
 
 
 

 
 
 
 
 

 
 
  
 

 
 
 
 

 
 
 

The importance of seasonality  
at different levels of ecological organization  

in the marine ecosystem of the Northwestern 
Mediterranean Sea 

 
Elena Lloret Lloret 

 
 
 
 

 
 

 
 
 
Aquesta tesi doctoral està subjecta a la llicència Reconeixement- NoComercial – 
CompartirIgual  4.0. Espanya de Creative Commons. 
 
Esta tesis doctoral está sujeta a la licencia  Reconocimiento - NoComercial – CompartirIgual  
4.0.  España de Creative Commons. 
 
This doctoral thesis is licensed under the Creative Commons Attribution-NonCommercial-
ShareAlike 4.0. Spain License.  
 



Ph.D. Thesis 2023 
Elena Lloret Lloret

The importance of seasonality at 
different levels of ecological 
organization in the marine  
ecosystem of the Northwestern 
Mediterranean Sea

Th
e 

im
po

rta
nc

e 
of

 se
as

on
al

ity
 a

t d
iff

er
en

t l
ev

el
s o

f e
co

lo
gi

ca
l o

rg
an

iza
tio

n
in

 th
e 

m
ar

in
e 

ec
os

ys
te

m
 o

f t
he

 N
or

th
w

es
te

rn
 M

ed
ite

rra
ne

an
 S

ea

Elena
Lloret
Lloret

2023





 

 

 

  

 

 

 

 

 
The present thesis was conducted in the Institut de Ciències del Mar (ICM-CSIC, Barcelona, 
Spain) associated to the projects; PELWEB (Winners, losers and shifts of PELagic food WEB 
changes in the western Mediterranean Sea: from ecosystem consequences to future projections, 
RETOS-2017-CTM2017-88939-R: Ministry of Economy, Industry and Competitivity, I+D+I 
projects, Science and Innovation, Spanish Government), PELCAT (Decline of small pelagic fish 
in the Catalan Sea: potential role of plankton change and pollution, CAT 152CAT00013, TAIS 
ARP059/19/00005, Generalitat de Catalunya, European Maritime and Fisheries Fund), SOSMED 
(Mejora del conocimiento científico-técnico para la sostenibilidad de las pesquerías demersales 
del Mediterráneo occidental–European Union, NextGenerationEU, Recovery, Transformation 
and Resiliency Plan. Agreement between the Ministry of Agriculture, Fisheries and Food 
(MAPA) and the State Research Agency, CSIC) and IMPRESS (RTI2018-099868-B-I00, ERDF, 
Ministry of Science, Innovation and Universities - State Research Agency). E. Lloret-Lloret was 
supported by a predoctoral fellowship (FPU) from the Spanish Ministry of Universities 
(FPU1704395). The stay at the University of British Columbia, Vancouver, Canada, was funded 
by the short-stay FPU grants of the Spanish Ministry (EST21/00323). E. Lloret-Lloret was also 
supported by the FI program of the Secretariat of Universities and Research of the Generalitat de 
Catalunya, and the European Social Fund (FSE) (2018FI_B_00743) before accepting the FPU 
grant. This thesis acknowledges the ‘Severo Ochoa Centre of Excellence’ accreditation 
(CEX2019-000928-S) to the ICM-CSIC. 
 

Recommended citation:  

Lloret-Lloret, E. (2023). The importance of seasonality at different levels of ecological 
organization in the marine ecosystem of the Northwestern Mediterranean Sea. Ph.D. Thesis, 
University of Barcelona. 

 

 

Design of the main and back covers: Joan Mir Arguimbau  

Credit illustrations in covers of chapters 2.1. and 2.4.: Joan Mir Arguimbau  

Credit illustrations in covers of chapters 2.2. and 2.3.: Amparo Hidalgo Galiana 
(www.amparoh.com, @amparoh_illustration) 

 

 

http://www.amparoh.com/


 

 

 

 

 

 

 

 

 

 

 

 

 

 

"In the end, we will conserve only what we love,  

we will love only what we understand,  

and we will understand only what we are taught."  
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Abstract 

From an oceanographic perspective, seasonality has been widely studied, and abundant 

research exists about low trophic level organisms such as phytoplankton and zooplankton. 

Nevertheless, at a regional scale, this information is not always homogenous and certain 

areas lack longer time series to track seasonal cycles. This knowledge gap is emphasized 

as one moves to higher trophic level organisms, whose studies tend to focus on single 

seasons or inter-annual variation rather than on seasonal changes and intra-annual 

dynamics. This Ph.D. thesis aims to broaden the knowledge about the marine ecosystem 

of the Northwestern Mediterranean Sea incorporating the importance of seasonality in 

key ecological processes, such as body condition, fitness, spatial distribution, and trophic 

ecology of marine species, and, finally, the structure and functioning of marine food webs. 

Seasonality is approached at different levels of the marine community, including the 

demersal component focusing on commercially important species of fish (Merluccius 

merluccius, Lophius budegassa, Lophius piscatorius, Mullus barbatus), crustaceans 

(Liocarcinus depurator, Squilla mantis) and cephalopods (Illex coindetii, Eledone 

cirrhosa), the pelagic component targeting the most abundant and commercially 

important small pelagic fish species (Sardina pilchardus and Engraulis encrasicolus), 

and at the ecosystem level using system indicators. To attain these objectives, various 

methodological approaches have been combined, such as species distribution models, 

stable isotopes analysis, bayesian isotope mixing models, analysis of 

biometrical/biophysical parameters (Kn, GSI, fat content), generalized additive models 

and ecosystem modelling. Results show seasonal variations in species distribution with 

species-specific patterns in the case of demersal species. Bathymetry, temperature and 

fishing effort are important drivers explaining biomass spatial distribution of these 

species. European hake is further studied in one of the chapters, and the predicted 

posterior mean weight distribution also presents spatial differences between winter and 

summer. Ontogenetic and seasonal variations are also detected in the diet of this species. 

Spatial and seasonal variations in fitness are found at the local scale for European sardines 

and anchovies. These changes are mostly explained by environmental variables while 

spatial and seasonal factors are also important. Moreover, trophic variables also 

contributed to the species dynamics, suggesting that variations in prey abundance, 

composition and quality can impact their fitness. At the ecosystem level, we investigate 

changes in indicators of ecosystem structure and functioning when using seasonal input 
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data vs annual averages in marine ecosystem models for the characterization of our study 

area. We find several indicators showing significant variations in ecosystem structure and 

energy transfer. Overall, the findings of this Ph.D. show seasonal variation at different 

levels of biological organization and in various ecological processes, which highlights the 

relevance of seasonality in the marine realm, specifically in the Northwestern 

Mediterranean Sea. Therefore, we can conclude that considering seasonality in ecological 

studies can provide complementary insights into our understanding of species biological 

and ecological dynamics, which cascades up to the knowledge about ecosystem structure 

and functioning. 
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Resumen 

Desde una perspectiva oceanográfica y climatológica, la estacionalidad se ha estudiado 

ampliamente y existen múltiples investigaciones desarrolladas con organismos situados 

en niveles tróficos bajos, como el fitoplancton y el zooplancton. Sin embargo, a escala 

regional, esta información no siempre es homogénea y algunas zonas carecen de series 

temporales largas que permitan estudiar los ciclos estacionales de manera continua. Esta 

laguna de conocimiento se acentúa a medida que se avanza hacia organismos de nivel 

trófico superior, cuyos estudios tienden a centrarse en estaciones únicas o en la variación 

interanual en lugar de en los cambios estacionales y la dinámica intraanual. Esta tesis 

doctoral pretende mejorar el conocimiento sobre el ecosistema marino del mar 

Mediterráneo noroccidental investigando el efecto de la estacionalidad en algunos 

procesos ecológicos clave, como sería la condición corporal, la distribución espacial y la 

ecología trófica de las especies, así como en la estructura y el funcionamiento de las redes 

tróficas marinas. En esta tesis, la estacionalidad se aborda a distintos niveles de la 

comunidad marina, incluyendo el componente demersal, centrado en especies de peces 

