for the deep layer, in contrast, the median values between surface and the DTG
were estimated. Remaining environmental variables (DTG, MTG, SSTG, DEP, DEPG,
DCO, DSHEL) were 2D variables (Table 2.1), so no vertical analysis was performed with
them. Finally, all variables were resampled with the raster package (Hijmans et al.
2017) to match with the standard grid of prey (latitudinal range: 43.2-48°N;

longitudinal range: 1-8°W, 0.1° spatial resolution).

2.4. Biologically meaningful vertical range selection

Since pelagic birds show different diving abilities, the vertical range they exploit
may also differ. Without obtaining in-situ diving records, we cannot test that
hypothesis, but we can determine the vertical range that best explains seabirds’
density patterns (biologically meaningful vertical range, hereafter). For that, two
models per species were fitted: one using the conditions given by the environmental
and prey variables in the surface layer, and the other, using the conditions given by
the same variables but in the deep layer (Fig 2.2, step 4). Since this step required 3D
data, the environmental variables comprised T, SAL and GV (Table 2.1), whilst the prey
data included the first three axes of the PCA analysis (explaining the 70% of the
variability; Appendix B7). In all cases, individual density surface models were fitted
from the previous detection function analyses using the dsm package (Miller et al.
2019). The number of individuals per unit effort was fitted by means of Generalized
Additive Models (GAM), assuming a negative binomial distribution with a probit link
function. Degrees of smoothness were limited to fit unimodal response curves and
restricted to three (Bruge et al. 2016) to avoid overfitting (Burnham & Anderson 2003).
All variables were standardized to have a mean of zero and a standard deviation of
one (Zuur et al., 2007). The most plausible model was selected based on the lowest

AIC (Sakamoto et al. 1986, Guisan & Zimmermann 2000).
In addition, a literature survey was conducted to contrast the obtained results.
For that, we focused on published biologging studies providing the average diving
depth reached by the species, as it refers to the vertical range more regularly
exploited (Appendix B8: Table B8.1). This way, obtained results could be compared
with expected results based on the average diving depths measured for each of the

target species by different time dive recorders.
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2.5. Identification of segregation mechanisms

To identify niche differentiation mechanisms within the pelagic bird community,
we modelled separately the environmental and trophic niche of species by integrating
the data at their biologically meaningful vertical range (Figure 2.2, step 5), estimated
an environmental and trophic overlap index for each pair-wise species (Figure 2.2,
step 6) and developed a conceptual framework with the most plausible segregation

hypotheses (Figure 2.1).

Environmental and trophic niche modelling

For the environmental niche, models combining environmental variables (both
3D and 2D, Table 2.1) were fitted in the biologically meaningful vertical range of each
species, according to the results obtained in the previous section. For the trophic
niche, the first three axes of the PCA (explaining the 70% of the variability; Appendix
B7) and the biomass of the Mueller’s pearlside were used.

In both cases, individual density surface models were fitted from the previous
detection function analyses using the dsm package (Miller et al. 2019). For each
species, the number of individuals per unit effort was fitted by means of GAMs,
assuming a negative binomial distribution with a probit link function. Degrees of
smoothness were limited to fit unimodal response curves and restricted to three
(Bruge et al. 2016) to avoid overfitting (Burnham & Anderson 2003). All variables were
standardized to have a mean of zero and a standard deviation of one (Zuur et al., 2007)
and subsequently analysed by means of Spearman’s Rank correlation coefficient to
identify highly correlated (|r| = 0.6) pair-wise predictors (Thiers et al. 2014). The most
plausible model was selected based on the lowest AIC (Sakamoto et al. 1986, Guisan
& Zimmermann 2000). When models were within 2 units of AIC (AAIC < 2), they were
considered statistically equivalent and the one with a smaller number of variables was
chosen following the parsimony principle (Arnold, 2010). Once the most plausible
“environmental” and “trophic” niche models were defined, seabirds’ densities were
predicted per year over the standard grid (latitudinal range: 43.2-48°N; longitudinal
range: 1-8°W, 0.1° spatial resolution) (Figure 2.5a, b).

Environmental and trophic niche overlap
In order to assess the degree of environmental and trophic niche segregation, an
overlap index was calculated between pair-wise species based on Ballard et al. (2012).
In the case of environmental niche overlap, we first estimated the mean density for the

2013-2017 period based on the predictions obtained from the environmental niche
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modelling and selected only those cells containing the highest 95% of the mean
density in order to avoid very low values (Figure 2.5c, d). After that, we assessed the
degree of environmental overlap (Figure 2.5¢e) by dividing the number of cells where
both species were present (i.e. cells containing both species) by the total number of
cells where either species was present (i.e. cells containing one species or both)
(Ballard et al. 2012).This led to a total number of 10 overlap values, derived from the
pair-wise combination of 5 species (Cs, = (g)) that were posteriorly standardized so

that values ranged between 0 and 1. To estimate the degree of trophic niche overlap

the same procedure was followed based on trophic niche modelling results.
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Finally, the conceptual framework displayed in Figure 2.1 was developed. In brief,
this conceptual framework describes the plausible hypothesis that may arise from the
pair-wise comparison of environmental and trophic overlap indices. These main
hypotheses comprise two clear segregation mechanisms, defined as environmental
segregation (high trophic overlap but low environmental overlap) and trophic
segregation (high environmental overlap but low trophic overlap), and two additional
situations described as specific conditions (low trophic and low environmental
overlap) and alternative mechanisms (high trophic and high environmental overlap).
Specific conditions would refer to any situation explaining why the pair-wise species
found in that section do not overlap (e.g., isolation, breeding, specialization), whereas
alternative mechanism hypothesis would try to find out how those species can coexist

in a situation of both high trophic and environmental overlap.

3. Results

3.1. Sightings and detectability of seabirds

The most frequently observed species was the great shearwater (944 sightings),
followed by the sooty (293 sightings), the Cory’s (165 sightings), the Balearic (124
sightings) and the Manx shearwater (115 sightings). These sightings were relatively
equally distributed over the BoB for great, sooty and in a lesser extent, for Manx
shearwaters (Figure 2.3b, c, d), while sightings of Cory’s and Balearic shearwaters were
mainly recorded in the Spanish and French side of the study area, respectively (Figure
3a, e). When grouping these species, detection functions showed that same
detectability could be assumed for Balearic and Manx shearwaters (i.e., small

shearwaters) and for Cory’s and great shearwaters (Appendix B3).

Table 2.3. Summary of the features used in the detection function of each group of shearwaters.
Number of sightings refers to the final number obtained after having removed the 5% of the data
detected at the largest distances.

A
. Truncation Num. of Detection Selected vera?e Goodness
Species . . N . detection .
distance (m) sightings function covariates o of fit
probability

362 227 Half Year 0.44 p>0.05
Balearic normal Beaufort
& Manx General

conditions

Cory's & 561 1053 Hazard Year 0.31 p>0.05
Great rate

479 278 Half Year 0.39 p>0.05
Sooty

normal




Sooty shearwater was the most different species in terms of detectability so, it was
analysed separately (Appendix B3), resulting in three different detection functions

(Table 2.3 and Appendix B?: Figure B9.1).

3.2. Biologically meaningful vertical range

According to the test conducted to identify each species’ biologically meaningful
vertical range, we found that the density patterns of Cory's, great and Manx
shearwaters were better explained by the explanatory variables of the surface layer
(10 m), while the density patterns of sooty and Balearic shearwaters were better
explained by the explanatory variables integrated over the deep layer (above DTG)
(Table 2.4). Obtained results were in agreement with the results expected from the
literature review (Appendix B8: Table B8.2), in which the average diving depth records
indicated a surface diving behaviour for Cory’s, great and Manx shearwaters (with an
average depth of 1.7, 3.2 and 5.7 m, respectively) and a subsurface diving
performance for sooty shearwater (average depth 12.3 m). The only exception was the
Balearic shearwater, as the average diving depth found in the literature did not agree
with the obtained results from the modelling of the biologically meaningful vertical

range (Appendix B8: Table B8.2).

Table 2.4. Summary of the vertical segregation test conducted for each shearwater species using
condlitions in the surface (first row) and conditions in the deep layer (second row). Biologically
meaningtul vertical range is shown in bold.

Species Models AIC A AIC
Cory’s shearwater Ts+ SALs+ GVs:. PCA1s. PCA2s, PCA3s 1419.71 0
To+ SALp+ GVo+ PCATp+ PCA20, PCA3D 1440.11 20.4
Great shearwater Ts+ SALs+ GVs:. PCA1s. PCA2s, PCA3s 6764.13 0
To+ SALp+ GVo+ PCATp+ PCA2b, PCA3D 6846.45 82.32
Sooty shearwater Ts+ SALs+ GVs+ PCA1s+ PCA2s, PCA3s 2928.49 3.19
To+ SALp+ GVb: PCA1p. PCA2p, PCA3p 2925.30 0
Balearic shearwater | Tsup+ SALs+ GVs: PCA1s+ PCA2s, PCA3s 1348.09 52.26
To+ SALp+ GVb: PCA1p. PCA2p, PCA3p 1292.83 0
Manx shearwater Ts+ SALsupr+ GVs: PCA1s. PCA2s, PCA3s 1187.58 0
To+ SALp+ GVo: PCATp+ PCA2p, PCA3D 1190.32 2.73
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3.3. Environmental and trophic drivers

Trophic niche models showed a high preference for PCA1 (small-medium fish
species) in Balearic and Manx shearwaters, for PCA3 (big fish species) in Cory’s and
for the Mueller's pearlside in great and sooty shearwaters, highlighting three main
groups (Figure 2.6). Environmental models, although more diverse, showed a more
homogenous pattern in terms of variables’ importance, suggesting a more balanced
contribution of the environmental variables (Figure 2.6). Nevertheless, some
similarities could be found too; large shearwaters (Cory's, great and sooty), for
instance, were found to rely moderately on salinity (SAL) and depth (DEP), whereas
small shearwaters preferred those variables linked to land or shelf-break closeness
(DCO and DHSEL). Temperature (T), although present in most of the models, was
found to be of low importance for all the species (Fig 2.6). In general, environmental
niche models provided higher percentages of deviance explained, that ranged
between 15-71%, while trophic niche models showed a deviance explained between

5-59% (see Appendix B10).
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Figure 2.6. Relative importance of the variables included in the environmental and prey-based
models, integrated at the biologically meaningful vertical range of each species.

Prey variables. the main three axes ofthe PCA analysis (PCA 1, PCAZ, PCA3) plus Mueller's peariside
(MAV). Environmental variables.: temperature (T), salinity (SAL), geostrophic velocity (GV), depth of
the maximum temperature gradient (DTG), maximum temperature gradient (MTG), distance to
coast (DCO), distance to shelf break (DSHEL), depth (DEF) and depth gradient (DEPG).



3.4. Niche differentiation mechanisms

Overlap indices obtained from previous environmental and trophic niche models
were displayed following Figure 2.1 in order to assign the main four segregation
hypotheses to each pair-wise species (Figure 2.7). In this way, the pairs composed by
Balearic-Great, Manx-Great and Balearic-Sooty were assumed to segregate
environmentally (Figure 2.7a, 2.1a), while Manx-Cory's shearwaters were presumed to
segregate through trophic niche partitioning (Figure 2.7d, 2.1d). The category
classified as specific conditions (Figure 2.1c) was assigned to the Cory’'s shearwater,
as it was present in all pair-wise combinations showing low trophic and low
environmental overlap, including Cory’s-Balearic, Cory’s-Sooty and Cory’s-Great pairs
(Figure 2.7c). On the other hand, Manx-Balearic, Manx-Sooty and Sooty-Great pairs
showed the opposite pattern, suggesting that these pair-wise species coexist through
an alternative mechanism in conditions of high environmental and high trophic

overlap (Figure 2.7b, 2.1b).
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Figure 2.7. Comparison of trophic vs. environmental overlap indexes that display pair-wise
species in sections of a) high trophic overlap but low environmental overlap, b) high trophic
and high environmental overlap, c) low trophic and low environmental overlap and d) high
environmental overlap but low trophic overlap. The most plausible segregation hypothesis
explaining each section can be found in Figure 2.1.
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4. Discussion

Unlike other marine predators, air breathing seabirds are limited in prey
accessibility due to their anatomy and their diving capabilities. Thus, considering the
processes that concentrate prey close to the surface, prey size or depth at which
seabirds can fish is essential. In this study, the incorporation of such elements has
enabled us to conclude that 1) wide ranging species coexist through environmental
and trophic niche partitioning, 2) species respond differently to prey and
oceanographic conditions on the vertical dimension (potential vertical segregation)
and 3) phylogenetically and morphologically closer species (e.g., Sooty-Great or
Manx-Balearic) show more similarities in their trophic and environmental niches.

These major findings were mainly extracted from the conceptual diagram,
resulting from the modelling of environmental and trophic niches. Previous co-
occurrence analyses conducted in the area already described some of the results
found here, such as the environmental overlap between Manx-Sooty or the
environmental dissimilarity in Cory’s-Balearic shearwaters (Chapter 1). However, the
way in which this approach was addressed (i.e., by considering both environmental
and trophic niches, prey depth and size, conditions on the vertical dimension)
provided more detailed information on species assemblage and revealed four
different scenarios resulting from niche overlap patterns that could not have been
identified otherwise.

The two clearest scenarios were the environmental and trophic segregation
(Figure 2.1a-2.7a and 2.1d-2.7d, respectively). The former, detected in Balearic-Great,
Manx-Great and Balearic-Sooty pairs, can be understood with the spatial distribution
described for these species. In fact, Balearic and Manx shearwaters are known to
occupy primarily coastal waters (Authier et al. 2018), whereas sooty and great
shearwaters show preference for shelf and oceanic waters, respectively (Louzao et al.
2019a). When they stopover in the BoB, Balearic and Manx stay closer to the coast,
while great and sooty shearwaters exploit offshore areas, leading to a non-overlap
pattern in their environmental niche.

On the other hand, trophic segregation was only identified in the case of Manx-
Cory's pair-wise species. This segregation mechanism can be explained by the results
given by diet-based studies, that suggest that Cory’s shearwater feeds on Atlantic
mackerel and horse mackerel (Paiva et al. 2010b), while the Manx shearwater mainly
relies on clupeids (e.g. herring, sprat) (Thompson 1987). This single association also

indicated that overall, the community of pelagic birds in the BoB was characterised by



a low trophic segregation, which can be due to the generalist behaviour of most
species, known to take advantage of available pelagic feeding resources (Bicknell et
al. 2013). In fact, even the critically endangered Balearic shearwater, with a potentially
more restricted foraging range compared to the remaining wide ranging pelagic
birds, feeds on the main pelagic resources of the BoB (e.g. mackerel, horse mackerel,
anchovy, sardine) (Meier et al. 2017). However, it must be mentioned that, despite not
having found strong evidence of trophic segregation in the conceptual diagram, the
modelling of trophic niches already revealed some differences in the seabird
community. Indeed, great and sooty shearwaters were associated to Mueller's
pearlside, Balearic and Manx shearwaters to small-medium fish species (PCA1), and
Cory's shearwaters to big fish species (PCA3), meaning that clustering prey species
based on functional characteristics can help uncover subtle differences on the trophic
preferences of species (Lambert et al. 2018).