(Merluccius merluccius, Lophius budegassa, Lophius piscatorius, Mullus barbatus), 

crustáceos (Liocarcinus depurator, Squilla mantis) y cefalópodos (Illex coindetii, 

Eledone cirrhosa), el componente pelágico, centrado en las especies de peces pelágicos 

de pequeño tamaño más abundantes e importantes desde el punto de vista comercial y 

ecológico (Sardina pilchardus y Engraulis encrasicolus) y a nivel de ecosistema 

utilizando una representación digital de la red trófica. Para alcanzar estos objetivos, se 

han combinado diversos enfoques metodológicos, como los modelos de distribución de 

especies (SDM), el análisis de isótopos estables (SIA), el modelo bayesiano de mezcla de 

isótopos (MixSIAR), el análisis de parámetros biométricos/biofísicos (Kn, GSI, contenido 

graso), los modelos aditivos generalizados (GAM) y la modelización de ecosistemas 

marinos (EwE). En el caso de las especies demersales, los resultados muestran 

variaciones estacionales en la distribución de las especies con patrones específicos. La 

batimetría, la temperatura y el esfuerzo pesquero, entre otros, aparecen como importantes 

impulsores de la distribución espacial de la biomasa. La merluza europea se estudia con 

más detalle en uno de los capítulos y la distribución espacial del peso medio también 

presenta diferencias espaciales entre invierno y verano. También se detectan variaciones 

ontogenéticas y estacionales en la dieta de esta especie. En el caso de la sardina europea 

y el boquerón, se observan variaciones espaciales y estacionales en la condición a escala 
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local. Estos cambios se explican principalmente por variables ambientales, aunque los 

factores espaciales y estacionales también son importantes. Además, las variables tróficas 

también contribuyen a la dinámica de las especies, lo que sugiere que las variaciones en 

la abundancia, composición y calidad de las presas pueden afectar a su condición. A nivel 

de ecosistema, investigamos los cambios en los indicadores de estructura y 

funcionamiento de los ecosistemas al utilizar datos de entrada estacionales, frente a 

medias anuales. en modelos de ecosistemas marinos, para la caracterización de nuestra 

zona de estudio. Encontramos varios indicadores que muestran variaciones significativas 

en la estructura del ecosistema y la transferencia de energía. En general, los resultados de 

esta tesis muestran una variación estacional en diferentes niveles de organización 

biológica y en varios procesos ecológicos, lo que pone de manifiesto la relevancia de la 

estacionalidad en el ámbito marino, concretamente en el mar Mediterráneo noroccidental. 

Se concluye que considerar la estacionalidad en los estudios ecológicos puede aportar 

conocimientos complementarios a la comprensión de la dinámica biológica y ecológica 

de las especies, lo que repercute en el conocimiento de la estructura y el funcionamiento 

de los ecosistemas marinos. 
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Resum 

Des d'una perspectiva oceanogràfica i climatològica, l'estacionalitat s'ha estudiat 

àmpliament i existeixen múltiples estudis sobre organismes situats a nivells tròfics baixos, 

com el fitoplàncton i el zooplàncton. No obstant això, a escala regional, aquesta 

informació no sempre és homogènia i d’algunes zones manquen de sèries temporals 

llargues que permetin seguir els cicles estacionals. Aquesta llacuna de coneixement 

s'accentua a mesura que s'avança cap a organismes de nivell tròfic superior, els estudis 

dels quals tendeixen a centrar-se en estacions úniques o en la variació interanual, en lloc 

d'en els canvis estacionals i la dinàmica intra-anual. Aquesta tesi doctoral pretén ampliar 

el coneixement sobre l'ecosistema marí de la mar Mediterrània nord-occidental, 

incorporant la importància de l'estacionalitat en processos ecològics clau, com la condició 

corporal, la distribució espacial i l'ecologia tròfica de les espècies, així com, l'estructura i 

el funcionament de les xarxes tròfiques marines. L'estacionalitat s'aborda a diferents 

nivells de la comunitat marina, incloent-hi el component demersal, centrat en espècies de 

peixos (Merluccius merluccius, Lophius budegassa, Lophius piscatorius, Mullus 

barbatus), crustacis (Liocarcinus depurator, Squilla mantis) i cefalòpodes (Illex coindetii, 

Eledone cirrhosa) d’interès comercial, el component pelàgic, centrat en les espècies de 

petits peixos pelàgics més abundants i importants des del punt de vista comercial (Sardina 

pilchardus i Engraulis encrasicolus) i en l’àmbit d’ecosistema, utilitzant representacions 

digitals de la red tròfica. Per a aconseguir aquests objectius, s'han combinat diverses 

metodologies, com els models de distribució d'espècies (SDM), l'anàlisi d'isòtops estables 

(SIA), el model bayesià de mescla d'isòtops (MixSIAR), l'anàlisi de paràmetres 

biomètrics/biofísics (Kn, GSI, contingut gras), els models additius generalitzats (GAM) i 

la modelització d'ecosistemes marins (EwE). En el cas de les espècies demersals, els 

resultats mostren variacions estacionals en la distribució de les espècies amb patrons 

específics. La batimetria, la temperatura i l'esforç pesquer, entre altres, apareixen com a 

importants impulsors de la distribució espacial de la biomassa. El lluç europeu s'estudia 

amb més detall en un dels capítols, i la distribució espacial del pes mitjà també presenta 

diferències espacials entre hivern i estiu. També es detecten variacions ontogenètiques i 

estacionals en la dieta d'aquesta espècie. En el cas de la sardina europea i l’anxova, 

s’observen variacions espacials i estacionals en la condició, a escala local. Aquests canvis 

s'expliquen principalment per variables ambientals, encara que els factors espacials i 

estacionals també són importants. A més, les variables tròfiques també han contribuit a 
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la dinàmica de les espècies, la qual cosa suggereix que les variacions en l'abundància, 

composició i qualitat de les preses poden afectar la seva condició. A nivell d'ecosistema, 

investiguem els canvis en els indicadors d'estructura i funcionament dels ecosistemes en 

utilitzar dades d'entrada estacionals enfront de mitjanes anuals, en models d'ecosistemes 

marins per a la caracterització de la nostra zona d'estudi. Trobem diversos indicadors que 

mostren variacions significatives en l'estructura de l'ecosistema i la transferència 

d'energia. En general, els resultats d'aquesta tesi mostren una variació estacional en 

diferents nivells d'organització biològica i en diversos processos ecològics, la qual cosa 

posa de manifest la rellevància de l'estacionalitat en l'àmbit marí, concretament en la mar 

Mediterrània nord-occidental. Es pot concloure que considerar l'estacionalitat en els 

estudis ecològics pot aportar coneixements complementaris a la nostra comprensió de la 

dinàmica biològica i ecològica de les espècies, la qual cosa repercuteix en el coneixement 

de l'estructura i el funcionament dels ecosistemes marins. 
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 General Introduction 

3 

1. Seasonality 

1.1.1. What is seasonality? 

Seasonality is defined as “the fact that something changes according to seasons” 
(Cambridge dictionary, 2022). Seasons are due to Earth’s tilted axes and rotation around 
the sun. They are characterized by special climatic conditions and patterns which are 
much more pronounced the further we are from the tropical belt. Outside the tropics, 
seasons are categorized as winter, spring, summer and autumn and their timing is opposed 
in the northern and southern hemispheres. In ecology, seasonality is also defined as 
“regular and periodic changes of a condition on an annual timescale” (Williams et al., 
2017; White and Hastings, 2020), where climate seasonality corresponds to the cyclical 
changes in temperature, precipitation and other environmental and physical factors that 
can affect the dynamics of the ecosystem. According to Valiela et al., (1995), seasonal 
cycles are the interplay between biological, chemical, meteorological and physical 
factors. The timing, characteristics, length and intensity of these cycles depend on the 
geographical area (latitude, longitude, northern vs southern hemispheres) and their 
corresponding climate types (temperate, tropical, dry, continental or polar).  

Seasonal cycles can affect many ecosystem processes and thus the dynamics of 
populations and communities. They can drive the onset of reproduction, mating periods, 
hibernations, or migrations, among others. Herein, the present Ph.D. thesis focuses on 
seasonality related to the marine realm, particularly on the interplay of seasonality in the 
Northwestern Mediterranean Sea emphasizing mainly on four different aspects: changes 
in spatial distributions of species, variation in individual’s fitness and trophic behaviour, 
and implications for the whole ecosystem level (described in detail in Sections 1.2.1. to 
1.2.4 and in Chapter 2). 

1.1.2. Seasonality in the marine environment 

When we think about “seasonality”, we generally think about the commonly known 
terrestrial seasonal cycle. The coldest temperatures during winter, followed by the 
warming temperatures of the spring that entail the growth of leaves and plants and the 
blooming of flowers. The temperatures keep increasing and peak during summer. With 
the arrival of autumn, the temperatures begin to cool down, the leaves fall and the cycle 
starts again (Figure 1). Thus, throughout the year there are clear and predictable changes 
in temperature but also in light, precipitation, nutrient inputs, and water, among others. 
Many studies have been conducted on the seasonal impacts on terrestrial plants and 
animals (e.g. Cambrollé et al., 2014; Colom et al., 2021; Uhrin et al., 2021), as well as on 
the atmospheric cycles and climatic variations (e.g. Peña-Angulo et al., 2020; Natali et 
al., 2021).  
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Figure 1. Schematic representation of terrestrial seasons in a forest. 

However, in comparison with the terrestrial domain, seasonality reveals differently in the 
marine environment. It can include changes in sea water temperature, currents, salinity, 
stratification of the water column, oxygen concentrations, distribution of nutrients, 
variation in light and depth of the mixing layer, as well as variations in primary producers, 
both in terms of biomass and production (Lazzari et al., 2012, 2016; Balbín et al., 2014; 
De Formmervault et al., 2015; Lavigne et al., 2015). Variations in physical factors at-sea 
can drive seasonal cycles that are ubiquitous in ecological systems but have a specific 
pattern in each area and can be expressed in different forms and at different levels of 
ecological organization (Figure 2). For instance, some marine areas, like tropical waters, 
have more constant conditions and nutrients and thus, little seasonal changes occur in 
phytoplankton blooms; whereas others, like temperate and polar regions, have a clear 
seasonal difference (Valiela, 1995). 

 

 

Figure 2. Schematic representation of seasonality in the marine environment (Bunse and 
Pinhassi, 2017). 
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Aside from the environmental seasonal variations, particular biotic factors such as prey 
abundance and availability, species migrations, or even anthropogenic pressures, can also 
display seasonal cycles. For example, the seasonal vertical movement of the copepod 
Neocalanus spp represents a seasonal variation in the availability of this species as prey 
for other organisms, which may affect their predator’s growth and foraging distribution, 
such as the Cassin’s Auklet (Ptychoramphus aleuticus) on Triangle Island (British 
Columbia, Canada) (Bertram et al., 2001, 2017). Some organisms like sea turtles (Luschi 
and Casale, 2014), pelagic seabirds (González-Solís et al., 2007) or cetaceans perform 
large-scale migrations that can be on a seasonal scale. For example, the North Atlantic 
minke whales (Balaenoptera acutorostrata) perform seasonal migrations swimming to 
high latitude areas for feeding and low latitude areas during the breeding period (Risch et 
al., 2014). 

Regarding anthropogenic factors, a great number of human activities also play seasonal 
pressures on the marine environment. This is the case for seasonal coastal tourism, which 
can result in an increase in pollution in coastal areas at certain times of the year (Signa et 
al., 2020). A study in the Ligurian Sea recorded an increase in anthropogenic 
microparticles pollution (e.g. plastics and fibers) in July associated with the increase in 
recreational activities during summer (Misic et al., 2019). In the harbour of Maó (Balearic 
Islands, Spain) trace metals concentration also increased during summer months, 
coinciding with the increase in boat traffic and human population (Martínez-Soto et al., 
2016). Land use, agriculture and pastures also experience seasonal patterns, which can 
affect the river water quality and consequently ocean waters (Pinheiro-Fernandes et al., 
2019). For example, in the lagoon of Mar Menor (in the southeastern Iberian Peninsula, 
Spain) concentrations of pesticides, herbicides and fungicides were found to vary on a 
seasonal manner (Moreno-González et al., 2013).  

1.1.3. Seasonality at different levels of biological organization 

From an oceanographic and climatological perspective, seasonality has been widely 
studied, identifying cyclical patterns in sea surface temperature, salinity and currents, 
among other parameters (e.g. Salat et al., 2002; Bernardello et al., 2016; Olmedo et al., 
2018). As an example, Figures 3 and 4 show seasonal variations in temperatures on a 
global and regional scale, respectively (Graham et al., 2000; Sakalli, 2017). 
Technological improvements have also allowed for large-scale monitoring of marine 
ecosystems with spatial, seasonal, monthly or even daily resolution in some cases (e.g. 
Argo and Bio-Argo floats, https://biogeochemical-argo.org/#), while satellites (such as 
Copernicus Sentinels, and Sea-Viewing Wide Field-of-View Sensors) (Lin and Yang, 
2020) and mathematical models have evolved to include seasonal variability (Steenbeek 
et al., 2013).  



 General Introduction 

6 

 

Figure 3: Figure representing global sea surface temperature (ºC) and chlorophyll 
(mg/m3) for February 2013 and July 2013 from the NASA earth observatory 
(https://earthobservatory.nasa.gov/global-maps/MYD28M/MY1DMM_CHLORA; 
Graham et al., 2000). Sea surface temperature maps are based on MODIS sensors on 
NASA’s Terra and Aqua satellites. The chlorophyll maps are based on observations by 
the MODIS sensor on NASA’s Aqua satellite. 

 

Figure 4: Figure from Sakalli, 2017 presenting the distribution of the seasonal average 
sea surface temperature in the Mediterranean Sea: a) DJC; December-January-February, 
b) MAM; March-April-May, c) JJ; June-July-August and d) SON; September-October-
November. 

https://earthobservatory.nasa.gov/global-maps/MYD28M/MY1DMM_CHLORA
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Static observatory stations also permitted to start gathering long-term, almost continuous, 
physical and biogeochemical data with seasonal resolution (and can continue to do so in 
the future too). This is the case of DYFAMED in the Ligurian Sea (http://sodyf.obs-
vlfr.fr/), the Coastal ocean observatory in Barcelona, the Operational Observatory of the 
Catalan Sea in Blanes (OOCS), and the future “Observatorio del Cambio Climático 
TIAMAT” in Mediterranean and Atlantic Spanish waters.  