The remaining two scenarios (Figure 2.1b, 2.1c) could not be explained by
environmental and trophic requirements and instead, further information on the
biology of the species was required to be untangled. Low patterns of both trophic and
environmental overlap, for instance, were related to the reproductive behaviour of the
Cory's shearwater (involved in all associations with low overlap). In fact, it was the only
species that was breeding (they breed in the north west of the Iberian Peninsula) at
the time the study was conducted (Munilla et al. 2016). During this period, seabirds
acts as central place foragers (Orians & Pearson 1979), which means they have to make
a balance between selecting productive areas (to obtain enough food supplies for
their chicks and themselves) and performing not too long trips (to come back to the
colony to feed the chicks). The limited foraging trips of the species, as a result of its
reproductive status, could therefore be the responsible of such different pattern.

High environmental and trophic overlap patterns, in contrast, were hypothesized
to be linked to a potential vertical segregation, as all the pairs showing highly
overlapped patterns had opposite biologically meaningful vertical ranges: Manx-
Balearic (surface vs. deep), Manx-sooty (surface vs. deep) and sooty-great (deep vs
surface). If so, this could mean that vertical segregation occurs when species share
similar environmental and trophic requirements and would agree with previous
studies conducted with sympatric species in which vertical segregation has been
found (Mori & Boyd 2004, Navarro et al. 2013). In addition, our results also seem to
indicate that vertical segregation mainly occurs between closely related species, such

as the sooty and great shearwaters (Ardenna genus) or the Manx and Balearic
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shearwaters (Puffinus genus). Phylogenetically related species are expected to be
ecologically similar (Losos 2008), so we could additionally suggest that under very
similar niche conditions segregating in the vertical dimension is the only way to reduce
competition.

Vertical segregation hypothesis, however, cannot be confirmed without diving
depth records, although it seems plausible based on the high agreement found
between the biologically meaningful vertical ranges defined here and the average
depths recorded by data loggers (see Appendix B8). Indeed, the only exception in
which the average depth recorded in previous studies was not in agreement with our
results was the case of the Balearic shearwater (see Appendix B8). This may be due to
the low sample size (only diving data from one individual was obtained in Aguilar et
al. (2003), but see Meier et al. (2015) or due to the contrasting oceanographic and
prey conditions between the Mediterranean Sea and the Atlantic Ocean (i.e.
oligotrophic versus eutrophic conditions, respectively). However, with the available
data, no significant conclusion can be made, and we can only acknowledge that
further research is needed to elucidate the diving behaviour and the vertical range of
the Balearic shearwater.

Advancing in the understanding of protected, endangered, and threatened
species (PET) is critical. The pelagic bird community of the BoB, characterised by a
highly migratory behaviour, is protected under multiple international agreements. By
combining data collected from integrated ecosystem surveys and habitat modelling,
we have proved that studying seabirds outside their breeding areas can also provide
useful results regarding species niche. Indeed, we have contributed to understand the
underlying environmental and trophic drivers of both environmental and trophic
niches, which are necessary to identify critical feeding grounds and high biodiversity
areas in the context of marine spatial planning. Assessing the degree of overlap
between such areas and anthropogenic pressures (e.g., fishing bycatch) could be for
instance, a potentially useful step to conduct in the near future that will undoubtedly

help advance in the conservation of these species.
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The role of climate, oceanography, and prey in driving decadal
spatio-temporal patterns of a highly mobile top predator



ABSTRACT

Marine mammals have been proposed as ecosystem sentinels due to their
conspicuous nature, wide ranging distribution, and capacity to respond to changes in
ecosystem structure and functioning. In southern European Atlantic waters, their
response to climate variability has been little explored, partly because of the inherent
difficulty of investigating higher trophic levels and long lifespan animals. Here, we
analysed spatio-temporal patterns from 1994 to 2017 of one of the most abundant
cetaceans in the area, the common dolphin Delphinus delphis, in order to explore
changesin its abundance and distribution and identify the underlying drivers. For that,
we estimated the density of the species and the centre of gravity of its distribution in
the Bay of Biscay (BoB) and tested the effect of three sets of potential drivers (climate
indices, oceanographic conditions, and prey biomasses) with a Vector Autoregressive
Spatio Temporal (VAST) model that accounts for changes in sampling effort resulting
from the combination of multiple datasets. Our results showed that the common
dolphin significantly increased in abundance in the BoB during the study period.
These changes were best explained by climate indices such as the North Atlantic
Oscillation (NAO) and by prey species biomass. Oceanographic variables such as
chlorophyll a concentration and temperature were less useful or not related. In
addition, we found high variability in the geographic centre of gravity of the species
within the study region, with shifts between the inner (southeast) and the outer
(northwest) part of the BoB, although the majority of this variability could not be
attributed to the drivers considered in the study. Overall, these findings indicate that
considering temperature alone for projecting spatio-temporal patterns of highly
mobile predators is insufficient and suggest important influences from prey and
climate indices that integrate multiple ecological influences. Accurate projections into
the future should therefore integrate existing observational datasets in order to

understand first the causes of past shifts.
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1. Introduction

Over the past 50 years, the global mean surface temperature has increased by
approximately 0.7° C (Stocker et al. 2013), triggering shifts in the abundance,
phenology and distribution of organisms worldwide (Parmesan & Yohe 2003,
Poloczanska et al. 2013). Marine ecosystems, despite having experienced a slower
warming, show comparable or even greater shift rates and vulnerability than terrestrial
systems (Burrows et al. 2011, Poloczanska et al. 2013, Pinsky et al. 2019), with
seagrasses, corals, cephalopods and marine mammals exhibiting the most abrupt
changes (Trisos et al. 2020).

Marine mammals, as wide ranging top predators, amplify trophic information
across multiple spatio-temporal scales and can therefore act as sentinels of
ecosystems’ responses to climate variability and change (Hazen et al. 2019). However,
the potential impact of climate change on marine mammals has been little explored
in southern European Atlantic waters, partly because of the inherent difficulty of
investigating higher trophic levels and long lifespan animals, for which relationships
to climate may be nonlinear and affected by time lags (Simmonds & Isaac 2007). Even
so, most of the studies conducted up to now in the area suggest that future increases
in water temperature will drive marine mammals to track those water temperatures
that define their thermal niche (MacLeod 2009, Lambert et al. 2014), although indirect
effects through changes in prey availability may also be expected (Simmonds & Isaac
2007, Thorson et al. 2021). Indeed, predicted range shifts in the ocean often deviate
from simple expectations of poleward migration, and hence, uniform responses
across global oceans should not be anticipated (Burrows et al. 2011).

Understanding past reactions of species to environmental variability is crucial to
be able to predict future responses and implement effective management and
conservation strategies. This process often requires a combination of data from
multiple sampling programmes (Waggitt et al. 2020, Maureaud et al. 2021) that
increases the intrinsic variability related to observers’ skills, sampling design and
sampling effort, and which may result in confounding species range shifts with
variations in the distribution and intensity of the sampling effort (Thorson et al. 2016).
As a result, separating the observation process from the true underlying spatial
distribution is essential to accurately identify range shifts over time (Chust et al. 2014b)
and to identify their potential drivers (Erauskin-Extramiana et al. 2020). Recently, a
species distribution function (SDF) able to distinguish between sampling variation and

true geographic variability has been developed (Thorson et al. 2016). Unlike



conventional estimators such as the abundance-weighted average (AWA), the SDF is
applied through a Vector Autoregressive Spatio-Temporal (VAST) model that allows
the estimation of species distribution over predicted locations rather than sampled
locations, while also estimating a standard error that allows one to distinguish
between sampling variation and significant interannual variability (Thorson et al.
2016). Until now, this estimator has been mainly applied to commercially important
fish stocks (Godefroid et al. 2019, Perretti & Thorson 2019, Xu et al. 2019), although
the fragmented and methodologically variable nature of marine mammal
observations suggest the method could be highly useful for analysing the spatio-
temporal patterns of marine megafauna too.

Within that context, the Bay of Biscay (BoB hereafter) represents an interesting
study area as 1) numerous marine mammals species cohabit there attracted by a
highly diverse and abundant community of pelagic fish species (Laran et al. 2017), 2)
it is already warming (Chust et al. 2011, Costoya et al. 2015), and 3) it falls within the
North Atlantic demarcation defined by the European Marine strategy Framework
Directive (MSFD; Directive 2008/56/EC), whose main aim is to assess the
environmental status of species and ecosystems. Although both abundance and
distribution are considered key criteria by the MSFD, most studies conducted on
marine mammals in the BoB have focused on determining changes in abundance
rather than in distributional range (Hemery et al. 2007, Castege et al. 2013, Authier et
al. 2018). Advancing in the understanding of spatiotemporal patterns at regional scale
is therefore necessary, especially when projections of climate change impacts mainly
consider global scales (MacLeod 2009). In fact, assumptions at such large scales may
sometimes differ from regional-scale patterns. The distributional area of blue whales
Balaenoptera musculus in the eastern North Pacific, for instance, is expected to be
reduced in the future (Hazen et al. 2013), despite no changes were predicted at global
scale (MacLeod 2009). Similarly, warm-water cetaceans were also predicted to expand
poleward in the Northeast Atlantic (MacLeod 2009, Lambertetal. 2011, Lambert et al.
2014), although the south-eastward shift detected for some Northeast Atlantic fish
species in the BoB could indicate an alternative pattern in this area (Baudron et al.
2020). Indeed, some of the fish species (e.g., horse mackerel Trachurus trachurus,
anchovy Engraulis encrasicolus and sprat Sprattus sprattus ) analysed by Baudron et
al. (2020) constitute an important food resource for many cetaceans in the BoB
(Meynier et al. 2008, Spitz et al. 2018), which may have driven the distribution of

cetaceans in this region.
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The hypothesis that climate change may affect top predators through climate
influences on their ectothermic prey has been often suggested (Robinson et al. 2005,
Simmonds & Isaac 2007, Evans & Waggitt 2020). Most studies, however, examine
environmental characteristics as proxies of prey distribution rather than studying prey
data directly (Torres et al. 2008), which can lead to a poor understanding of their real
contribution in the context of climate change. Similarly, many studies aimed at
understanding multidecadal shifts in species distribution typically focus on exploring
the effects of local environmental conditions such as temperature (Hazen et al. 2012,
Chust et al. 2014b), while omitting the potential effect that regional climate indices
may have in explaining climate-related variation in ecological patterns and processes
(Hallett et al. 2004, Stenseth & Mysterud 2005).

With the aim of understanding the role of multiple drivers in the distribution and
abundance of cetaceans, we analysed the spatio-temporal patterns of one of the most
abundant species in the BoB, the common dolphin Delphinus delphis while testing
the effects of prey biomasses, regional climate indices and locally estimated
oceanographic conditions on a 24-year-long temporal series (1994-2017). We used
the Vector Autoregressive Spatio-Temporal (VAST) model (Thorson & Barnett 2017)
and the spatio-temporal species data compiled by Waggitt et al. (2020) to address
two main research questions:

1) Has the abundance or the distribution of the common dolphin in the BoB
experienced significant changes over the last two decades?

2) If so, are changes best explained by climatic, oceanographic, or prey
variables measured locally and/or regionally?

By answering these questions, this study intends to provide insights that will help
understand past and future trends in the distribution and abundance of the common
dolphin in the BoB and contribute to the management strategies for this species

through the development of MSFD criteria in the context of climate change.

2. Material and Methods

2.1. Data collection and standardization

Cetacean observations analysed in this study belong to a large compilation made
by Waggitt et al. (2020) that included data collected on aerial and vessel surveys
conducted in the Northeast Atlantic between 1980-2018. Although here we only focus
on the BoB and on the 1994-2017 period (data providers in Appendix C1), the dataset

we analysed derived from the collation and standardization undertaken by Waggitt et



al. (2020) to the whole data set, in which they 1) assessed differences in protocols by
grouping data according to a) the survey transect design (line transects, strip
transects, and an intermediate method called ESAS, European Seabirds At Sea) and
b) the platform-type (vessel vs. aircraft) and 2) fitted detection functions using platform
height and Beaufort sea-state as explanatory variables to estimate the proportion of
animals missed by the observers (Marques & Buckland 2004). They also assessed
response bias (when animals react to the presence of the platform) through double-
platform surveys that enabled the detection of animals before responsive movements.
This correction was applicable to vessel surveys and is particularly relevantto common
dolphins, which typically show a positive response to vessels (Cafiadas et al. 2004).
Finally, they calculated the effective strip half width (ESW), which considers the decline
in the detection probability as a function of distance and covariates and serves to
estimate the area effectively covered [A= ESW *s*L] when including the number of
observation sides (s) and transect length (L). Full details can be found in Waggitt et al.
(2020) while a schematic overview of the entire Material and methods section can be

seen Figure 3.1.

2.2, Spatio-temporal pattern detection

Sampling effort

In order to match with the spatial resolution of the environmental data that we
examined in later steps (see /dentification of main drivers section), we divided larger
transects into 10 km segments (Garcia-Bardn et al. 2019). Then, we checked whether
compiling data had led to a non-uniform distribution of sampling in space and time
by analysing with a linear regression latitudinal and longitudinal changes on sampled

segments as a function of year.

Baseline spatio-temporal model

Observations of common dolphin were analysed by means of a spatio-temporal
delta-generalised linear mixed model (delta-GLMM), referred to here as VAST model
(Thorson & Barnett 2017), which is a flexible variant of the classical delta models that
decompose density into two components (Stefansson 1996): 1) the probability of
encountering the species at a given location and time and 2) the expected density of
the species when encountered. This two-part approach, also known as a hurdle
model, helps combat statistical problems with zero-inflation and overdispersion in the
original data (Martin et al. 2005) and is therefore suitable for use with cetacean survey

data that are known to have patchy distributions (Waggitt et al. 2020).
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Another feature of the VAST model is that it can include an intercept, spatial and
spatio-temporal variation, temporal correlation, habitat covariates (i.e., those affecting
density) and detectability covariates (i.e., those affecting detectability). In this case, we
included in both components (probability of presence and expected density) 1)
spatial variation to account for spatial autocorrelation, 2) spatio-temporal variation to
account for correlation that changes among years and locations, and 3) temporal
autocorrelation on spatio-temporal components to estimate whether hotspots in
populations density persist from one year to the next (Thorson 201%a). Year was
treated as a fixed effect (default VATS setting), whereas spatial and spatio-temporal
variation were modelled with random effects to help account for multidimensional
factors that are not included directly in the model but that can affect the density and
distribution of the modelled species. Since Beaufort sea-state and platform height
were included in Waggitt et al. (2020), detectability covariates were assumed to be
already accounted for and were not considered here. Habitat covariates were also
omitted for our initial investigation of trends (but see /dentification of main drivers
section). As a response variable, the density of common dolphin was analysed
(Waggitt et al. 2020), after truncating the highest 5% to control outliers (Buckland et
al. 2001). Model was fitted assuming a lognormal error distribution, while model
parameters were estimated, for computational reasons, for 200 locations (knots) that
were equally distributed within the spatial domain with a 2D mesh” smoother with
geometric anisotropy (Thorson, 2019a). Species density was predicted at each knot
by multiplying the predicted probability of occurrence by the predicted density
(Thorson 2019a). Density estimates for each knot were then interpolated to a standard
grid of 0.1 ° spatial resolution (latitudinal range: 43 °-49 °N; longitudinal range: 1 °-10
°W) to match with the spatial resolution of the environmental data (see /dentification
of main drivers section) and multiplied by the area of the grid cell to create annual
surfaces of common dolphin abundances across the BoB.

Predicted abundance per year was then analysed by means of a linear regression
to identify significant temporal trends and compared with an observed abundance
index to assess the validity of the predicted values (model validation). The observed
abundance index was based on the encounter rate (individuals/km) of common
dolphin estimated from a constant effort-based systematic sampling scheme, i.e., the
Pride of Bilbao ferry. This survey consistently crosses the BoB using the same route

every year (Louzao et al. 2015) and, hence, the comparison of observed (ferry) and



predicted (VAST) abundance indices can help determine whether the model
predictions have been affected by bias in the effort.

An additional analysis with predicted abundances was also conducted to identify
areas in which significant spatio-temporal changes occurred over the study period.
For that, predicted abundances per grid cell were analysed as a function of year by
means of a linear regression. The slope and the p-value obtained in each cell, as
indicators of change rate and its significance, were then plotted over the standard grid

covering the study area.

Distribution shift metrics

Shifts in distribution were summarized by calculating the centroid of the
distribution for a given year (termed centre of gravity, CoG) after having predicted the
density associated with every knot and year in the previous step. By means of the SDF
estimator implemented in the VAST model, the CoG was calculated for the BoB
population domain and standardized by the total abundance predicted for the study
area, so that our analysis focused on changes in distribution after controlling for
changes in total abundance (Thorson et al. 2016). Shifts in CoG were displayed in
terms of “Eastings” and “Northings”, meaning km from the most western point of the
study area and km from the Equator, respectively. Significant trends were identified

using a linear regression against year.

2.3. Identification of main drivers

To understand spatio-temporal patterns, three main groups of drivers were
analysed (Table 3.1), classified into local and regional covariates (a local covariate
varies across space while a regional covariate is a univariate time series representing
the covariate over the entire study area):

1) Local oceanographic conditions integrated at 100 m depth, specifically
temperature and chlorophyll a concentration (Chl-a), based on their direct
relationship with climate change and their importance for predicting top predators
distribution (Hazen et al. 2012, Garcia-Bardn et al. 2020).

2) Regional climate indices, specifically North Atlantic Oscillation (NAO), East
Atlantic Pattern (EA) and Atlantic Multidecadal Oscillation (AMO) (details in Table 3.1),
due to their ability to extract the leading pattern in weather and climate variability over
the North Atlantic and their relationship to cetacean and prey populations (Simmonds

& Isaac 2007, Borja et al. 2008, Evans et al. 2010, Evans & Waggitt 2020).
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3) Regional biomasses of potential prey species, based on the assumption that
climate change will affect the distribution of cetaceans through changes in their prey
(Robinson et al. 2005, Simmonds & Isaac 2007, Evans & Waggitt 2020).

Temperature and Chl-a values were sourced from the Iberian Biscay Irish Ocean
Reanalysis Model available at the Marine Environmental Monitoring Systems
(www.marine.copernicus.eu), providing values at 0.08° and 1-month resolution and 27
depth intervals. To test their effect on the annual estimates predicted by the baseline
spatio-temporal model, the annual mean of both temperature and Chl-a was
estimated integrating the data available in the first 100 m of the water column and
then resampled with the raster package (Hijmans et al. 2017) at 0.1° (~10km)
resolution (Waggitt et al. 2020). The three climate indices were downloaded from

NOAA (the National Oceanic and Atmospheric Administration) at a monthly scale and

averaged to obtain annual values (www.ncdc.noaa.gov), while the biomass of prey
species was acquired from the ICES (International Council for The Exploration of Seas)

website at annual scale (https://standardgraphs.ices.dk/).

We selected prey species based on their relative importance in the common
dolphin’s diet in the BoB (Meynier et al. 2008, Santos et al. 2013) as well as data
availability and suitability because not every potential prey species (e.g., sprat,
myctophids) was available for the spatio-temporal scale defined in this study.
European anchovy Engraulis encrasicolus was the only prey species whose biomass
had been estimated exclusively for the BoB. Horse mackerel Trachurus trachurus
estimates were for the Northeast Atlantic, Atlantic mackerel Scomber scombrus and
blue whiting Micromesistius poutassou for the Northeast Atlantic and adjacent waters
and sardine Sardina pilchardus estimates for the Cantabrian-Atlantic lberian waters
(for information on the extent of stocks see Table 3.1). Although there is an assessment
for the sardine stock of the BoB, data were only available from 2000 onwards (ICES
2019c), so we decided to use the biomass estimations from the Cantabrian sea and
Atlantic Iberian waters instead after having checked that both indices were highly
correlated (r=0.87) and followed similar trends (Appendix C2). Finally, the biomasses
of all species were summed and used as a proxy for total prey biomass available in the
BoB.

For modelling purposes, local temperature and Chl-a variables were included as
quadratic forms in the model to allow for nonlinear responses (Perretti & Thorson

2019). Regional climate indices were included as “spatially varying coefficients” as in


http://www.ncdc.noaa.gov/
https://standardgraphs.ices.dk/

Table 3.1. Summary of the local oceanographic, regional climatic and regional prey variables used in this study accompanied by a little description and the source
from which they were obtained.

Variable Measure Description Source
Temperature °C Mean annual temperature between 0 and 100 m depth The lberian Biscay
Local . b b 0 and 100 m deoth Irish Ocean Reanalysis
oceanographic Chlorophyll a Mg/m Mean annual chlorophyll between 0 and 100 m dept Model
NAO - Both NAO and EA are estimated from the difference of atmospheric pressure at
NOAA (National
sea level between the Icelandic Low and Azores High, but the anomaly centres
Oceanic and
Regional climatic | EA - of the EA pattern are displaced southeastward to the approximate nodal lines of
Atmospheric
the NAO pattern
Administration)
AMO - Average anomalies of sea surface temperatures
Anchovy Tonnes Mean spawning stock biomass in subarea 8 (Bay of Biscay)
Sardine T Mean spawning stock biomass in division 8.c and 9.a (Cantabrian Sea and
onnes
Atlantic Iberian waters)
ICES (International
Mackerel Mean spawning stock in subareas 1-8 and 14, and in Division 9.a (the Northeast
Tonnes Council for The
Regional prey Atlantic and adjacent waters)
Exploration of Seas)
Horse mackerel T Mean spawning stock biomass in Subarea 8 and divisions 2.a, 4.a, 5.b, 6.3, 7.a-
onnes
c., and 7.e-k (the Northeast Atlantic)
Blue whiting T Mean spawning stock biomass in subareas 1-9, 12, and 14 (Northeast Atlantic
onnes

and adjacent waters)
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Figure 3.1. Schematic overview of the main steps conducted to identify the spatio-
temporal patterns in common dolphin.



Thorson (2019b), which means that instead of estimating a single slope parameter
presenting the effect of a climate index on density, the model estimates a separate
slope parameter for every modelled location (every knot). The biomass of each prey
species, as well as the total biomass index, were first log transformed and then
included as spatially varying coefficients because they were also available as a single
regional time-series.

As a preliminary analysis, potential drivers were correlated with the abundance
and CoG of common dolphin obtained in the previous baseline spatio-temporal
model. Then, covariates-based modelling was performed in two different ways to
identify the most parsimonious drivers and to uncover the relative contribution of
covariates (Figure 3.1):

1) Univariate spatio-temporal models were fitted for each variable using the same
configuration as in the baseline spatio-temporal model. Univariate models were then
compared with the baseline model by means of the AIC (Sakamoto et al. 1986). Only
a decrease in the AIC > 2 in relation to the baseline spatio-temporal model was
considered an improvement. When models were within 2 units of AIC (AAIC < 2), they
were considered statistically equivalent (Arnold, 2010). The way in which covariates
were related to the spatio-temporal patterns of common dolphin was also explored
by plotting the functional relationships from the model parameters.

2) Univariate models were fitted for each variable after setting the spatio-temporal
variation (i.e., spatio-temporal random effects) to 0. This was done to remove the
contribution of random effects and isolate the effect of the covariates since in VAST,
random fields can also account for changes in distribution over time by capturing the
residual spatial patterns that cannot be attributed to the fixed effect (Thorson et al.
2017). The abundances and CoG obtained from these models were then compared
with those from the baseline spatio-temporal model to determine the amount of

variation attributable to covariates.

3. Results

3.1. Spatio-temporal patterns

Sampling effort

A total of 1494 sightings of common dolphin from 21 different surveys were
analysed (Figure 3.2, Appendix C1). Those surveys mainly covered spring-summer
months and showed a peak of maximum effort between the 2007-2012 period

(Appendix C3).
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The mean latitude of sampling also varied and shifted significantly south over

time, while no significant change was observed in the mean longitude of sampling

(Figure 3.3a, b).

Latitude

Latitude

b)

Longitude

48

H
(]

S
(%)

44

-10.0 75 50 25

Longitude

Figure 3.2. Sightings of common dolphins
displayed over the study area. Circle sizes are
proportional to group size, while solid grey lines
indicate the isobaths.
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Common dolphin

The abundance of common dolphin estimated by the baseline spatio-temporal

model showed a significant increase throughout the study period accompanied by a

high variability (Figure 3.4, Appendix C4). This increase was most pronounced over

the more recent years (2011-2017), just after a period of low abundance (2002-2010),

and mainly occurred in the southeast corner of the BoB (Figure 3.5a, b). These results

agreed with the ferry data, which also showed an increasing trend and a significant

correlation with the predicted abundances (Appendix C5).
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The CoG also showed a high interannual variability, but no significant trend was
found over time in either of the two axes (Figure 3.6a, b). In contrast, the correlation
between eastings and northings indicated that the common dolphin generally shifted

either to the inner (southeast) or to the outer part (northwest) of the BoB (Figure 3.6c).
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3.2. Drivers and covariate contributions

Neither the annual temperature nor the Chl-a concentration integrated at 100 m
depth revealed a significant temporal trend across the full BoB (Appendix C6). The
climate index AMO has remained in a positive phase since 1997, whereas NAO and
EA indices have shown a higher variability with alternation between positive and
negative phases (Appendix Cé). Both anchovy and mackerel biomasses showed a
substantial recovery after a period of low abundance, while sardine and horse
mackerel underwent a severe decline. In contrast, blue whiting did not show any
significant temporal trend. The prey biomass index, on the other hand, exhibited a
significant increase, despite the large variability (Appendix Cé).

The correlation between the potential drivers and the CoG (easting and
northings) of common dolphin only showed weak relationships. In contrast, predicted

abundance revealed several strong relationships (r>0.5) with prey species, specifically



mackerel and anchovy (positive correlation), and sardine and horse mackerel
(negative correlation) (Figure 3.7). After prey species, only EA and NAO climate
indices showed a moderate correlation with abundance (r=0.49 and r=0.48,
respectively). Blue whiting was not significant, while temperature, Chl-a, AMO and the

prey biomass index showed weak relationships (r<0.35) (Figure 3.7).
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Figure 3.7. Pearson correlation among the common dolphin’s predicted
abundance, CoG and potential drivers. Circle sizes are proportional to the
correlation coefficient, which is indicated inside the circles. Non-significant
correlations (p>0.05) are shown without a circle.

For covariates-based models, the AIC score showed that the most substantial
decrease was for the NAO index while regional prey species biomasses (especially
anchovy and prey biomass index) were considered the second mostimportant drivers.
Local Chl-a concentration and regional EA only contributed slightly, while
temperature and AMO index were not relevant in terms of AIC (Table 3.2). Functional
relationships of those important drivers revealed positive responses for NAO,
anchovy, mackerel, and prey biomass index and negative for Chl-a, EA, horse

mackerel and sardine (Appendix C7).
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Table 3.2. Model terms. Second column refers to the AIC score of each model, while the third
column refers to the difference in the AIC (AAIC) resulting from the comparison of each
univariate model with the spatio-temporal model (reference model). Positive values mean that
higher AIC were obtained relative to the spatio-temporal models while negative values mean
that lower AIC scores were achieved. Numbers in bold mean improvement in model/ fitting

(AAIC < -2) and hence, substantial contribution of the given variable.

Model AlC 4AIC
Baseline spatio-temporal | No covariates 23873.56 0
Local oceanographic Temperature 23875.31 1.75
conditions Chlorophyll a 23870.2 -3.36
Regional NAO 23865.28 -8.28
climate EA 23871.41 -2.15
indices AMO 23875.22 1.66

Anchovy 23866.44 -7.12

Sardine 23869.68 -3.88
Regional

Mackerel 23870.29 -3.27
prey

Horse mackerel 23868.49 -5.07
biomasses

Blue whiting 23873.64 0.08

Biomass index 23867.51 -6.05

Similarly, covariate-only models (with no random effects) showed that the NAO

and EA indices and prey species biomasses were able to explain the increase in the

abundance of common dolphin (Figure 3.8). Chl-a concentration and the prey

biomass index, despite having showed a decrease in AIC score (Table 3.2), did not

contribute to explain the relative abundance (Figure 3.8), and neither did

temperature, AMO index, or blue whiting (Appendix C8). In contrast, only Chl-a and

temperature contributed to explain the observed variability in the CoG and, even then,

only in a very small proportion (Figure 3.9). In fact, the variation in the CoG explained

by these variables only accounted for about 10-20 km (Appendix C?), while the spatio-

temporal model suggested variation of 100-300 km.
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Figure 3.8. Abundance estimates predicted by the baseline spatio-temporal
model and by the covariates-based model (with no random effects) so that the
contribution made by each variable can be visualized. Only drivers identified as

relevant by AIC score are shown.
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4. Discussion

Although the common dolphin community studied here belongs to a wide-
ranging population inhabiting the Northeast Atlantic waters, the BoB represents the
core habitat of the species as it comprises the largest part of the population
(Hammond et al. 2017). It conforms, in addition, one of the marine sub-regions
included in the MSFD and hence, the evaluation of the spatio-temporal patterns of
common dolphin in this area agrees with the MSFD criteria aiming to assess the
abundance and distribution of species. Surveys providing information on species
distribution and abundance at this scale, however, have shown significant shifts in the
spatial distribution of observations, being necessary the application of methods such

as VAST to account for uneven spatial coverage.

4.1. Spatio-temporal trends in common dolphin abundance

The modelling of common dolphin sightings revealed a significant increase in
abundance, which is in agreement with previous studies conducted in the BoB
(Hemery et al. 2007, Authier et al. 2018, Saavedra et al. 2018) and in the wider
Northeast Atlantic (Hammond et al. 2017, Evans & Waggitt 2020) that also reported
an increasing abundance of this species. In addition, data from ferry surveys, known
to perform the same route every year, showed the same pattern and confirmed that
the results were not biased by the detected latitudinal shifts in effort.

In addition, the predicted abundance estimates were found to be quite coherent
with those obtained in previous surveys conducted in summer 2012 in the BoB (Laran
etal. 2017)and in summer 2016 in the Northeast Atlantic (ICES 2020) in which 490,000
(95% Cl: 340,000-720,000) small delphinids (common and striped dolphins) and
634,000 (95% ClI: 353,000-1,140,000) common dolphins were estimated, respectively.
Although itis not possible to make a direct comparison with our predictions, the ratios
for common/striped dolphins and Northeast Atlantic/BoB estimated from Hammond
etal. (2017) would lead to an approximate abundance of 360,000 (95% CI: 250,000-
526,000) and 425,000 (95% ClI: 237,000-764,000) individuals of common dolphin in
the BoB for 2012 and 2016, respectively. These numbers, although slightly lower than
ours, were similar in magnitude to and within confidence intervals for our predictions
in those years (400,000 = 50,200 and 480,000 + 107,300 individuals, respectively;
Appendix C4), and would indicate, that overall, abundance estimates from VAST were

consistent with previous studies.
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Given the heterogeneity of the data used in this study, that comprised 21 datasets,
the concordance with previous estimates is remarkable and emphasizes the
importance of applying methods that are robust to shifts in sampling effort.