Research related to seasonality has also focused on low trophic levels (i.e. phytoplankton 
and micro-mesozooplankton) (e.g. Psarra et al., 2000; Bosc et al., 2004; Barroeta et al., 
2017). However, there are still few periodic scientific surveys with seasonal resolution. 
In fact, in many marine ecosystems, including the Mediterranean Sea, most of the long-
term monitoring surveys targeting macro and megafauna are only held once a year and 
generally during spring-summer (i.e. EU-funded MEDIterranean Trawl Survey 
(MEDITs) and EU-funded MEDIterranean International Acoustic Survey (MEDIAS, 
Adoption of a common protocol for MEDiterranean acoustic surveys (MEDIAS) in the 
framework of European data collection regulation, 2008). It is mostly the sporadic 
projects with a seasonal sampling resolution that have allowed analyses of seasonality at 
different levels of ecological organization. For example: SAMM -Suivi Aérien de la 
Megafaune Marine (French government, The Ministry of Ecology, Sustainable 
Development and Energy (MEDDE), Agency for Marine Protected Areas (AAMP) and 
the University of La Rochelle ), IDEADOS – Structure and dynamics of the bentho-
pelagic slope ecosystem in two oligotrophic zones of the Western Mediterranean: a 
multidisciplinary approach at different spatial-temporal scales in the Balearic Islands 
(Spanish government Autonomous Government of the Balearic Islands, the Spanish 
Research Council (CSIC), and the Spanish Institute of Oceanography (IEO), and 
ECOTRANS, Dynamics and ecological role of small pelagic fishes in the Northwestern 
Mediterranean: energy transfer from planktonic organisms to top predators (Government 
of Spain).  

The lack of continuous seasonal monitoring has resulted in the analysis of the interplay 
of seasonality with higher level trophic organisms to be scarce and patchy. Nevertheless, 
several studies have been developed focusing on different physiological and ecological 
aspects (e.g. Gaertner, 2000; De Souza et al., 2011; Puerta et al., 2016). For example, 
Reiss & Kröncke (2004) analyzed the seasonal variability of epibenthic communities in 
the North Sea, Han & Choi (2022) looked into the seasonal variation in the fish species 
composition in South Korea and Johannesen et al. (2016) investigated the seasonal 
changes in feeding and growth of Atlantic Cod (Gadus morhua) in the Northeast Atlantic 
Ocean.  

Some research has also been done in the Mediterranean Sea. For example Katsanevakis 
et al., in 2009 analyzed the spatial-temporal distribution and habitat use of 27 fish species 
in the Aegean Sea [amongst others, the annular seabream (Diplodus annularis), European 
hake (Merluccius merluccius), poor cod (Trisopterus minutus) and blue whiting 
(Micromesistius poutassou)] and Puerta et al., in 2016 undertook a similar study for 
cephalopods species [i.e. shortfin squid (Illex coindetii), horned octopus (Eledone 

http://sodyf.obs-vlfr.fr/
http://sodyf.obs-vlfr.fr/
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cirrhosa), common octopus (Octopus vulgaris)] in the northwestern basin. Other 
investigations have focused on assemblages and composition of non-invertebrates 
crustaceans communities in this same area (DeLaHoz et al., 2018) or the seasonal 
variations in the feeding behaviour of small pelagic fish species in the Gulf of Lion 
(France) (Costalago et al., 2012), or pelagic shearwaters in the Western Mediterranean 
(Navarro et al., 2009), and on the overall energetics and structure of the pelagic 
community of the Northwestern Mediterranean Sea (Albo-Puigserver et al., 2016, 2020).  

Seasonal variations in environmental conditions and oceanographic processes can 
translate into seasonal changes throughout the food web, which may affect species 
dynamics/ecology (e.g. spatial distribution, mating, trophic behaviour, etc.). However, 
only in very few cases, studies have looked into the seasonal variations at the ecosystem 
level, and outside the Mediterranean Sea, as is the case on the Oregon coast (Ruzicka et 
al., 2007). 

1.2. Interplay of seasonality and ecological processes  
1.2.1. Spatial distribution 

To understand population dynamics and marine ecosystem functioning it is necessary to 
also have information about the species spatial-temporal distributions (Chase and 
Leibold, 2003). In general, individuals tend to aggregate where there are the resources 
necessary to achieve their maximum fitness and thus the selection of their distribution 
ranges and habitat depends on a combination of biotic and abiotic factors (Morfin et al., 
2012). Different methods exist for the analysis of species spatial patterns and to identify 
the main drivers of change (Guisan and Zimmermann, 2000; Elith and Leathwick, 2009; 
Martínez-Minaya et al., 2018). Patterns and drivers of species distribution have been 
analyzed for different marine species in the Mediterranean Sea using different 
methodologies. For example, teleosts, elasmobranchs, crustaceans and cephalopods 
(Pennino et al., 2013; Navarro et al., 2015; Puerta et al., 2015). Amongst others, spatial-
temporal modelling approaches, such as Bayesian hierarchical species distribution 
models (B-SDM) (Blangiardo et al., 2013; Blangiardo and Cameletti, 2015) (Box 1) are 
powerful tools for this type of analysis. Nevertheless, many studies focus on year-to-year 
variability rather than seasonal or monthly variations.  

Most studies agree that environmental factors, specially bathymetry and temperature, tend 
to play a major role in species spatial distribution (Damalas et al., 2010; Muñoz et al., 
2013; Navarro et al., 2016). As these environmental factors can present marked seasonal 
changes, species distributions can also vary seasonally to adjust to these environmental 
variations and maximize their fitness. In fact, certain species perform long seasonal 
migrations to accommodate their needs to the environmental conditions (Luschi, 2013), 
whereas others might only show small changes in their distributions. Seasonality has been 
found to have an impact on demersal species of the Western Mediterranean, like 
anglerfish (Maravelias and Papaconstantinou, 2003) and cephalopods (Pertierra and 
Sanchez, 2005; Puerta et al., 2016), as well as several demersal fish species in the eastern 
basin (Katsanevakis et al., 2009). 
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Therefore, understanding species seasonal-spatial distributions is pivotal to fully 
comprehend population dynamics and accordingly adjust management actions. In this 
Ph.D. thesis, the seasonality and the spatial dimension aspects were approached 
in Chapters 2.1. and 2.2. through the use of Bayesian species distribution models (B-
SDMs), where it specifically was applied the Integrated Nested Laplace Approximation 
(INLA) methodology and software (http://www.r-inla.org/) (Box 1). Spatial variability 
was also considered in Chapter 2.3. by comparing data from three areas along a 
latitudinal gradient. 
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1.2.2. Body condition and fitness 

Species’ fitness and body condition can vary throughout the year and be exposed to 
seasonal variations. Environmental variables could play an important role in driving 
species dynamics and can have direct effects on the physiology, metabolic, or 
reproductive success of marine species. This emphasises the potential vulnerability of 
some species to not only long-term environmental changes but also to inter-annual 
variations in the seasonal environmental conditions. In this sense, understanding what 
drivers can affect organisms’ fitness and if those factors are affected by seasonality is 
necessary. As seasonal differences in energetic values are linked to the life-history 
strategy of each species, considering seasonality can help detect changes in the onset of 
reproduction or other phenological variations. 

However, not only environmental variables may play a role in the variation of species’ 
fitness, but other factors are also relevant, such as inter-specific interactions, prey 
availability or feeding behaviour. Better insights into the spatial and seasonal interplay of 
individual’s fitness variation and their relations with local environmental and trophic 
conditions are needed to better understand population trends and fluctuations. In this 
thesis, this aspect was examined in Chapter 2.3., in which it was analysed the 
environmental and trophic factors that drive the seasonal energy dynamics at local scales 
of small pelagic fish species [i.e. European sardine (Sardina pilchardus) and European 
anchovy (Engraulis encrasicolus)]. 

Indicators of species health are important for an adaptive conservation and management. 
In this sense, individual’s fitness can be analyzed in different ways. Herein, in Chapter 
2.3., fitness is considered in terms of body condition index (Kn index (Le Cren, 1951)) fat 
index and gonadosomatic index (GSI) in an attempt to include both, somatic and 
reproductive conditions (Box 2). 