The increasing trend in abundance found in this study, however, does not
necessarily imply an overall population increase, and instead, could be due to the
arrival of individuals from unsampled areas. That is why, the results found in this study
should be treated with caution, and never be used to downplay the effects of
incidental capture on common dolphin, especially when recent estimates suggest that

the bycatch in the BoB is unsustainable for the population as a whole (ICES 2020).

4.2. Regional vs. locally estimated environmental variables

The NAO large-scale climate index is the dominant mode of climate variability
over the North Atlantic (Hurrell & Deser 2009), and it can exert a strong influence on
several marine organisms through changes in ocean temperature and salinity, as well
as vertical mixing and circulation patterns (Drinkwater et al. 2003, Hurrell & Deser
2009).

In the BoB, however, the EA pattern has been identified as a more important
driver than NAO (Borja et al. 2008) given that the anomaly centre of EA is located
closer to the BoB, and hence, the effects of the NAO have often been assumed to be
weaker (Planque et al. 2003). In this study, both EA and NAO showed a moderate
correlation with the abundance of common dolphin, although the NAO index was
found to be more correlated according to AIC score. One reason why NAO
outperformed EA in the BoB could be the wide distribution range of common dolphin,
which includes not only the BoB, but also the whole Northeast Atlantic. At such scales,
the NAO is the dominant mode of climate variability, which would also explain why
the NAO was identified as the main driver of two transatlantic migratory seabirds
present in the BoB (Louzao et al. 2015a).

Similarly, common dolphin abundance in the BoB was associated to the South
Biscay Climatic (SBC) index, a regional index estimated from oceanic and atmospheric
variables and significantly correlated with NAO (Hemery et al. 2007). These findings
would support our results and would indicate that climate indices are often better
predictors of ecological processes in comparison to local environmental variables
(Hallett et al. 2004). Indeed, by holding information about several environmental
factors, they act as an integrated measure of weather at any time of the year that likely

explains more of the variability of the system than just, for example, ocean



temperature (Hurrell & Deser 2009, Thorson et al. 2021). This reasoning matches with
the low contribution made by local temperature in this study and suggests that within
the core of the species range temperature may not be such an important variable for

explaining the abundance and distribution patterns of common dolphin.

4.3. The role of prey

In marine organisms of low trophic level such as phytoplankton or zooplankton,
responses to climate indices such as NAO are mediated by changes in the physical or
chemical characteristics of the water, while in the case of top predators, such
responses are likely to occur through the influence of the climate indices on food
resources (Drinkwater et al. 2003). In this study, prey species were the second most
important driver, and although we did not model each of the prey biomasses in
response to NAO, a significant and positive correlation was found between them
(Figure 6). We could therefore hypothesize a potential bottom-up process, in which
NAO affects common dolphins through its influence on prey. In fact, bottom-up
control has been suggested for the continental shelf food web of the BoB, where a
highly diverse and abundant community of forage fishes regulates higher trophic
levels (Lassalle et al. 2011).

Accordingly, common dolphins feed on a wide variety of species, although a
preference for energy-rich species (>5-6 kJ g-1), such as the anchovy, sardine,
mackerel and horse mackerel investigated in this study, has been suggested (Meynier
et al. 2008). Atlantic mackerel, however, is only present in large quantities during the
first half of the year in the BoB, coinciding with its spawning period (Uriarte & Lucio
2001), while Atlantic horse mackerel and the Iberian sardine are currently in serious
decline (ICES 2018, 2019b). European anchovy, in contrast, has been at a sustainable
level since 2010, with an overall increasing trend that reached its maximum in 2019
(ICES 2019a). The importance of prey species in common dolphin diet has been found
to be related to their availability in terms of abundance (Santos et al. 2004, Meynier et
al. 2008), which could explain the negative responses shown by species with low
abundances (e.g., Iberian sardine and Atlantic horse mackerel) and the positive and
larger contribution in terms of AIC made by those species with higher abundance (i.e.,
European anchovy and the prey biomass index representing the total biomass
available). Blue whiting, on the other hand, did not seem to be relevant in explaining
the variability of common dolphin over the study period, despite being more

abundantthan, for example, anchovy or mackerel. Evidence of blue whiting in the diet
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of the common dolphin was found in the BoB in the 1980s (Desportes 1985), which
could mean thatit was importantin the past butless so now, orthatitis only important,
given its poorer energetic condition (4.4 kJ g), in the absence of other remarkable
prey species (Santos et al. 2013).

Besides, it must be mentioned that not all potential prey species were included
and that differences in the distribution of stocks may have also affected the results. In
fact, only anchovy’s biomass had been estimated exclusively for the BoB. Remaining
species biomasses were either estimated using adjacent areas (i.e., Iberian sardine) or
distribution areas that extended considerably the observations range of common
dolphin (i.e., blue whiting, mackerel and in a lesser extent horse mackerel), which
could have contributed, for example, to the higher prominence of anchovy detected

in this study.

4.4. Distributional shifts

The common dolphin is considered a warm-temperate species, and accordingly,
its range is expected to expand in response to increasing water temperature
(MaclLeod 2009). This northward expansion seems to be already happening, at least
at the northern limit of the species range, as evidenced by a higher frequency of
strandings and sightings in northern Britain and southern Scandinavia (MaclLeod et al.
2005, Evans & Waggitt 2020). The BoB, however, does not constitute a range edge
within common dolphin’s distribution, which can explain why we did not find a
northward shiftin its CoG, but instead, switches between the inner (i.e., southeast) and
the outer (i.e., northwest) part of the BoB. This pattern has also been detected when
forecasting the future distribution of anchovy's egg density in the BoB (Erauskin-
Extramiana et al. 2019a) and was associated to the contraction (southeast) and
expansion (northwest) of anchovy population (Motos et al. 1996). A prey driven
distribution was already suggested for albacore tuna in the area (Lezama-Ochoa et al.
2010), so we could hypothesize that the distributional shifts of common dolphins in
the BoB are also driven by the distribution of their main prey. Similarly, the increase in
common dolphin abundance detected in the southeast corner of the BoB could be
also related to a higher prey availability. Indeed, other important prey species of the
diet of common dolphin (e.g., horse mackerel, sprat) also shifted to the southeast of
the BoB in the past 30 years (Baudron et al. 2020), a spot that is considered a refuge

basin for the maintenance of species such as anchovy (Motos et al. 1996).



The prey variables considered in this study, however, could not explain much of
the observed spatio-temporal variability of the CoG as a result of being introduced as
a biomass index that changed across time but not across space. Whether top predator
abundance and distribution is driven by the environment or prey is a much debated
question in ecology (Grinnell 1917, Elton 1927, Torres et al. 2008). However, acquiring
co-occurring top predator and prey data in space and time to test these hypotheses
is challenging. In this study, we have taken advantage of a large spatio-temporal
compilation of top predator sightings, but in contrast, we have only been able to
incorporate annual, non-spatial biomass indices of prey. Future work, therefore,
should focus on improving prey data inputs to better understand top predator
distributional shifts in the BoB, a question that remains open. Climate indices, as for
prey biomasses, were regional time-series rather than spatio-temporal datasets (i.e.,
changed across time but not across space), so their effect on the CoG is also difficult
to understand. Local oceanographic variables did account for spatio-temporal
changes, but even so, only explained a very small proportion of spatial shifts, which
means that most of the distributional shifts occurred due to unidentified sources. This
inability to attribute a source to distributional shifts was also found in previous studies
with fishes (Thorson et al. 2017, Perretti & Thorson 2019), and suggests that more
effort must be made to understand when distributional shifts can be attributed to
covariates in spatial random effects models (Hodges & Reich 2010).

Given the increasingly feasible possibility for combining surveys across areas
and regions provided by methods such as those used here, future research should
also focus on comprising the whole distribution range of common dolphin. This way,
we could address important knowledge gaps that have not been solved here, as for
example, if the increasing trend found in abundance is due to the arrival of new
individuals or it is the result of an overall population growth. Answering to this
question will undoubtedly help understand population dynamics and bycatch
implications, but meanwhile, we reiterate our call for caution when interpreting the

abundance patterns predicted in this study.
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Discussion

Since biotic interactions were found to impact beyond local scales, they have
received considerable attention, leading to the development of many statistical
analyses of species co-distribution in few years (Gotelli & Ulrich 2010, Veech 2013,
Pollock et al. 2014, Morueta-Holme et al. 2016, Ovaskainen et al. 2016). Approaches
such as JSDM managed to deal with one of the biggest challenges in co-occurrence
data analysis, i.e., environmental filtering, and for that reason they were considered
robust enough to infer biotic interactions (Dormann et al. 2018, Blanchet et al. 2020).

Recently, however, several uncertainties regarding co-occurrence analyses have
arisen, not related to the statistical method as such, but to the interpretation of results.
Indeed, many studies state now the difficulty of interpreting biotic interactions from
co-occurrence data, arguing that not accounting for some key factors, such as those
described below, can lead to false conclusions (Cazelles et al. 2015, Dormann et al.

2018, Blanchet et al. 2020).

1. Missing predictors: the failure to include an important environmental
predictor for a target species may result in an apparent biotic interaction if
other species can indicate the missing environmental information (type |
error). In such case, species with similar habitat requirements will appear to
interact positively, whereas species that have contrasting requirements will
appear to interact negatively (Warton et al. 2015, Harris 2016).

2. Indirect effects: if two competing species share a positive relationship to the
same resource, their occurrence could be positively correlated, when the true
effect should be negative (Morueta-Holme et al. 2016).

3. Asymmetric associations: predators usually prefer locations with high prey
densities, whereas prey should prefer areas with lower predation risk.
Depending on the outcome of this space race, their joint space use can
indicate either a positive association (prey tracking) or a negative association

(predator avoidance) (Thurman et al. 2019, Blanchet et al. 2020).

Although every statistical approach has its own limitations, some of the findings
of Chapter Il and Chapter Ill could indicate some inaccuracies in our JSDM results and
interpretations due to the aforementioned reasons. For instance, shearwater species
were found to positively interact in JSDM analysis, which we tended to interpret as
mutualistic associations linked to local enhancement. Findings from Chapter Il, in

contrast, suggested strong competition between some of its members, e.g., sooty and



great shearwaters, and hence, the positive interactions found among them could be
instead the result of an indirect effect derived from sharing the same resources.

In this line, the JSDM did not find any significant biotic interaction between the
common dolphin and prey species, whilst the detailed study in Chapter lll suggested
a potential relationship between common dolphin and energy rich species such as
anchovy or mackerel. While this could be due to the smaller data set analysed in
Chapter | (only four years of data in contrast to 24 years in Chapter lll), it could be also
related to the limitations of JSDM in detecting asymmetric associations. In fact, the
final outcome of predator-prey associations has been linked to species prevalence:
when prevalence is low in both species, co-occurrence tends to be higher than the
null expectation (+), when at least one species in the predator-prey relationships is
more common, then co-occurrence is lower than expected (-), and when the two are
widespread species (or both are rare), then the probabilistic model will likely classify
them as random (Veech 2013, Zurell et al. 2018).

This is why a careful and reflective interpretation of resulting interactions is
recommended, ideally complemented by and compared with experimental evidence
or independent data sets (Dormann et al. 2018). But this is not always possible;
empirical evidence of species interactions is usually lacking while trophic evidence
may be inadequate or insufficient depending on the target species or the study area.
Most of the seabird species of this study, for example, do not breed in the BoB, not
being possible colony-based field studies that could contribute to the collection of
trophic evidence. In addition, most of the top predators studied here are protected
under different Conservation Agreements, and so, diet studies are limited to the
analysis of stomach contents of opportunistically stranded or bycaught animals (Spitz
etal. 2006, Pusineri et al. 2007) or to the application of indirect methods such as stable
isotope analysis, genetics or fatty acids (Navarro et al. 2009, Kékela et al. 2010).

Under such circumstances, co-occurrence analysis could be used, while
acknowledging its limitations, as an additional indirect method to advance in the
understanding of ecological networks rather than as a direct interaction detector.
Periodical JSDM analysis, for instance, could help find significant changes over time,
such as the emergence of new species or the disappearance of links/species, being
adequate as hypothesis generating tools (e.g., for identifying an association that
should be further investigated) or as evidence for alterations in ecological interactions

(Aratjo et al. 2011, Clark et al. 2014, Dormann et al. 2018, Blanchet et al. 2020).
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A conceptually simpler but technically more challenging alternative would be to
derive interactions from abundance (count) data (Blanchet et al. 2020) while including
interacting species as predictor variables in SDMs (Meier et al. 2010, Godsoe et al.
2017). Although inferring ecological interactions from the easiest data to acquire
(presence-absence data) holds a great appeal, count data carry more information that
could be used to make more refined inferences on why species occur at a specific
location and how the biotic predictors affect their distribution and abundance patterns
(Blanchet et al. 2020).

Accordingly, count data was modelled in the following chapters (Chapter Il and
Chapter lll) but restricting the potential biotic predictors to prey variables. This led us
to identify potential trophic interactions not identified previously with the JSDM, such
as those involving common dolphin (Chapter Ill), but also to infer the segregation
mechanisms that allow species coexistence by computing and visualizing the spatial
overlap in their niches (Chapter Il). Indeed, a necessary condition for detecting an
effect of species B on species A is that within the range of A there exist regions without
B (Dormann et al. 2018).

Overlap metrics and analyses have long been used to quantify niche dis/-
similarities (Warren et al. 2008, Broennimann et al. 2011) and more recently to identify
biotic interactions (Aradjo & Rozenfeld 2013, D'Amen et al. 2018). However, a
conceptual diagram such as the one developed in Chapter Il had not been previously
addressed. In fact, by means of this diagram, we were able to describe up to four
different scenarios based on spatially explicit overlap analyses, including breeding-
driven isolation, environmental and trophic niche partitioning, and a potential vertical
segregation. Although these results did not represent any biotic interactions per se,
they suggested a competition driven scenario in which shearwaters must share the
environmental space or the trophic resources to coexist.

Nevertheless, both Chapter | and Chapter Il were restricted to autumn (i.e.,
JUVENA survey), which despite being one of the most diverse seasons in terms of top
predators, only provides information for a given period of time. Chapter Ill managed
to solve the temporal scale issue by compiling data collected throughout the year and
over 24 years, and additionally revealed the usefulness of climatic indices not
previously used. But failed to answer some key questions regarding the distribution
and abundance of a highly mobile top predator such as common dolphin by focusing

purely on the BoB.



Each approach used in thesis had therefore its own weakness and strengthens.
They were in addition, aimed to answer specific question and hence, they should not
be directly compared. However, all of them shared a common feature: they allowed
the identification of biotic interactions/processes while acknowledging a greater
contribution of environmental drivers, either through a higher number of
environmental correlations (Chapter 1), a larger deviance explained (Chapter Il) or a
better model fit (Chapter ll).