Statistical models like Generalized Additive Models (GAMs) are commonly used in 
ecology to identify the factors that drive variation in a response variable. GAMs are non-
parametric extensions of generalized linear models (GLMs) and facilitate the modelling 
of non-linear relationships. They allow to model the response of a variable based on the 
sum of different features, where each feature can have a flexible function with a specified 
parametric form (for example a polynomial, or an un-penalized regression spline of a 
variable) or maybe specified non-parametrically, or semi-parametrically, simply as 
‘smooth functions’, to be estimated by non-parametric means (Hastie and Tibshirani, 
1990; Wood, 2006). In this thesis, the use of this methodology was applied to generate 
information about the environmental and trophic factors that drive the seasonal energy 
dynamics at the local scales of small pelagic fish species (Chapter 2.3.).  
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1.2.3. Trophic ecology 

The diet of marine organisms has been commonly analyzed through stomach content 
analysis (Hyslop, 1980), which provides quantitative information on the diet composition. 
However, this is time-consuming and requires a high level of expertise. As a complement, 
it is possible to estimate the trophic behaviour of marine organisms through the use of 
stable isotopic analysis (SIA) (Davis and Pineda-Munoz, 2016). SIA of nitrogen (denoted 
as δ15N) and carbon (denoted as δ13C) can be measured in different tissues (e.g. muscle, 
liver, blood, fish fins, etc.) and can be used as a proxy for the assimilated diet. Another 
advantage of this technique is that it gives information about the diet integrated within 
the tissue analyzed (i.e. muscle integrates the diet during 2-3 months) rather than that 
recently ingested before capture. The variation in stable isotope values throughout the 
food chain helps the reconstruction of food web dynamics (Layman et al., 2012). The 
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relative abundance of δ15N is used to assess the trophic positions of different species 
within a community and as a proxy of relative trophic position (Layman 2012). On the 
other hand, δ13C is a good representative of food sources of primary production in and 
organisms’ diet (Layman 2012) (Box 3). The use of this methodology was applied to 
Chapters 2.2. and 2.3. 

Several studies have focused into the seasonal change in diet for marine organisms. For 
example, seasonal variations in the diet of small pelagic fish such as the European sardine, 
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anchovy and sardinella have been recorded in the Mediterranean Sea (Costalago et al., 
2012, 2014; Pethybridge et al., 2014; Albo-Puigserver et al., 2016b, 2019; Chen et al., 
2021). Seasonal differences have also been observed in the feeding ecology of the 
Mediterranean blue whiting (Micromesistius poutassou) in the Northwestern 
Mediterranean Sea (Mir-Arguimbau et al., 2020). This is also the case for the European 
hake (Merluccius merluccius), and important commercial species, for which seasonal diet 
variation has been recorded in the Western (Bozzano et al., 1997; Mellon-Duval et al., 
2017) and the Eastern basin (Stagioni et al., 2011, Gül et al., 2023). 

However, little research has been done on the relationship of trophic behaviour with 
spatial distribution and organism fitness considering the seasonal component (see some 
exceptions to this in Johnson et al. 2012, 2013 and Rueda et al., 2019). These aspects 
have been investigated in Chapters 2.2. and 2.3. of this thesis for a demersal (European 
hake) and two pelagic species (sardine and anchovy), respectively. 

1.2.4. Ecosystem structure and functioning  

Considering, amongst others, the factors described in sections 1.2.1 to 1.2.3, seasonal 
changes can have impacts at different ecological levels, like specie distribution, fitness, 
trophic behaviour and many others. In addition, these changes may affect the whole 
ecosystem with impacts at the structure and functioning that can also occur on a seasonal 
basis through variations in energy transfer and/or in species interactions (Ruzicka et al., 
2007). Understanding these changes at the scale of the ecosystem is essential to advance 
the knowledge about ecosystem dynamics and how external and internal drivers of change 
can impact ecosystem traits, which can be translated to management measures tailored to 
the seasonal patterns. 
 
Marine ecosystem models (MEM), such as Ecopath with Ecosim (EwE) (Christensen and 
Walters, 2004) (Box 4), are powerful tools to analyze and explore this aspect as they can 
integrate multiple ecosystem components, trophic interactions and environmental and 
anthropogenic impacts. In general, most ecosystems models use average annual 
conditions (e.g. Coll et al., 2006, 2016; Corrales et al., 2015). However, a few include the 
component of seasonality at the ecosystem level (e.g. Jarre-Teichmann and Pauly, 1993; 
McCormick Venier, 1993; Ruzicka et al., 2007; Tam et al., 2008). Unfortunately, none 
of them have been developed in the Mediterranean Sea with the exception of Prado et al. 
(2013), which studied three small coastal lagoons of the Ebro delta focusing on seasonal 
(anthropogenic) salinity regimes. 
 
In this sense, Chapter 2.4. of this thesis is aimed at constructing a seasonal ecosystem 
model of the area of the Ebro Delta shelf (Northwestern Mediterranean Sea), the first of 
its kind in the Mediterranean basin. The aim with this exercise is to test if ecological 
changes at the species and community level due to seasonality dynamics are perceptible 
at the ecosystem level or are dampened by concurrent ecological processes. 
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1.3. The Northwestern Mediterranean Sea as a case 
study 
1.3.1. Study area and sampling 

The Mediterranean Sea, with an extension of 2 969 000 km2 and a mean depth of 1 460 
m (Margalef, 1985; Coll et al., 2010) is one of the largest and widest basin on Earth. It is 
as well a hotspot of marine biodiversity with more than 17 000 species identified to date 
(Bianchi and Morri, 2000; Boudouresque, 2004; Coll et al., 2010).  

This thesis focuses on the Northwestern Mediterranean Sea. Chapters 2.1., 2.2. and 2.4. 
zoom in the continental shelf and the upper slope associated with the Ebro River Delta, 
whilst Chapter 2.3. focuses in the latitudinal gradient of the Catalan coast (Figure 5). A 
summary of the sampling data collection is described in Box 5.  

 

Figure 5. Map of the Ebro Delta and Catalan Sea in the Northwestern Mediterranean Sea. 
Blue triangles and red stars represent the geographical position of the sampling sites for 
the two ECOTRANS experimental fishing surveys conducted in winter and summer of 
2013, respectively (Chapter 2.1., 2.2. and 2.4.). Shaded areas delineate the three fishing 
areas (L’Escala, Barcelona and Tarragona) included in the study of small pelagic fish 
(Chapter 2.3.). 
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The study area serves as a spawning and nursery area for demersal and pelagic species 
(Palomera et al., 2007; Giannoulaki et al., 2013; Colloca et al., 2015) and has been 
identified as potential future climate refugee for small pelagic fish (Pennino et al., 2020b; 
Ramírez et al., 2021). However, this area together with the entire Mediterranean Sea is 
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increasingly exposed to anthropogenic impacts that threaten marine resources and 
ecosystems (Coll et al., 2012; Colloca et al., 2013; Fernandes et al., 2017; SAC, 2017; 
FAO-MED, 2020). In fact, recent studies record decreasing trends in the biomass and the 
conditions of small pelagic fish (Quattrocchi, 2017; Albo-Puigserver et al., 2021), as well 
as a wide overexploitation state of demersal commercial species (GFCM, 2021) and the 
effects of intense climate change, pollution and fishing impact (Pennino et al., 2020b, 
2020a; Ramírez et al., 2021). Assuring a sustainable management approach (FAO-MED, 
2018, 2020) is necessary to preserve the ecological and socio-economical relevance of 
this region. 

The Mediterranean Sea is defined by warm temperatures, high salinity and deep-water 
formation. Despite this area being mostly considered oligotrophic (Estrada, 1996), local 
features and mesoscale activities like riverine discharges, the Liguro-Provenzal current, 
upwelling events and vertical convection convert the Northwestern Mediterranean into a 
relatively high productivity area (Estrada, 1996). The area is characterized by having a 
high seasonality (Coll et al., 2010) with environmental seasonal gradients (Margalef, 
1985) (Figure 4 and 6). 