As stated before, in JSDM approach, missing predictors can lead to biotic
interactions, so focusing on the number of environmental and residual correlations
may not be the most adequate proxy to measure their relative contribution. However,
many other studies using JSDM, and thus, with the same potential problems, have also
identified environmentally driven associations as the primary driver of species co-
occurrence (Pollock et al. 2014, Royan et al. 2016, D'Amen et al. 2018). This finding
would therefore agree with other studies in which species interactions were
considered of secondary importance in comparison to habitat structure. Nevertheless,
heterospecific attraction processes such as local enhancement cannot be omitted in
seabird communities, where the occurrence of congeners can be essential to locate
prey in patchy environments such as oceans (Fauchald et al. 2000, Fauchald 2009,
Tremblay et al. 2014, Veit & Harrison 2017).

In the two approaches used in Chapter Il and Ill, prey species were incorporated
as predictors and in such case, several reasons can explain the lower explanatory
power of prey variables:

1. The fisheries acoustic equipment used to assess prey abundance does not

capture fish abundance in the top 8 m of the water column (Boyra et al. 2013).
It excludes, therefore, the main foraging depth of surface feeders, which may
result in weaker associations (Phillips et al. 2021).

2. Predator and prey distributions may be mismatched at fine scales. Many
studies focusing on predator-prey relationships found that spatial correlations
increase with increasing scales. At large scales, prey may be aggregated on
predictable areas linked to mesoscale oceanographic features, leading to
positive correlations, whilst at smaller scales, prey may be further congregated
in dense and unpredictable schools to avoid predation, inducing negative

correlations (Rose & Leggett 1990, Fauchald et al. 2000, Fauchald 2009).
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3. At large spatio-temporal scales, prey biomasses may be only available as
annual indices that often belong to adjacent areas or that extend considerably
the observations range of the target predator species, potentially reducing the
association strength or significance (Santos et al. 2013).

4. Most common measures to quantify prey distributions such as abundance or
density may be inadequate predictors of predators-prey relationships; instead,
prey patch characteristics such as depth and local density within spatial
aggregations may be more suitable (Benoit-Bird et al. 2013, Boyd et al. 2017).
In Chapter I, we attempted a trait-based approach using prey species depth
and size, but further investigation may be still needed to find more meaningful

characteristics.

The lower contribution and/or the smaller explanatory power of prey variables
found along the chapters reaffirm the difficulty of capturing significant spatio-
temporal relationships between mobile marine top predators and prey. This is in
agreement with previous findings (Fauchald 2009, Lambert et al. 2018) and overall,
suggests that environmental variables are generally better predictors of marine top
predator distributions than prey abundance (Torres et al. 2008, Phillips et al. 2021).
However, the incorporation of prey variables also enabled to disentangle segregation
mechanisms in shearwaters, confirmed their low trophic segregation and led to
explain a greater part of the common dolphin’s spatio-temporal variability in
comparison to other widely used variables such as temperature.

We therefore consider that it is worth keeping investigating on the identification
of suitable scales and meaningful prey characteristics in order to obtain more accurate
results. Indeed, one way to advance towards an ecosystem-based management is to
account for the effects that both predators and prey exert on each other. Fish removal
rates, for example, can be determined by considering the feeding requirements of
predators, as in the Southern Ocean (Ruckelshaus et al. 2008), but for that, a profound
knowledge on food web is required. The final aim of this thesis, however, was not to
approach an ecosystem-based management but to achieve a more holistic
perspective on the assembly rules that govern top predators’ community by including
environmental variables and biotic interactions that could contribute to the
understanding of ecosystem functioning. The following conclusions and thesis

suggest that such objective has been fulfilled.
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Conclusions

The studies carried out in this PhD thesis have contributed to answer the four

specific objectives stated initially, resulting in the following conclusions:

Objective 1: To uncover the underlying mechanisms of predator-prey co-occurrence
patterns by identifying interspecific associations and their main drivers (Chapter I).

The main conclusions in relation to this objective are:

1. Co-occurrence patterns of top predators and prey were driven by a
combination of environmental factors (dis-/similar environmental preferences)
and biotic interactions, although the later were found to be of secondary
importance relative to habitat structure.

2. Among biotic interactions, we identified schooling in prey (e.g., anchovy-
sardine), local enhancement/facilitation in predators (e.g., Cory’s shearwater-
fin whale), and predation between predator-prey species (e.g., northern
gannet-horse mackerel), all of them led by positive associations.

3. The identification of interspecific association can therefore provide insights on
the functioning of predators-prey network, although given the sensitivity of the
analysis to several factors, a careful and reflective interpretation of resulting

interactions is recommended.

Objective 2: to identify how co-occurring species share the environmental and trophic

niche (Chapter Il). The main conclusions from this objective are:

4. Niche differentiation does occur among the shearwater community of the BoB
and is primarily driven by environmental niche partitioning and only slightly by
trophic segregation, which agrees with the generalist and opportunistic
behaviour of the species.

5. According to their different biologically meaningful vertical ranges, vertical
segregation is possibly the third segregation mechanism used by these
species, although diving depth records would be needed to confirm this
hypothesis.

6. Including trophic variables, as well as vertical dimension, in the study of
ecological niches provides new information and turns useful to fully
understand how species exploit the physical environment and the biotic
resources. However, models with only environmental models perform better,
which requires further investigation on why this may happen and how can be

improved.



Objective 3: to define the role of prey, climatic and oceanographic variables in driving

the spatio-temporal patterns of a highly mobile top predator (Chapter lIl). The main

conclusions are:

7.

Oceanographic variables such as chlorophyll a concentration and sea
temperature hardly contributed to explain the abundance patters of common
dolphin, while regional climatic indices such as NAO and prey species
biomasses were the most important drivers.

The centre of gravity (CoG) of the species distribution showed a high
variability, but no significant shift, and could not be explained by the variables
considered. Additional research is therefore required to identify the drivers
that govern the distribution of a highly mobile species in the BoB.

Overall, the role of sea temperature in explaining common dolphin
spatiotemporal patterns in this region was found to be small and thus, climate
change projections based on sea temperature increase should consider the

species’ whole distribution range.

Objective 4: to determine the relative importance of biotic and environmental drivers

in explaining the abundance and distribution of top predators (Chapter |, Il and Ill).

Main conclusions in relation to this objective are:

10. All the approaches used in this thesis, despite allowing the identification of

11.

12.

biotic interactions, showed a greater contribution of environmental drivers,
either through a higher number of environmental correlations, a larger
deviance explained or a better model fit.

This is in agreement with previous findings and overall, supports suggestions
that environmental variables are generally better predictors of marine top
predator distributions than direct measurements of prey abundance.
However, the incorporation of biotic variables provided valuable information
that could not have been possible otherwise, being their inclusion necessary,

useful, and worthy.



Conclusions

Additionally, the consecution of these objectives has allowed working towards

the validation of the enunciated working hypothesis, being the thesis that:

"The incorporation of biotic drivers to the traditional Species Distribution
Modelling approach allowed the identification of biotic interactions (e.g., facilitation,
competition or predation), trophic preferences and trophic segregation processes,
providing new information on the coexistence, food web structure and spatio-
temporal patterns of the top predators of the Bay of Biscay. Despite the valuable
information provided by biotic drivers, environmental variables still appeared as
better predictors of top predators’ abundance and distribution, being necessary to
keep working in the identification of right spatio-temporal scales and meaningful prey
characteristics that could provide more accurate and representative relationships of

the entire ecosystem functioning”.
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Appendix A1. Selecting most important variables

The nine environmental variables were first standardized to have a mean of
zero and a standard deviation of one (Zuur et al. 2007) and then analyzed using
Spearman correlation coefficients (r) to assess the degree of co-linearity between
them. Those variables with a |r| = |0.6| were removed (only one per pair) and as a result,
only Ts, Ta0, SALs, SALz0, GVs, GVao, DTG, DEP were included in the model (Table
A1.1).

Table A1.1. Spearman rank correlation coefficients between pairwise variables. Correlation higher
than [0.6/ are in bold.

Dco DEP Ts Tz200 SALs  SAL:zoo GVs GVz00 DTG
Dco 1,00 -0,66 0,10 -0,34 0,16 0,26 -0,09 -0,38 0,35
DEP -0,66 1,00 -0,41 0,40 -0,16 -0,52 -0,05 0,37 -0,37
Ts 0,170 -0,41 1,00 -0,03 -0,40 0,38 0,37 -0,03 -0,20
Tz00 -0,34 0,40 -0,03 1,00 -0,16 -0,36 0,14 0,48 -0,06
SALs 0,16 -0,16 -0,40 -0,16 1,00 0,13 -0,22 -0,08 0,50
SALz00 0,26 -0,52 0,38 -0,36 0,13 1,00 0,24 -0,36 0,09
GVs -0,09  -0,05 0,37 0,14 -0,22 0,24 1,00 0,32 -0,22
GVz00 -0,38 0,37 -0,03 0,48 -0,08 -0,36 0,32 1,00 -0,14
DTG 0,35 -0,37 -0,20 -0,06 0,50 0,09 -0,22 -0,14 1,00

With the selected environmental variables, generalized linear models (GLMs,
McCullagh & Nelder 1989) were then fitted to each species, using the species
occurrence as the response variable and assuming the binomial error distribution as
the probit-link function. By using MuMIn package (Barton 2016) we ranked the models
based on the lowest AlCc values (second-order Akaike Information Criterion) and the
Akaike weights (Sakamoto et al. 1986, Guisan & Zimmermann 2000) and selected
those for which the cumulative sum of Akaike weight was = 0.95 (Burnham & Anderson
2003). Finally, we measured for each species the relative variable importance by
summing the Akaike weights of all the models containing the specific predictor
(Burnham & Anderson 2003). Variable selection was then limited to five variables at
most to avoid excessive complexity and model overfitting (Table A1.2) (D'Amen et al.

2018).



Table A1.2. Variables’ importance based on AIC and Akaike weights. Only first five species have
been included as example. The final sum corresponds to that obtained by summing all variables
importance in the 28 species.

Northern  Anchovy Blue Common Horse Sum
gannet whiting tern mackerel

DEP 1,00 0,95 1,00 1,00 0,96 . 22,93
SAL200 0,26 0,51 0,29 0,91 1,00 . 19,75
SALs 0,70 1,00 1,00 0,43 1,00 . 19,13
T200 0,99 0,37 1,00 1,00 0,35 .. 18,72
Ts 0,34 0,28 1,00 0,89 0,67 . 17,57
DTG 0,28 0,27 1,00 1,00 0,43 16,70
GVs 0,34 0,27 0,20 0,40 0,48 15,90
GV200 0,44 0,28 0,61 0,57 0,89 14,24

Alternatively, stochastic search variable selection, SSVS (George & McCulloch
1993) available in the boral package was used to assess covariates importance and
compare the results with the previous approach. Similar to the previous approach, a
GLM was fitted to each species with all the environmental covariates included and the
species co-occurrence matrix used as the response (again assuming the binomial
error distribution and the probit-link function). SSVS was then applied to each
coefficient separately. We included random effects for every site and every year, an
informative prior on the regression coefficients, f ~ N(0,1), as recommended by
Wilkinson et al. (2018) and the default configurations in bora/ otherwise. By limiting
variable selection to a maximum of five variables, as we did before, results based on
the highest mean posterior probability chose DEP, Ts, Tao0, SALs, SAL as the most
important predictors. This agreed exactly with the results provided by the Akaike
weights approach (Table A1.3).

Table A1.3. Summary of the coefficients obtained for every predictor after having applied SSVS on
each coefficient separately. To select most important variables the mean of the posterior probability
was used (in bold).

DEP Ts T200 SALs SAL:z00 GVs GV200 DTG
Min 0.07 0.05 0.05 0.08 0.08 0.04 0.06 0.05
1stQu.: 0.34 0.1050 0.17 0.15 0.12 0.08 0.1 0.07
Median 0.97 0.275 0.38 0.38 0.642 0.16 0.23 0.17
Mean 0.69 0.4546 0.49 0.49 0.57 0.35 0.31 0.40
3rd Qu.: 1.00 0.9233 0.9 0.93 0.97 0.50 0.48 0.86
Max: 1.00 1.0000 1.00 1.00 1.00 1.00 0.91 1.00
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Appendix A2. Estimated residual correlations, their uncertainty (defined as the width of their corresponding 95% credible interval) and the
proportion of Geweke diagnostic statistics that were deemed to be significant (without no adjustment for multiple comparisons) for each of

the four candidate JSDMs fitted with 2 to 5 latent variables. The JSDM with one latent is not shown as the correlations by definition can only

take values 1 or -1.
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Appendix A3. Proportion of accounted deviance by the environmental covariates and
latent variables in the selected model, accompanied by the number of presences,

absences and number of observations for each species (prey species in bold).

Accounted deviance
Species Pres Abs Nobs (%)

Env. Latents
European anchovy 673 338 1011 1% 69%
Mueller’s pearlside 503 508 1011 42% 23%
Atlantic horse mackerel 479 532 1011 13% 83%
Northern gannet 364 647 1011 15% 7%
Lesser black-backed gull 220 791 1011 8% 18%
Atlantic mackerel 198 813 1011 61% 35%
Great shearwater 195 816 1011 9% 52%
Med. horse mackerel 141 870 1011 30% 64%
Krill 134 877 1011 17% 62%
Great skua 131 880 1011 24% 23%
Sooty shearwater 125 886 1011 9% 33%
Yellow-legged gull 124 887 1011 34% 33%
Sabine’s gull 115 896 1011 19% 24%
European sprat 108 903 1011 50% 42%
Blue whiting 90 921 1011 70% 18%
European pilchard 84 927 1011 43% 50%
Fin whale 75 936 1011 51% 27%
Boarfish 70 941 1011 37% 53%
Common dolphin 69 942 1011 23% 5%
Pacific chub mackerel 69 942 1011 34% 59%
Cory's shearwater 64 947 1011 35% 11%
Arctic jaeger 58 953 1011 29% 20%
Common tern 51 960 1011 44% 27%
Striped dolphin 47 964 1011 65% 7%
European storm-petrel 41 970 1011 1% 38%
Manx shearwater 41 970 1011 16% 41%
Balearic shearwater 31 980 1011 37% 20%
Sandwich tern 27 984 1011 27% 47%
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Appendix A4. Summary of the literature survey conducted for the pair-wise associations (both positive and negative) found within predator-

prey group.