 

Figure 6. Figure from Sakalli 2017 showing monthly variation of 30-year sea surface 
temperature in the Mediterranean Sea. 

These variations in oceanographic and environmental conditions drive the seasonal 
distribution of nutrients and primary production. In summer, the high sea surface 
temperatures lead to the formation of a thermocline that can last between early spring and 
late autumn. This stratification of the water column translates into a lack of nutrients in 
the surface layers and the deep chlorophyll maxima (DCM) “sinking” to the bottom of 
the photic zone (Estrada, 1985). During autumn, there is a negative heat balance and 
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surface waters begin to cool. This induces the surface mixed layer to start sinking through 
convection until breaking the thermocline. In winter, the strong winds and the cool 
temperatures maintain the mixing of the water column and there is an increase of nutrients 
to the photic zone that can sustain high productivity (Figure 7 and 8). In spring with the 
increasing solar heating, the water column begins to stabilize again. The main 
phytoplankton bloom occurs in late winter-early spring when the water starts to stabilize 
(Estrada, 1996; Salat et al., 2002; Bosc et al., 2004). In the shallower areas and wide 
shelves (as is the case of the Ebro River delta), due to convection, some production can 
be sustained throughout most of the winter (Sabatés et al., 2007). A smaller bloom can 
also occur in autumn with the start of the mixing process that already brings some 
nutrients to the surface (Margalef and Castellví, 1967; Estrada, 1985, 1996). During end-
spring and summer months, the main source of nutrients in surface layers comes from 
river input and from some coastal upwelling events. The study area also receives some 
fresh run-off from the Ebro river and other small riverine inputs (i.e. Besos and Llobregat 
rivers), as well as from the Rhône river at the north (in France), which is transported 
through the Liguro-Provenzal-Catalan current that flows southwards along the 
continental slope. These freshwater inputs contribute to the lower salinity waters over the 
continental shelf (Salat et al., 2002). 

Since environmental factors are known to correlate with different aspects of marine 
species (e.g. physiological, trophic, spatial patterns, reproduction, etc.) and environmental 
factors are subjected to high seasonal variations, this emphasizes the importance of 
considering seasonality and phenology when investigating marine species dynamics 
inhabiting this area (Vilas et al., 2020; Lloret-Lloret et al., 2020, 2021). 

 

Figure 7. Figure from Lavigne et al., (2015) showing monthly vertical profiles of 
chlorophyll-a in the Northwestern Mediterranean Sea (42ºN, 5ºE, around the Gulf of 
Lion, in France). The black lines represent median value and the grey shaded areas the 
10-90 percentile range. The numbers in grey indicate the number of data profiles used in 
each case. 
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Figure 8. Monthly vertical profiles of chlorophyll-a for the area around the Ebro Delta 
shelf in the year 2013 (ECOTRANS sampling). Generated with data downloaded from 
Copernicus dataset (MEDSEA_MULTIYEAR_BGC_006_008, dataset med-ogd-bio-
rean-m; 
https://doi.org/10.25423/cmcc/medsea_multiyear_bgc_006_008_medbfm3)(Cossarini et 
al., 2021).  

1.3.2. State-of-the-art of seasonality studies in the Western 
Mediterranean Sea  

To have a better representation of the state-of-the-art of seasonality in the marine 
environment in the Western Mediterranean Sea, we performed a systematic review of the 
recently published literature by searching for the words “seasonality”, AND 
“Mediterranean Sea” in the Scopus Database (www.scopus.com). The search was 
restricted to the years 2013-2022. The objectives were: 1) analyze which levels of 
biological organization are the most studied in terms of seasonality in this area, and 2) 
what are the main topics/aspects analyzed in the studies that cover higher trophic 
organisms (higher than zooplankton).  

From the initial 2056 papers found, 623 were kept for further screening. Studies were 
classified based on the general topic covered (Physical oceanography, Biogeochemical 
oceanography, Ecology, Fisheries and Others), level of biological organization 
(Microbial, bacterial, parasites and virus; Benthic primary producers, Phytoplankton, 
Zooplankton, Other invertebrates, Echinoderms, Molluscs, Crustaceans, Cephalopods, 
Fish, Elasmobranchs, Marine mammals, Seabirds, Turtles, and Community level) and 
main aspects of their research (Spatial component, Trophic ecology, Physiological/ 
Biometrical indexes, Occurrence and abundance, Contaminants, parasites, microbes, 
disease and pathogens, Related to environmental variables, Ecosystem model and 

https://doi.org/10.25423/cmcc/medsea_multiyear_bgc_006_008_medbfm3
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Others). See Annex I (Supplementary materials - Introduction) for a detailed description 
of the methodology followed on the systematic review.  

Table 1 presents the number of articles in each category (or the combination of two or 
more) and a graphical simplification is presented in the pi-chart in Figure 9. Results show 
that 9% of the studies focus on “Others” and “Fisheries”, mostly covering environmental 
contaminants concentrations and distributions. About 33 % of the studies considering 
seasonality focus on “physical/biogeochemical oceanography” (e.g. biogeochemical 
models, ocean circulation, sea surface temperature, salinity, deep-water formation, 
chlorophyll, organic and inorganic nutrients, etc.). An additional 16 % of the studies 
focused on “Ecology of lower trophic” organisms (i.e. bacteria, microbes, parasites, virus, 
benthic primary producers, phytoplankton and zooplankton). Finally, 5 % of the studies 
focus on a combination of physical, biogeochemical oceanography and low trophic level 
ecology. This means that altogether, 54 % of the studies including seasonality focus on 
oceanographic and/ or primary producers and consumers (phytoplankton, algal, 
zooplankton and bacterial).  

Table 1. Number of articles on each category of the review. Numbers marked in bold 
denote de total value of that category. 

Topic Number of papers 
Physical oceanography 118 
Biogeochemical oceanography 7 
Physical + Biogeochemical oceanography 76 
Physical + Biogeochemical oceanography + Ecology 27 
 Ecology (Phytoplankton) 17 
 Ecology (Bacterial) 3 
 Ecology (Phytoplankton + Bacterial) 1 
 Ecology (Phytoplankton + Bacterial+ Zooplankton) 1 
 Ecology (Phytoplankton + Zooplankton) 4 
 Ecology (Fish) 1 
Biogeochemical oceanography + Ecology  6 
 Ecology (Phytoplankton+ Bacterial) 1 
 Ecology (Phytoplankton) 5 
Physical + Biogeochemical oceanography + Others 2 
Biogeochemical oceanography + Others 1 
Ecology 310 
 Ecology (low trophic level) 96 
 Ecology (low-high trophic level) 9 
 Ecology (high trophic level) 205 
Other + Ecology 20 
  Ecology (low trophic levels) 3 
 Ecology (low-high trophiclevels) 1 
  Ecology (high trophic levels) 16 
Others 42 
Fisheries 14 
Total  623 
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Figure 9. Pi-graph representing the different topics covered by the studies including 
seasonality in the Western Mediterranean Sea. 

Studies related to “Ecology of higher trophic” organisms (higher than zooplankton) 
represented 35 % of identified documents, and a small number of papers (2%) combined 
small and high trophic organisms’ ecology (Figure 9). Figure 10 shows the number of 
studies including seasonality in the Western Mediterranean Sea for each level of 
biological organization. It is important to mention that the category “Community level”, 
considered within “Ecology higher trophic levels”, includes studies related to 
macrozoobenthic invertebrates and meiofauna, which also included zooplankton species. 
From the results it is clear that the most studied “higher trophic” components are fish, 
followed by the community level and some invertebrate groups.  
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Figure 10. Number of studies including seasonality in the Western Mediterranean Sea 
for each level of biological organization. In orange, those related to “lower trophic” 
organisms and in aquamarine to “higher trophic” organisms. 