Predator

Arctic jaeger

Arctic jaeger

Balearic shearwater

Balearic shearwater

Balearic shearwater

Balearic shearwater

Balearic shearwater

Prey

Med. Horse

mackerel

Krill

Boarfish

Med. Horse

mackerel

Horse mackerel

Atlantic mackerel

Chub mackerel

Ecological meaning

of pair-wise

association

Positive interactions
causing aggregation
Similar habitat

preferences
Similar habitat

preferences

Similar habitat

preferences
Similar habitat
preferences

Similar habitat

preferences

Similar habitat

preferences

Reference for trophic evidence

and comments

Positive associations

No evidence in Jones et al. (2010).
Relies heavily on kleptoparasitism.
No evidence in Jones et al. (2010).
Relies heavily on kleptoparasitism.
No evidence in Arcos et al. (2000),
Navarro et a/ (2009) and Meier et
al. (2015)

Evidence in Arcos et al. (2000) and
Meier et al (2015). Considered

equal to horse mackerel.
Evidence in Arcos et al. (2000) and
Meier et al. (2015)

Evidence in Meier et al. (2015)

Evidence in Meier et al. (2015).
Considered equal to Atlantic

mackerel

Location

NE Atlantic

NE Atlantic

NE Atlantic and

Mediterranean Sea

NE Atlantic and

Mediterranean Sea

NE Atlantic and

Mediterranean Sea

NE Atlantic

NE Atlantic

Methodology

Pellets

Pellets

Experimental
discards and stable
isotopes
Experimental
discards and stable
isotopes
Experimental
discards and stable

isotopes

Stable isotopes

Stable isotopes



Balearic shearwater

Balearic shearwater

Balearic shearwater

Common dolphin

Common dolphin

Common tern

Common tern

Common tern

Common tern

Cory's shearwater

European

pilchard

European sprat

Blue whiting

Med. Horse

mackerel

Blue whiting

European

anchovy

Med. Horse

mackerel

Mueller's

pearlside

Blue whiting

Krill

Similar habitat

preferences

Similar habitat

preferences

Similar habitat
preferences
Similar habitat

preferences

Similar habitat

preferences

Positive interactions
despite of habitat

differentiation

Positive interactions

causing aggregation

Similar habitat

preferences
Similar habitat

preferences

Positive interactions

causing aggregation

Evidence in Navarro et a/. (2009)
and Meier et a/ (2015)

No evidence in Arcos et al. (2000),
Navarro et al (2009) and Meier et
al (2015)

Evidence in Navarro et a/. (2009)
and Meier et a/. (2015)

Evidence for Trachurus spp. in
Meynier et al. (2008)

Evidence in Meynier et al. (2008)
and Pusineri et al. (2007) in a
minor extent

No evidence but very similar to
sprat documented in Robertson et
al. (2016)

Evidence in Monteiro etal. (1998)
and Granadeiro et al. (2002).
Considered equal to 7.picturatus.
Evidence in Granadeiro et a/.
(2002)

No evidence in Monteiro et al.
(1998), Granadeiro et al. (2002) or
Robertson et al. (2016)

No evidence in Granadeiro et al.
(1998), Paiva et al. (2010) or Neves
etal. (2012).

NE Atlantic and

Mediterranean Sea

NE Atlantic and

Mediterranean Sea

NE Atlantic and
Mediterranean Sea

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

Stable isotopes

Experimental
discards and stable

isotopes
Stable isotopes

Stomach content of
stranded animals
Stomach content of
stranded and by

caught animals

Nest observations

Regurgitations and
pellets

Pellets

Nest observations,
regurgitations and

pellets

Regurgitates and

stable isotopes



Cory's shearwater

European storm-

petrel

Fin whale

Fin whale

Great shearwater

Great shearwater

Great skua

Mueller's

pearlside

Med. Horse

mackerel

Krill

Mueller's

pearlside

Boarfish

Krill

Boarfish

Positive interactions
and similar env
preferences
Positive interactions
and similar env
preferences
Positive interactions
and similar env
preferences
Positive interactions
and similar env

preferences
Positive interactions

causing aggregation

Positive interactions

causing aggregation

Similar habitat

preferences

Evidence in Neves et al. (2012)

No evidence in D'Elbee and
Hemery (1998) or Thomas et al.
(2006).

Evidence in Vikingsson (1997) and

Bravo Rebolledo et al. (2016)

Evidence in Bravo Rebolledo et al.

(2016)

No evidence in Ronconi et al.

(2010a)

Evidence in Ronconi et al. (2010a)

No evidence in Bearhop et a/.

(2001) ,Votier et al. (2003), Kakela
etal (2006) or Votier et al (2007).

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NW Atlantic

NW Atlantic

NE Atlantic
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Regurgitates

Regurgitates

Stomach and

intestinal content

Stomach and

intestinal content

Stable isotopes and
fatty acids
signatures
Stable isotopes and
fatty acids

signatures

Stable isotopes,
pellets,
regurgitates and
fatty acids

signatures



Great skua

Great skua

Great skua

Great skua

Great skua

Lesser black-backed
gull

Med. Horse

mackerel

Atlantic mackerel

Chub mackerel

European

pilchard

European sprat

Med. Horse

mackerel

Positive interactions

causing aggregation

Similar habitat

preferences

Positive interactions
and similar env

preferences

Similar habitat

preferences

Similar habitat

preferences

Similar habitat

preferences

No evidence in Bearhop et a/.
(2001) ,Votier et al. (2003), Kékela
et al (2006) or Votier et al (2007)

Evidence in Bearhop et al. (2001)
Votier et al. (2003), Kakela et al.
(2006) and Votier et al. (2007).

Evidence in Bearhop et al. (2001)
Votier et al. (2003), Kakela et al.
(2006) and Votier et al. (2007).
Considered equal to Atlantic
mackerel.

No evidence but very similar to
sprat documented in Votier et al.

(2007)

Evidence in Votier et al. (2007)

Evidence in Kubetzki and Garthe
(2003). Considered equal to

Atlantic horse mackerel

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

Stable isotopes,
pellets,
regurgitates and
fatty acids
signatures
Stable isotopes,
pellets,
regurgitates and
fatty acids
signatures
Stable isotopes,
pellets,
regurgitates and
fatty acids

signatures

Pellets

Pellets

Pellets and faecal

samples



Manx shearwater

Northern gannet

Northern gannet

Northern gannet

Northern gannet

Northern gannet

Northern gannet

Boarfish

Boarfish

Med. Horse

mackerel

Horse mackerel

Atlantic mackerel

Chub mackerel

European

pilchard

Similar habitat

preferences

Similar habitat

preferences

Positive interactions
and similar env
preferences
Positive interactions
and similar env

preferences

Similar habitat

preferences

Positive interactions
and similar env

preferences

Positive interactions
and similar env

preferences

No evidence in Thompson (1987)
or Gray and Hamer (2001)

No evidence in Hamer et al.
(2000), Lewis et al. (2003) or
Hamer et al. (2007)

Evidence in Lewis et a/ (2003) and
Hamer et a/. (2007). Considered

equal to Atlantic horse mackerel.

Evidence in Lewis et a/ (2003) and
Hamer et al. (2007).

Evidence in Hamer et a/ (2000),
Lewis et al (2003) and Hamer et a/.
(2007).

Evidence in Hamer et a/. (2000),
Lewis et al. (2003) and Hamer et a/.
(2007). Considered equal to
Atlantic mackerel.

No evidence although other
clupeids have been documented
in Hamer et al. (2000), Lewis et a/.
(2003) and Hamer et a/. (2007)

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic
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Radiotracking,

regurgitates and

stomach contents

of corpses.

Regurgitates

Regurgitates

Regurgitates

Regurgitates

Regurgitates

Regurgitates



Northern gannet

Northern gannet

Sabine's gull

Sabine's gull

Sandwich tern

Sandwich tern

Sooty shearwater

Sooty shearwater

European sprat

Blue whiting

Med. Horse

mackerel

Krill

Krill

Mueller's

pearlside

Boarfish

Med. Horse

mackerel

Similar habitat

preferences

Similar habitat

preferences

Positive interactions
and similar env

preferences
Similar habitat

preferences

Similar habitat

preferences

Similar habitat

preferences

Similar habitat

preferences

Similar habitat

preferences

Evidence in Hamer et a/ (2000),
Lewis et al (2003) and Hamer et a/.
(2007).

NE Atlantic

Although other gadoids have been
documented in Lewis et a/ (2003) NE Atlantic
and Hamer et a/. (2007).

No specific evidence was found in

Blomqvist and Elander (1981). Arctic
Only references to small fish.

No specific evidence was found in

Blomqvist and Elander (1981). Arctic

Only references to small fish.

No evidence in Stienen et al.

(2000)

NE Atlantic

No evidence in Stienen et al.

(2000)

NE Atlantic

No evidence in Ronconi et al.

(2010a)

NW Atlantic

No evidence in Ronconi et al.

(2010a)

NW Atlantic

Regurgitates

Regurgitates

General review

General review

Continuous
observation on
food provisioning
Continuous
observation on
food provisioning
Stable isotopes and
fatty acids
signatures

Stable isotopes and
fatty acids

signatures



Sooty shearwater

Striped dolphin

Striped dolphin

Yellow-legged gull

Yellow-legged gull

Yellow-legged gull

Yellow-legged gull

Yellow-legged gull

Yellow-legged gull

Atlantic mackerel

Krill

Mueller's

pearlside

European
anchovy
Med. Horse

mackerel

Horse mackerel

Atlantic mackerel

Chub mackerel

European

pilchard

Similar habitat

preferences

Positive interactions
and similar env

preferences

Similar habitat

preferences

Similar habitat
preferences
Similar habitat

preferences
Similar habitat

preferences

Similar habitat

preferences

Similar habitat

preferences

Similar habitat

preferences

Evidence in Ronconi et al. (2010a)

Evidence in Hassani et al. (1997)
and Ringelstein et a/ (2006)

Evidence in Ringelstein et a/.
(2006) and Spitz et al. (2006).
Evidence. in Calado et a/. (2018).

Evidence for Trachurus spp.

Calado et al (2018).

Evidence in Alonso et al. (2015)
and Calado et al. (2018).

Evidence for Scomber spp. in
Alonso et al (2015) and Calado et
al. (2018).

Evidence in Pedro et al/ (2013)

Evidence in Alonso et al. (2015)
Calado et al. (2018).

NW Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic
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Stable isotopes and
fatty acids

signatures

Stomach contents

of caught animals

Stomachs of caught
and stranded
animals

Pellets and stable
isotopes

Pellets and stable
isotopes
Regurgitates,
pellets and stable
isotopes
Regurgitates,
pellets and stable
isotopes
Regurgitates,
pellets and stable
isotopes
Regurgitates,
pellets and stable

isotopes



Yellow-legged gull

Yellow-legged gull

Great shearwater

Great shearwater

Sooty shearwater

Sooty shearwater

Fin whale

European sprat

Blue whiting

European sprat

Blue whiting

European sprat

Blue whiting

European sprat

Similar habitat

preferences

Similar habitat

preferences

Negative interaction

causing segregation

Negative interaction

causing segregation

Negative interaction

causing segregation

Negative interactions
despite shared env

preferences

Negative interactions
and habitat filtering

causing segregation

No evidence in Pedro et al (2013),
Alonso et al. (2015) or Calado et a/.
(2018).

Evidence in Alonso et al. (2015)

Negative associations

No evidence in Ronconi et al.
(2010a) but evidence for another

clupeid (herring).

No evidence in Ronconi et al.

(2010a)

No evidence in Ronconi et al.
(2010a) but evidence for another

clupeid (herring).

No evidence in Ronconi et al.

(2010a)

No evidence in Vikingsson (1997)
or Bravo Rebolledo et al (2016)
but very similar to herring
documented in Aguilar and

Garcia-Vernet (2018)

NE Atlantic

NE Atlantic

NW Atlantic

NW Atlantic

NW Atlantic

NW Atlantic

NE Atlantic,

worldwide

Regurgitates,
pellets and stable
isotopes
Regurgitates and

pellets

Stable isotopes and
fatty acids
signatures
Stable isotopes and
fatty acids
signatures
Stable isotopes and
fatty acids
signatures
Stable isotopes and
fatty acids

signatures

Stomach and
intestinal content;

general review



Fin whale

Fin whale

Fin whale

Fin whale

Fin whale

Fin whale

Fin whale

Fin whale

European

anchovy

Horse mackerel

Med. horse

mackerel

Atlantic mackerel

Boarfish

Blue whiting

Chub mackerel

European

pilchard

Negative interaction

causing segregation

Negative interactions
and habitat filtering
causing segregation
Negative interactions
and habitat filtering
causing segregation
Negative interactions
and habitat filtering
causing segregation
Negative interactions
and habitat filtering
causing segregation
Negative interactions
and habitat filtering
causing segregation
Negative interactions
and habitat filtering
causing segregation
Negative interactions
and habitat filtering

causing segregation

No evidence in Vikingsson (1997)
and Bravo Rebolledo et al. (2016)
but suggested by Garcia-Bardn et
al. (2019)

No evidence in Vikingsson (1997),
Bravo Rebolledo et al (2016) or
Aguilar and Garcia-Vernet (2018)
No evidence in Vikingsson (1997),
Bravo Rebolledo et al (2016) or
Aguilar and Garcia-Vernet (2018)

Evidence in Aguilar and Garcia-

Vernet (2018)

No evidence in Vikingsson (1997),
Bravo Rebolledo et al (2016) or
Aguilar and Garcia-Vernet (2018)

Evidence in Aguilar and Garcia-

Vernet (2018)

Evidence in Aguilar and Garcia-

Vernet (2018)

No evidence in Vikingsson (1997),
Bravo Rebolledo et al (2016) or
Aguilar and Garcia-Vernet (2018)

NE Atlantic

NE Atlantic,

worldwide

NE Atlantic,

worldwide

Worldwide

NE Atlantic.

worldwide

Worldwide

Worldwide

NE Atlantic
Worldwide
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Stomach and

intestinal content

Stomach and
intestinal content;
general review
Stomach and
intestinal content;

general review
General review
Stomach and
intestinal content;

general review

General review

General review

Stomach and
intestinal content;

general review



Cory's shearwater

Cory's shearwater

Cory's shearwater

Cory's shearwater

Cory's shearwater

Cory's shearwater

Cory's shearwater

Cory's shearwater

European storm-

petrel

Chub mackerel

Horse mackerel

Med. horse

mackerel

European sprat

European

anchovy

Atlantic mackerel

Blue whiting

European

pilchard

Krill

Negative interactions
and habitat filtering
causing segregation
Negative interactions
and habitat filtering

causing segregation

Negative interaction

causing segregation

Negative interactions
and habitat filtering
causing segregation
Negative interactions
and habitat filtering
causing segregation
Negative interactions
and habitat filtering
causing segregation
Negative interactions
and habitat filtering
causing segregation
Negative interactions
and habitat filtering
causing segregation
Negative interaction

causing segregation

Evidence in Granadeiro et al.
(1998) and for Scomber sp. in
Paiva et al. (2010b)

Evidence in Paiva et al. (2010b)

Evidence in Paiva et al. (2010b).
Considered equal to Atlantic horse
mackerel.

No evidence in Granadeiro et al.
(1998), Paiva etal (2010) or Neves
etal. (2012).

No evidence in Granadeiro et al.
(1998), Paiva etal. (2010) or Neves
etal. (2012).

Evidence for Scomber sp. in Paiva

et al. (2010b)

No evidence in Granadeiro et al.
(1998), Paiva et al (2010) or Neves
etal. (2012).

Evidence in Paiva et al. (2010b)

Evidence for euphasiacea in

D'Elbee and Hemery (1998)

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

Regurgitates and

stable isotopes

Stable isotopes

Stable isotopes

Regurgitates and

stable isotopes

Regurgitates and

stable isotopes

Stable isotopes

Regurgitates and

stable isotopes

Stable isotopes

Regurgitates



European storm-

petrel

Lesser black-backed
gull

Lesser black-backed
aull

Lesser black-backed
aull

Lesser black-backed
gull

Lesser black-backed
gull

Lesser black-backed
gull

Lesser black-backed
gull

Yellow-legged gull

Blue whiting

European

anchovy

Chub mackerel

Atlantic mackerel

Horse mackerel

Mueller's

pearlside

Boarfish

European

pilchard

Krill

Negative interaction

causing segregation

Negative interaction
causing segregation
Negative interaction
despite shared env
preferences
Negative interaction
despite shared env
preferences
Negative interaction
despite shared env
preferences
Negative interactions
and habitat filtering
causing segregation
Negative interaction
causing segregation
Negative interactiosn
despite shared env

preferences

Negative interaction

causing segregation

No evidence in D'Elbee and
Hemery (1998) or Thomas et al.
(2006)

Evidence for clupeids in Kubetzki

and Garthe (2003)

No evidence for clupeids in

Kubetzki and Garthe (2003)

No evidence for clupeids in

Kubetzki and Garthe (2003)

Evidence for clupeids in Kubetzki
and Garthe (2003)

No evidence for clupeids in

Kubetzki and Garthe (2003)

No evidence for clupeids in

Kubetzki and Garthe (2003)

Evidence for clupeids in Kubetzki

and Garthe (2003)

No evidence in Pedro et al (2013),
Alonso et al. (2015) and Calado et
al. (2018).

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic
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Regurgitates
Pellets and faecal
samples

Pellets and faecal

samples

Pellets and faecal

samples

Pellets and faecal

samples
Pellets and faecal
samples

Pellets and faecal

samples
Pellets and faecal

samples

Pellets and faecal

samples



Yellow-legged gull

Yellow-legged gull

Northern gannet

Balearic shearwater

Balearic shearwater

Manx shearwater

Manx shearwater

Common tern

Mueller's

pearlside

Boarfish

Krill

Krill

Mueller's

pearlside

European sprat

Blue whiting

Krill

Negative interactions
and habitat filtering

causing segregation

Negative interaction

causing segregation

Negative interactions
and habitat filtering
causing segregation
Negative interactions
and habitat filtering
causing segregation
Negative interactions
and habitat filtering
causing segregation
Negative interactiosn
despite shared env

preferences

Negative interaction

causing segregation

Negative interactiosn
despite shared env

preferences

No evidence in Pedro et al (2013),
Alonso et al (2015) and Calado et
al. (2018).

Evidence in Pedro et al (2013),
Alonso et al (2015) and Calado et
al. (2018).

No evidence in Hamer et a.
(2000), Lewis et al. (2003) or
Hamer et al. (2007).

Evidence in Louzao et al. (2015b)

No evidence in Arcos et al. (2000),

Navarro et al. (2009), Louzao et al.

(2015b) or Meier et al. (2015)

Evidence in Thompson (1987)

No evidence in Thompson (1987)

or Gray and Hamer (2001)

No evidence in Monteiro et al.

(1998), Granadeiro et al. (2002) or
Robertson et al. (2016)

NE Atlantic

NE Atlantic

NE Atlantic

Mediterranean Sea

NE Atlantic and

Mediterranean Sea

NE Atlantic

NE Atlantic

NE Atlantic

Pellets and faecal

samples

Pellets and faecal

samples

Regurgitates

Regurgitation

Experimental
discards and stable
isotopes
Regurgitates and
stomach contents
of corpses.
Radiotracking,
regurgitates and
stomach contents
of corpses.

Nest observations,
regurgitations and

pellets



Arctic jaeger

Arctic jaeger

Great skua

Great skua

Great skua

Sandwich tern

Sandwich tern

European sprat

Blue whiting

Krill

Blue whiting

Mueller's

pearlside

Atlantic mackerel

Blue whiting

Negative interaction
causing segregation
Negative interaction

causing segregation

Negative interactions
and habitat filtering

causing segregation

Negative interactiosn
despite shared env

preferences

Negative interactions
and habitat filtering

causing segregation

Negative interactions
and habitat filtering
causing segregation
Negative interactions
and habitat filtering

causing segregation

No evidence in Jones et al. (2010).
Relies heavily on kleptoparasitism.
No evidence in Jones et al. (2010).

Relies heavily on kleptoparasitism.

No evidence in Bearhop et a/.
(2001) ,Votier et al. (2003), Kakela
etal (2006) or Votier et al (2007).

Evidence Votier et a/ (2003) and
Kakela et al (2006)

No evidence in Bearhop et a/.
(2001) ,Votier et al. (2003), Kakela
et al (2006) or Votier et al. (2007).

No evidence in Stienen et al.

(2000)

No evidence but others gadoids
have been documented in Stienen

et al. (2000)

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic
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Pellets

Pellets

Stable isotopes,
pellets,
regurgitates and
fatty acids
signatures
Stable isotopes,
pellets,
regurgitates and
fatty acids
signatures
Stable isotopes,
pellets,
regurgitates and
fatty acids
signatures
Continuous
observation on
food provisioning
Continuous
observation on

food provisioning



Sandwich tern

Sandwich tern

Sandwich tern

Sandwich tern

Sabine’s gull

Sabine’s gull

Sabine’s gull

European sprat

Chub mackerel

Boarfish

European

pilchard

Atlantic mackerel

European sprat

Blue whiting

Negative interactions
and habitat filtering
causing segregation
Negative interactions
and habitat filtering
causing segregation
Negative interactions
and habitat filtering
causing segregation
Negative interactions
and habitat filtering

causing segregation

Negative interaction

causing segregation

Negative interaction

causing segregation

negative interactiosn
despite shared env

preferences

Evidence in Stienen et al. (2000)

No evidence in Stienen et al.

(2000)

No evidence in Stienen et al.
(2000)

No evidence but very similar to

sprat documented in Stienen et al.

(2000)

No specific evidence was found in
Blomqvist and Elander (1981).
Only references to small fish. But
suggested by Stenhouse et al.
(2012).

No specific evidence was found in
Blomqvist and Elander (1981).
Only references to small fish. But
very similar to anchovy suggested
by Stenhouse et al. (2012).

No specific evidence was found in
Blomqvist and Elander (1981).

Only references to small fish.

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

Atlantic & Arctic

Atlantic & Arctic

Arctic

Continuous
observation on
food provisioning
Continuous
observation on
food provisioning
Continuous
observation on
food provisioning
Continuous
observation on

food provisioning

Tracking; general

review

Tracking; general

review

general review



Great shearwater

Great shearwater

Great shearwater

Sooty shearwater

Cory's shearwater

Common dolphin

European storm-

petrel

Northern gannet

Manx shearwater

Med. horse

mackerel

Horse mackerel

European

anchovy

Mueller's

pearlside

Boarfish

Horse mackerel

Mueller's

pearlside

Mueller's

pearlside

Krill

segregation explained

by the environment

segregation explained

by the environment

segregation explained

by the environment

segregation explained

by the environment

segregation explained
by the environment
segregation explained

by the environment
segregation explained

by the environment

segregation explained

by the environment

segregation explained

by the environment

No evidence in Ronconi et al.

(2010a)

No evidence in Ronconi et al.

(2010a)

No evidence but very similar to
herring documented in Ronconi et

al. (2010a)

No evidence in Ronconi et al.

(2010a)

Evidence in Granadeiro et a/.
(1998), Paiva etal. (2010)
Evidence for Trachurus spp. in
Meynier et al. (2008)

No evidence for Mueller's
pearlside but for myctophids in
D'Elbee and Hemery (1998)
No evidence in Hamer et al.
(2000), Lewis et al. (2003) or
Hamer et al. (2007).

No evidence in Thompson (1987)
or Gray and Hamer (2001)

NW Atlantic

NW Atlantic

NW Atlantic

NW Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic
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Stable isotopes and
fatty acids
signatures

Stable isotopes and
fatty acids
signatures

Stable isotopes and
fatty acids
signatures

Stable isotopes and
fatty acids
signatures
Regurgitates and
stable isotopes
Stomach content of

stranded animals

Regurgitates

Regurgitates

Radiotracking,
regurgitates and
stomach contents

of corpses.



Manx shearwater

Manx shearwater

Striped dolphin

Striped dolphin

Striped dolphin

Striped dolphin

Striped dolphin

Striped dolphin

Mueller's

pearlside

European

anchovy

Atlantic mackerel

Blue whiting

European sprat

Chub mackerel

Horse mackerel

Boarfish

segregation explained

by the environment

segregation explained

by the environment
segregation explained
by the environment

segregation explained

by the environment
segregation explained

by the environment

segregation explained

by the environment

segregation explained

by the environment

segregation explained

by the environment

No evidence in Thompson (1987)
or Gray and Hamer (2001)

No evidence but very similar to
sprat documented in Thompson
(1987)

No evidence in Hassani et a/.
(1997), Ringelstein et al. (2006) or
Spitz et al. (2006).

Evidence in Spitz et al. (2006).

No evidence in Hassani et a/.
(1997), Ringelstein et al. (2006) or
Spitz et al. (2006)

No evidence in Hassani et a/.
(1997), Ringelstein et al. (2006) or
Spitz et al. (2006)

No evidence in Hassani et a/.
(1997), Ringelstein et a/. (2006) or
Spitz et al. (2006)

No evidence in Hassani et a/.
(1997), Ringelstein et a/. (2006) or
Spitz et al. (2006)

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

Radiotracking,
regurgitates and
stomach contents
of corpses.
Regurgitates and
stomach contents
of corpses.
Stomach content of
caught and
stranded animals
Stomach content of
stranded animals
Stomach content of
caught and
stranded animals
Stomach content of
caught and
stranded animals
Stomach content of
caught and
stranded animals
Stomach content of
caught and

stranded animals



Striped dolphin

Common tern

Common tern

Arctic jaeger

Arctic jaeger

Great skua

Sandwich tern

Sabine’s gull

European

pilchard

Horse mackerel

European

pilchard

European
anchovy

Horse mackerel

European

anchovy

Horse mackerel

Horse mackerel

segregation explained

by the environment

segregation explained

by the environment

segregation explained

by the environment

segregation explained
by the environment
segregation explained

by the environment

segregation explained

by the environment

segregation explained

by the environment

segregation explained

by the environment

No evidence in Hassani et a/.
(1997), Ringelstein et al. (2006) or
Spitz et al. (2006)

Evidence for T.picturatusin
Monteiro et al. (1998) and
Granadeiro et al. (2002).

No evidence but very similar to
sprat documented in Robertson et
al. (2016)

No evidence in Jones et al. (2010).
Relies heavily on kleptoparasitism.
No evidence in Jones et al. (2010).
Relies heavily on kleptoparasitism.
No evidence in Bearhop et a/.
(2001) ,Votier et al. (2003) or Votier
et al. (2007) but suggested by
Kakela et al (2006)

No evidence but very similar to
sprat documented in Stienen et al.
(2000)

No specific evidence was found in
Blomqvist and Elander (1981).

Only references to small fish.

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

NE Atlantic

Arctic
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Stomach content of
caught and

stranded animals

Regurgitations and

pellets

Nest observations

Pellets

Pellets

Fatty acid
signatures and

regurgitates

Continuous
observation on

food provisioning

General review
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Appendix B1. Pelagic prey

Table B1.1. Potential prey species for each seabird based on trophic evidences
(stomach content and stable isotopes) found in the literature. For each relationship,

the bibliographic reference is cited.

Horse Mueller’s
Mackerel Sardine Anchovy Sprat
mackerel pearlside
Paiva et al. Paiva et al. Paiva et al. Neves et
Cory's
(2010b) (2010b) (2010b) al. (2012)
Ronconi et
Great
al. (2010a)
Ronconi et
Sooty
al. (2010a)
Thompson
Manx
(1987)
Meier et al. Meier et Meier et al. Meier et
Balearic
(2017) al. (2017) (2017) al. (2017)




Table B1.2. Depth intervals (m) used to group the prey acoustic data each year.
Depths refer to the distance from the transducer face, which are located at 3 m and
6.5 m from sea surface in R/V EB and RM, respectively. But in the latter, a lateral-
looking transducer and higher frequency transducers of 200 kHz (with a near field of
about 1 m) are used to increase the coverage at the upper layers of the water column
and monitor shallow fish aggregations. This way we achieve a coverage from around

7-8 m depth from sea surface in both vessels.

2013 2014 2015 2016 2017

S-7 1S 5-10 5-15 5-15

7-9 15-25 10-25 15-25 15-25

9-11 25-35 25-40 25-35 25-35

11-15 35-50 40-50 35-50 35-50

Depth 15-25 50-75 50-75 50-75 50-75
intervals 25-35 75-100 75-100 75-100 75-100
35-45 100-125 100-125 100-125 100-125
45-70 125-150 125-150 125-150 125-150
70-100 150-175 150-175 150-200 150-200
100-200 175-200 175-300 200-300 200-400
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Appendix B2. Interpolation of the explanatory variables
Oceanographic data: Optimal Statistical Interpolation

Variables such as temperature (T), salinity (SAL) or density can be directly inferred
from CTD samples collected on oceanographic surveys. However, due to the CTD
sampling coverage, interpolation is needed to obtain horizontal fields of these
variables. In our case, we used the Optimal Statistical Interpolation (OSI) scheme
described in Gomis et al. (2001) in a regular 33 x 54 grid, covering all the study area
with regular node distances of 0.15 x 0.15°. A Gaussian function for the correlation
model between observations (assuming 2D isotropy) was set up, with a correlation
length scale of 25-km, chosen according to the dynamic heights profiles (DYN;
derived from density values) correlation statistics obtained at different depths. The
noise-to-signal (NTS) variance ratio used for the analysis of SST, SAL and DYN were:
0.005, 0.05, and 0.01, respectively. This ratio was defined as the variance of the
observational error divided by the variance of the interpolated field (the latter
referring to the deviations between observations and the mean field). This parameter
allows the inclusion in the analysis of an estimation of the observational error and
adjustments of the weight of the observations on the analysis (the larger the NTS
parameter, the smaller the influence of the observation). Then, after the interpolation,
all fields were spatially smoothed, with an additional low-pass filter with a cut-off
length scale of 30 km to avoid aliasing errors due to unresolved structures (due to the
limited resolution enabled by the CTD sampling).

Several methods can be used for interpolating oceanographic data, although OSI
has been proved to be advantageous over traditional distance-weighting methods
(Gomis et al. 2001). Its main characteristics are:

1) It takes into account the correlation between nearby observations, instead
of considering all observations independent

2) The weights used are chosen so that the expected error of the estimate is
a minimum in the least squares sense, and the estimate itself is unbiased

3) The output field is smoothed according to a given measure of
observational errors.

As aresult, the OSl scheme is a good option to obtain an accurate linear unbiased
estimate of a field from a set of arbitrarily distributed observations (Gomis et al. 2001)
and it is, therefore, suitable to deal with CTD data from JUVENA oceanographic

surveys.



Prey data: Universal kriging

In the echo-integration method, samples are taken continuously along the ship’s
sailing track, so that the sample locations are serially correlated (Petitgas 1993). As a
result, they are rarely adaptable to the random sampling theory (which would allow
for direct estimation from the samples) and instead, require modelling the spatial
correlation through a model of spatial covariance (Petitgas 2001). Geostatistics is
based on the possibility that a spatial structure can be inferred and that is why it
constitutes a relevant tool for providing abundance estimates of fish stocks (Petitgas
1993).

Within geostatistics, the density surface sampled at a certain number of locations
is interpreted as one outcome of a stochastic spatial process, while kriging is the
mathematical algorithm that estimates the values of that process by performing a
weighted average of the sampled values. The weight assigned to the data are
appropriately determined according to the structure and sampling configuration so
that the estimates are unbiased, and the estimation of variance is minimised. In this
way, kriging techniques allow to reconstruct the process at unsampled locations
without bias, and with minimum variance (Petitgas 1996, 2009).