When focusing only on the studies of “higher trophic” organisms, most of them focused 
on species abundance and community assemblages (107 cases) (e.g. occurrence, landings, 
biomass, species richness, species diversity, mortalities, etc.) and on physiological/ 
biometrical indexes (98) (e.g. size, weight, sex ratios, reproduction, body condition (Kn), 
gonadosomatic index (GSI), hepatosomatic index HIS, enzymatic activity, nutritional 
condition, etc.) (Figure 11). Trophic ecology was only considered in 36 studies and 36 
additional ones measured parasites, pathogens, diseases and contaminants in tissue 
samples of organisms, mostly in mollusks (12) and fish (10). Interestingly, 148 studies 
included some type of spatial component. These studies mainly consisted on comparing 
samples from different areas or along a bathymetric gradient. In the case of seabirds, 
marine mammals and turtles it often included tracking techniques to monitor movement 
and migrations. However, very few case studies included species distribution models or 
habitat models. It is worth noting that 126 studies related their results to environmental 
variables and only two studies focused on using an ecosystem perspective. Figure 12 
shows the frequency of each aspect per level of biological organization. 
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Figure 11. Number of studies covering each aspect(s) in the Western Mediterranean Sea. 

 

Figure 12. Frequency of the aspects covered by the studies including seasonality in the 
Western Mediterranean Sea, per level of biological organization. 
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1.4. Objectives and structure of the thesis  

The final objective of this thesis is to broaden the knowledge on the functioning of the 
marine ecosystem from the Northwestern Mediterranean Sea incorporating the 
seasonality aspect in key ecological processes: body condition and fitness of marine 
species, species distributions, trophic ecology and, finally, the structure and functioning 
of marine food webs.  

The specific objectives are: 
1) To review the importance of seasonality in marine ecosystems, with emphasis 

on the Western Mediterranean Sea; 
2) To describe changes in the spatial distribution of key species in the study area 

in two seasons of the year and identify the environmental, ecological and 
anthropogenic factors that may be influencing the seasonal patterns; 

3) To investigate seasonal changes related to body condition, fitness and trophic 
ecology in key species of the ecosystem; 

4) To analyze and compare the structure of the food web, and quantify the spatial-
seasonal changes in the structure and functioning of the marine ecosystem. 

The objectives of the thesis are addressed through a systematic review, and the study of 
the demersal compartment (Chapter 2.1. and 2.2.), the pelagic compartment (Chapter 
2.3.), and the ecosystem as a whole (Chapter 2.4.). Seasonal variations are investigated 
in body condition and fitness, species spatial distributions, trophic ecology, and in 
ecosystem structure and functioning (Figure 13). 

Objective 1 was addressed by conducting a systematic review of the published literature. 
The results of this work have been presented in the introduction (section 1.3.2) to 
provide context and insight to the following chapters. It provides original information 
concerning seasonality in the Western Mediterranean Sea. 

Chapter 2.1. addresses objective 2 from a demersal perspective. The aim of this chapter 
was to study the seasonal patterns and main drivers of some of the most abundant 
commercial demersal species in the Mediterranean Sea, in order to have a better 
understanding on population dynamics. This was achieved through the use of species 
distribution models, more specifically, Bayesian species distribution models (B-SDMs) 
using INLA (Box 1). This chapter is published in a peer review journal:  

Lloret-Lloret, E., Pennino, M. G., Vilas, D., Bellido, J. M., Navarro, J., and Coll, M. 
(2021). Main drivers of spatial change in the biomass of commercial species between 
summer and winter in the NW Mediterranean Sea. Marine Environmental Research, 
164: 105227 (https://doi.org/10.1016/j.marenvres.2020.105227). 

To further investigate the seasonal variability of one species of high commercial interest, 
the European hake, B-SDMs were developed but a component of trophic behaviour and 
ontogenetic variations was added in the analysis (objectives 2 and 3). This analysis was 

https://doi.org/10.1016/j.marenvres.2020.105227
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thus complemented with a δ13C and δ15N stable isotope analysis (SIA), together with a 
Bayesian isotope mixing isotope model (MixSIAR) (Box 3) to identify summer-winter 
and adult-juvenile dietary changes (Chapter 2.2.). This works is published in a peer-
review journal: 

Lloret-Lloret, E., Navarro, J., Giménez, J., López, N., Albo-Puigserver, M., Pennino, M. 
G., and Coll, M. (2020). The seasonal distribution of a highly commercial fish is related 
to ontogenetic changes in its feeding strategy. Frontiers in Marine Science, 7, 1068 
(https://doi.org/10.3389/fmars.2020.566686). 

The next step was to address the seasonality factor in pelagic species, and explore the 
spatial-temporal variations in body condition, reproduction and trophic structure 
(objective 2 and 3). This was achieved through Chapter 2.3., which main objective was 
to analyze the temporal patterns of body condition, reproduction period and trophic 
ecology of two small pelagic fish (sardine and anchovy) along a latitudinal gradient of 
the Northwestern Mediterranean Sea. Seasonal variation in condition and reproduction 
(Kn, fatmeter and GSI) (Box 2) was analyzed and General Additive Models (GAMs) were 
run to investigate whether environmental and/or trophic variables could explain the 
observed variation with season and space. This work is published in a peer-review 
journal: 

Lloret-Lloret, E., Albo-Puigserver, M., Giménez, J., Navarro, J., Pennino, M.G., 
Steenbeek, J., Bellido, J.M. and Coll, M., 2022. Small pelagic fish fitness relates to local 
environmental conditions and trophic variables. Progress in Oceanography, 202:102745 
(https://doi.org/10.1016/j.pocean.2022.102745). 

After approaching the aspect of seasonality from a demersal and pelagic perspective and 
covering several ecological aspects, the last objective was to look at the ecosystem as a 
whole (objective 4). To investigate seasonal structural dynamics and ecosystem 
functioning, three Ecopath models using the Ecopath with Ecosim (EwE) approach were 
developed; two of them represent contrasting seasons (summer vs winter) and the third 
one represents an annual average to compare the differences between the two modelling 
strategies (Chapter 2.4.). The final objective of this work was to analyze the possible 
differences in the ecosystem (in terms of structure, functioning and ecological roles of 
key species) between the three models and thus the knowledge gain from them. This work 
is being prepared for submission to a peer review journal: 

Lloret-Lloret, E., Christensen, V., Navarro, J., Pennino, M.G., Steenbeek, J. and Coll, 
M., Effects of seasonality on the structure and functioning of a Mediterranean Sea 
ecosystem. Ecosystems, to be submitted. 

https://doi.org/10.3389/fmars.2020.566686
https://doi.org/10.1016/j.pocean.2022.102745
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Figure 13. Schematic representations of the different aspects covered in this thesis. 
Seasonality was approached at different levels of biological organization; demersal, 
pelagic and at ecosystem level (represented in pale brown). Seasonal variations were 
investigated in body condition and fitness, species spatial distribution, trophic ecology, 
and at ecosystem structure and functioning (represented in beige).
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2.1. Main drivers of spatial change in the biomass of 
commercial species between summer and winter in the 
NW Mediterranean Sea 

Elena Lloret-Lloret, Maria Grazia Pennino, Daniel Vilas, José María Bellido, Joan 
Navarro and Marta Coll 

Lloret-Lloret, E., Pennino, M. G., Vilas, D., Bellido, J. M., Navarro, J., and Coll, M. 
(2021). Main drivers of spatial change in the biomass of commercial species between 
summer and winter in the NW Mediterranean Sea. Marine Environmental Research, 164: 
105227 (https://doi.org/10.1016/j.marenvres.2020.105227).
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Abstract 