Kriging techniques, therefore, can provide reliable estimates of fish abundance in
surveys performed along parallel transect, such as ours, and that is why they are widely
used between fisheries acousticians (Petitgas 1997, Simard et al. 2002, Doray et al.
2008). Universal kriging is just an extension of Ordinary kriging used when the data
has a strong trend or drift. Such drift can result from the response of fish concentration
to explanatory environmental parameters (e.g., a gradient in fish density from coast to
off-shore depending on bottom depth) (Petitgas 2009) and it was already explored in
the Bay of Biscay by Petitgas (1997).

For that reason, we applied universal kriging to the biomasses of our prey species.
We first categorized the original biomasses (tonnes) of the seven prey species using
10 cm length classes and then log-transformed the resulting biomass categories. This
way, we obtained more homogenously distributed data (“Gaussian like” distributions),
that prevent us from dealing with the alternance of high abundance peaks and very
low abundances of the raw data. Finally, we interpolated the prey data using universal
kriging in automap package (Hiemstra et al. 2009) over a standard grid covering the
study area (latitudinal range: 43.2-48°N; longitudinal range: 1-8°W) with a cell size of

0.1° spatial resolution.
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Appendix B3. Grouping seabird species

To determine whether seabirds could be analysed in groups instead of individually, we made a simple test grouping large (Cory, great
and sooty) and small (Balearic and Manx) species. For each group, we fitted 1) two separate detection functions for each species, whose AIC
scores were summed, 2) a joint detection function combining both species and 3) a joint detection function combining both species and
including species as covariate. Hazard rate and half normal functions with no adjustments were fitted in each of the groups using Distance
package (Miller 2020). Best function was selected based on the lowest AIC (Sakamoto et al. 1986, Guisan & Zimmermann 2000) (Table S3.1
and Table S3.2). When functions were within 2 points of AIC (AAIC<2), they were considered statistically equivalent and the function with the

smaller number of parameters was chosen instead based on parsimony principle (Arnold 2010).

Table B3.1. Comparison between the individually performed detection functions and the joint ones for small shearwaters. Selected function is indicated in bold.

Truncation distance Detection

(m) Num. sightings fnction AlC AAIC Num. parameters

Balearic and Manx 362 227 Half normal 2571,014 1,435 2

shearwaters separately
Baleari M.

alearic and Manx 362 227 Half normal 2569,579 0 1
shearwaters together

Balearic and Manx
shearwaters together + 362 227 Half normal 2571,014 1,435 2

species as covariate




Table B3.2. Comparison between the individual detection functions and the joint ones for large shearwaters. Selected function is indicated in bold.

Truncation distance Detection Num.
(m) Num. sightings function AIC AAIC parameters

Great, sooty and Cory's 543 1332 Hazard rate 15727,19 0 6
shearwaters separately

Great, sooty and Cory's 543 1332 Hazard rate 15730,56 3,37 )
shearwaters together
Great, sooty and Cory’s

shearwaters + species as 543 1332 Hazard rate 15731,11 3,92 5
covariate

In the case of small shearwaters, results showed that there were not significant differences among the three detections functions in terms
of AIC score. However, small shearwaters were decided to group together based on the smaller number of parameters of the second
detection function (Table S3.1). In the case of large shearwaters, in contrast, the AIC score did not support the joint approach (Table S3.2). A
second aggrupation composed only by two large shearwater species (Great-Cory, Great-Sooty, Cory-Sooty) was then tried following the same
approach. Only the function formed by the Great and the Cory’s shearwaters enabled their analysis together based on the parsimony principle

(Table S3.3). So, in the end we had Balearic-Manx and Great-Cory’s shearwaters together and the sooty shearwater alone.
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Table B3.3. Comparison between the individual detection functions and the joint ones for great and Cory’s shearwaters. Selected function is indicated in bold.

71 tion dist Detecti
runcation distance Num. sightings y eC./on AlIC AAIC Num. parameters
(m) function

Great and Cory’s

shearwaters separately 561 1053 Hazard rate 12502,816 0,696 4
Great and Cory'’s
Great and Cory’s

shearwaters together + 561 1053 Hazard rate 12502,12 0 3
species as covariate




Appendix B4. Fitting detection functions

Table B4.1. Main properties of the environmental descriptors included as covariates in the detection functions.

Variable Range Meaning
0: less than 1 knot; 1: 1-3 knots; 2: 4-6 knots; 3:7-10 knots; 4:11-16
Beaufort sea-state 0-8
knots; 5:17-21 knots, 6: 22-27 knots.
Visibility 1-4 1: 5-10 miles; 2: 2-5miles; 3: 1-2 miles; 4: <1mile
Cloudiness 1-8 1: sky completely clear; 8: sky completely overcast
Glare intensity 1-4 1: none; 2: faint; 3: medium; 4 strong

Observation conditions

Excellent, good, medium, bad

=

: excellent; 2: good; 3: medium; 4 bad
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Table B4.2. Example of how forward selection was performed for each detection function. In all cases, covariates were introduced in the
detection function until the lowest AIC was obtained. When functions were within 2 points of AIC (AAIC<2), they were considered statistically

equivalent and the function with the smaller number of parameters was chosen instead based on parsimony principle (Arnold 2010).

Key functions Truncation distance Covariates AlC AAIC Num.
parameters

Balearic & Manx | Half normal 362 No covariates 2569.58 19.06 1

shearwaters Beaufort 2562.65 12.13 2

Beaufort + Year 2555.29 4.7 3

Beaufort + Year + general conditions 2550.59 0.07 4

Beaufort + Year + general conditions + glare 2550.52 0 5

Great & Cory’s | Hazard rate 561 No covariates 12503 111.8 2

shearwaters Year 12392.10 0.9 3

Year + Glare 12391.20 0 4

Sooty | Half normal 479 No covariates 3201.27 2.58 1

shearwater Year 3198.69 0 2
Year + general conditions 3200.51 1.82




Appendix B5. Surface and deep layers

Figure B5.1. Graphic description of the two vertical layers used in this study to
integrate predators diving capacity, prey availability and environmental variability.
The depth of maximum temperature gradient shown here (DTG ~ 40 m) refers to an

approximate value; real values of DTG can be seen in Appendix Bé.

b 4

Sea surface . Surface
layer \ >
Deep b g
layer ¥ l
Depth of maximum
temperature gradient ~40m
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Appendix B6. Interannual variability of the depth of maximum temperature gradient (DTG)

Table B6.1. Minimum, maximum, mean and median values of the DTG along the study period.

Figure B6.1. Spatial variability of the DTG along years.

Latitude (°N)

Years Min. depth (m) Max. depth (m) Mean depth (m) Medlian depth (m)
2013 8,71 53,66 29,40 30,46
2014 12,20 58,94 33,83 34,99
2015 17,21 87,33 39,08 38,55
2016 6,38 46,26 29,04 30,02
2017 4,88 59,27 41,61 42,28
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Appendix B7. PCA results

The first three axes of the PCA were selected as main explanatory axes for both
surface and deep layers since they explained the 70% of the variability (Figure B7.1).
Both in surface and deep conditions, the first axis comprised a negative relationship
with small-medium sardine, sprat, mackerel and anchovy (adult and juvenile)
distributed along the north-east part of the French coast, i.e. from the Gironde estuary
(~45°) to Belle-llle (~47°) (Fig B7.2 and B7.3). The second axis also showed a negative
relation, but with small horse mackerel and juvenile of anchovy that were mainly
located in the shelf breaks of the southern and south-eastern part of the BoB. The third
axis, in contrast, was positively related with medium-big horse mackerel and mackerel

and associated to the Gironde estuary area (Fig B7.2 and B7.3).



Figure B7.1. The percentage of explained variances for all the dimensions found by

the PCA analysis in a) surface layer and b) deep layer.
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Figure B7.2. PCA results for the a) surface layer and b) deep layer showing the same
main three groups: 1) small-medium sardine, mackerel, sprat and anchovy (both
adults and juveniles), 2) small horse mackerel and anchovy juvenile and 3) medium-

big horse mackerel and mackerel.
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Figure B7.3. Spatial distribution of the three main axes obtained from the PCA

analysis in the surface and deep layer (must be remembered, that axis 1 and 2 were

negatively associated, while axis 3 was positively related).
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Appendix B8. Literature survey on species’ diving depths
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Table B8.1. Summary of seabirds’ average depth records compiled from published biologging studies. Only studies providing number of

dives, average depth and standard deviation were included. When multiple data were available, mean and variance were combined

(fishmethods package, Nelson 2014).

Cory’s Great Sooty Balearic Manx
Average depth (m) 1.7+0.8 3.2£35 12.3£9.4 5.6x41 57=15
Num. individuals 22 2 20 1 33
Num. dives 22 930 6377 165 7417
Location Portuguese South Atlantic New Zeeland Mediterranean Wales, UK

archipelago
Reproductive phase Chick-rearing Breeding Breeding Chick rearing Chick rearing
Source Paivaetal. (2010a)  Ronconietal. (2010b)  Shafferetal.(2000), A g iar et al (2003)+ Dean (2012)
Shaffer et al. (2009)

*Meier et al. (2015) also analysed the diving patterns of Balearic shearwater in the Mediterranean, using 19 individuals. However, they did not

provide an average depth and that is why their results (proportion of dives per trip <4 m = 0.63-0.93) have not been included.



Table B8.2. Comparison between the expected results based on other authors’ records and the results obtained in this study. As it can be

seen, only one species (i.e. Balearic shearwater) was not in agreement with what we expected.

Cory’s Great Sooty Balearic Manx
Average depth (m) 1.7+0.8 3.2+35 12.3+9.4 56+4.1 57=x15
Expected results Surface Surface Deep Surface Surface

Obtained results Surface Surface Deep Deep Surface
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Figures B9.1. Detection functions (first row) and goodness of fit (second row) for a)

Balearic and Manx shearwaters, b) Cory's and Great shearwaters and c) Sooty

shearwater.
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Appendix B10. Niche models’ outputs

Table B10.1. Output of the individual environmental models, showing the selected

environmental variables and the deviance explained (DE).

Variables DE (%)
Cory’s SSTsup, SALTsup, DIST, MTG, 38,2
Great BATG, SALTsup, BATHY, GEOsup, 20.6
Sooty SSTdtg, SALTdtg, BATHY, DTG 14.9
Balearic SSTdtg, DSHEL, DIST, GEOdtg 71.4
Manx SSTsup, DSHEL, DIST, MTG, 49

Table B10.2. Output of the individual trophic models, showing the selected prey

variables and the deviance explained (DE).

Variables DE (%)
Cory’s PCAZ2sup, PCA3sup 14.7
Great PCA1sup, PCA3sup, MAV 8.83
Sooty PCA1dtg, PCA2dtg, MAV 5.49
Balearic PCA1dtg, PCA2dtg, PCA3dtg, MAV 58.5
Manx PCA1sup 29.4
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Appendix C1. List of data providers
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Survey/Dataset Institution Responsible
ATLANCET La Rochelle Université Vincent Ridoux
Ghislain Dorémus
BIOMAN AZTI Maite Louzao
CEMMA Coordinadora Para O Estudo Dos . :
, . Jose Martinez Cedeira
Mamiferos Marifos
CODA University of St Andrews Philip Hammond
ESAS European Seabirds-At-Sea Mark Lewis
EVHOE IFREMER Vincent Ridoux
Ghislain Dorémus
IBTS IFREMER Vincent Ridoux
Ghislain Dorémus
IFAW Marine Conservation Research Oliver Boisseau
IWDG Irish Whale and Dolphin Group Dave Wall
Simon Berrow
JUVENA AZTI Maite Louzao
KOSMOS University College Cork Mark Jessopp
MARINELIFE MARINElife Tom Brereton
ORCA Organisation Cetacea Lucy Babey
PELACUS Instituto Espanol de Oceanografia Camilo Saavedra
M. Begofia Santos
PELGAS IFREMER Vincent Ridoux
Ghislain Dorémus
SAMM La Rochelle Université Vincent Ridoux
Ghislain Dorémus
SCANST University of St Andrews Philip Hammond
SCANSZ University of St Andrews Philip Hammond
SPEA Sociedade Portuguesa Para o Estudo Joana Andrade
das Aves
SWF Sea Watch Foundation Peter Evans
wDC Whale and Dolphin Conservation Nicola Hodgins




158

Appendix C2. Pearson correlation between the biomass estimates of the sardine

inhabiting the Bay of Biscay (only available since 2000) and the biomasses of sardine

from Cantabrian and lberian waters (available since 1978) for the 2000-2017 period.
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Appendix C3. Overall survey effort per month (a) and year (b) in the Bay of Biscay for

the study period.
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Appendix C4. The abundance estimates and the standard deviation predicted by the

baseline spatio-temporal model per year.

Year Estimated abundance Standard Deviation
1994 206866.89 111642.44
1995 229253.95 110072.50
1996 159744.79 95702.34
1997 183166.86 103573.55
1998 203589.75 114249.34
1999 201689.14 129590.19
2000 212661.06 172835.84
2001 392603.31 213376.33
2002 130557.34 73239.62
2003 190112.70 116537.44
2004 112637.14 85430.82
2005 298342.69 109221.05
2006 202624.87 152671.49
2007 267381.52 14441413
2008 175733.80 36693.53
2009 207971.19 43106.12
2010 202232.27 43980.45
2011 483434.50 195652.75
2012 402481.24 50214.63
2013 383484.50 153190.08
2014 495112.07 242008.83
2015 562790.30 176209.07
2016 479303.84 107265.16
2017 378133.58 100998.02
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Appendix C5. Model validation test.

Figure C.5.1. Common dolphin’s observed abundance index (encounter rate)
estimated from ferry data. Green line indicates the annual mean, while the grey bar

shows the standard error.
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Figure C.5.2. Pearson correlation between observed abundance index (above) and

predicted abundance index from the baseline spatio-temporal model.
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Appendix C6. Environmental variables used in the study

Figure C6.1 The annual mean of temperature and chorophyll aintegrated at 100m
depth along the study period, accompanied by the standard error, the linear trend

and its significance.

0.60
a) P-value=0.096 b) P-value=0.19
E E 0551
o
o
2 150 S
® ®
o = 050
2 g
o &
g 5
g 14.5 < 0454
o o
0.40+
1995 2000 2005 2010 2015 1995 2000 2005 2010 2015

Figure C6.2. The annual mean of NAO, AMO and EA climatic indeces over the study

period. Red and blue colors indicate the positive and negative phases of the indices,
respectively.
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Figure C6.3. Spawning stock biomass of anchovy, sardine, mackerel, horse mackerel
and blue whiting (a-e), accompanied by the higher and lower boundaries (95% Cl),

the linear trend and its significance. Biomass index (f) represents the sum of all

previous species.
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Appendix C7. Functional relationships estimated from the parameters (intercepts
and coefficients) given by the model only for those variables considered important in

terms of AIC. Confidence interval could not be estimated with the parameters

provided.
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Appendix C8. Abundance estimates predicted by the spatio-temporal model and by

the covariates-based model, in which the contribution made by AMO, temperature

and blue whiting (those drivers not considered relevant by AIC score) can be

visualized.
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Appendix C9. Isolated contribution of temperature (a) and chlorophyll a(b) variables

to the centre of gravity predicted by covariate-based models with no random effects

(same as Figure 8 but with y-axis zoomed). Shaded area means the standard error,

while the dashed line indicates the linear trend.
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