There is a general lack of information related to the spatial structure and functioning of 
marine ecosystems considering seasonality. Here, we modelled the biomass distribution 
of eight commercial marine species in the Northwestern Mediterranean Sea during winter 
and summer. We hypothesised that the seasonal differences of the water column and the 
spatial heterogeneity of oceanographic conditions in the study area could result in 
seasonal variations on the species biomass distributions. We employed a Bayesian 
hierarchical species distribution modelling approach (B-SDM) with data from two 
experimental trawl surveys to analyse which are the significant drivers in each season. 
Our results showed that bathymetry, temperature and fishing patterns are important 
variables explaining the species spatial biomass distributions. Furthermore, we found 
seasonal differentiation in the spatial distribution of biomass for all the studied species. 
Our results provide essential knowledge about the seasonal distributions of key species 
in the Mediterranean Sea, with important management implications. 
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2.1.1. Introduction 

The knowledge about species spatial-temporal distributions is key for understanding 
population dynamics and marine ecosystem functioning (Chase and Leibold, 2003). It is 
also fundamental for the management of fisheries and spatial planning of human activities 
(Guisan and Zimmermann, 2000; Guisan et al., 2013). Individuals tend to aggregate 
where there are the resources necessary to achieve their maximum fitness. Therefore, 
species habitat suitability and distribution depend on biotic and abiotic factors such as 
prey availability, predation risk, and environmental conditions (Carney, 2005; Morfin et 
al., 2012).  

Statistical and data geo-processing tools have stimulated the use of species distribution 
models (SDMs) to investigate spatial patterns of marine species across geographical areas 
(Guisan and Zimmermann, 2000; Elith and Leathwick, 2009; Martínez-Minaya et al., 
2018). These include patterns and drivers of species distribution in the Mediterranean Sea 
for finfish (Navarro et al., 2015), elasmobranchs (Pennino et al., 2013), cephalopods 
(Puerta et al., 2015) and crustaceans (Demestre et al., 2000). In these studies, species 
distributions are explained by particular biological, environmental and human-related 
variables, mainly bathymetry and temperature (Katsanevakis et al., 2009; Navarro et al., 
2015). However, most of these studies concentrated on inter-annual variability and did 
not consider seasonality (Pennino et al., 2019).  

The Northwestern Mediterranean Sea is characterized by clear environmental seasonal 
gradients, with a marked thermocline in summer and the absence of it in winter (Margalef, 
1985). The high Mediterranean summer temperatures lead to the formation of the 
thermocline, which is well defined between early spring and late autumn. The 
stratification of the water column prevents vertical mixing and the diffusion of nutrients 
to the surface layer. On the other hand, in winter, winds cause the cooling of the surface 
and the mixing of the water column, which results on vertical mixing and an increase of 
nutrients to the photic zone. All this translates to a strong seasonality on primary 
production. Surface phytoplankton blooms occur in autumn related to the beginning of 
the mixing process and again in winter-early spring when the surface waters begin to 
stabilize and coincides with strong riverine inputs (Estrada, 1996; Salat et al., 2002).  

In fact, the Mediterranean Sea is not the only marine environment subjected to 
environmental seasonality. According to Valiela (1995), seasonal cycles are the result of 
the interplay between biological, chemical, meteorological and physical factors. Some 
areas, like tropical waters, have more constant conditions and nutrients and thus, little 
seasonal changes occur in phytoplankton blooms; whereas others, like temperate regions, 
have a clear seasonal distinction (Valiela, 1995). Therefore, seasonal cycles take place in 
all marine ecosystems but have a specific pattern in each area and may have different 
impacts on marine species.  

Since environmental factors driving species distributions vary seasonally in the 
Northwestern Mediterranean Sea (Salat et al., 2002), these could result in a seasonal 
variation of species distributions in the area. In fact, some studies looked into seasonal 
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spatial-temporal distribution and habitat use of commercial demersal species, like the tub 
gurnard (Chelidonichthys lucernus), annular seabream (Diplodus annularis), European 
anglerfish (Lophius budegassa) and European hake (Merluccius merluccius) in the 
Aegean Sea (Katsanevakis et al., 2009). Furthermore, Puerta et al., (2016) studied the 
seasonal variability of cephalopods (Illex coindetii, Eledone cirrhosa, Octopus vulgaris) 
in the Northwestern Mediterranean Sea. Both studies concluding that species spatial 
seasonal patterns depend on seasonal variation of local environmental variables (i. e., 
temperature, salinity and primary production). 

A previous analysis also described seasonal variations of biodiversity patterns of a 
demersal community in our study area (Vilas et al., 2020). The aim of this paper is to go 
further and investigate the specific winter and summer distribution patterns and main 
drivers of eight demersal species (fish, crustacean and cephalopod), which are of 
commercial relevance in the Northwestern Mediterranean Sea. Specifically, we analysed 
European hake (Merluccius merluccius), two anglerfish species (Lophius budegassa and 
Lophius piscatorius), red mullet (Mullus barbatus), shortfin squid (Illex coindetii), 
horned octopus (Eledone cirrhosa), harbour crab (Liocarcinus depurator) and mantis 
shrimp (Squilla mantis) in the southern Catalan area (Northwestern Mediterranean). We 
applied spatiotemporal modelling approaches (Blangiardo et al., 2013; Blangiardo and 
Cameletti, 2015) to identify significant drivers of biomass distribution in each season and 
investigate if they are specific or common to all the studied species. Specifically, we used 
a Bayesian hierarchical species distribution model (B-SDM) approach, which is an 
increasingly used methodology in the marine field (Pennino et al., 2013). We also 
analysed the functional relationships between the predicted and explanatory variables for 
winter and summer. We hypothesised that the seasonal differences in the water column 
and the spatial heterogeneity of the oceanographic conditions in the study area could 
result in variations on the distributions of the species biomass between winter and summer 
that can be triggered by environmental thresholds and/or feeding conditions.  

This is the first study to use a Bayesian approach to analyse seasonal distribution for 
several of the most abundant demersal species in the Northwestern Mediterranean Sea. 
Bayesian models, and more specifically point-references spatial models, are suitable for 
data observed at continuous locations within a defined space (Muñoz et al., 2013). By 
using a B-SDM instead of a frequentist approach we obtained a posterior probability 
distribution for the response parameters and quantifiable sources of uncertainty that are 
more easily interpretable. Furthermore, we were able to model the spatial autocorrelation 
and account for the boundary effect, which is relevant when a small area close to the coast 
is investigated. 

The ecological and socioeconomic relevance of the Mediterranean Sea emphasizes the 
need for a sustainable environmental management approach (FAO-MED, 2018). With 
this study, we aim to contribute to the knowledge about the ecological and anthropogenic 
drivers that cause species to undergo spatial movements, which is essential to investigate 
species distribution shifts under future scenarios of climate change or other adverse 
conditions. Our results can be of support for relevant policies such as the implementation 
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of an ecosystem-based fisheries management (GFCM, 2012) and marine spatial planning 
approaches (EU 2014; Ehler & Douvere 2009).  

2.1.2. Materials and methods 

 Study area 

Our study was conducted in the northwestern Mediterranean Sea, between Barcelona and 
Castellon de la Plana (Figure 1), which includes the area adjacent to the Ebro river Delta. 
The study covers an extension of ~8 000 km2, including the continental shelf and upper 
slope. When compared to other marine regions, the continental shelf of our study area is 
considered narrow (Salat et al., 2002) but in relation to the Iberian Peninsula coast, this 
area has a wider continental shelf, especially in the southern part, which corresponds to 
the Ebro river Delta and the Gulf of Valencia shelf, (Salat et al., 2002). It is also a 
relatively high primary production area, mainly due to local and regional features like the 
Ebro river inputs, the Liguro-Provenzal current and a local upwelling associated to the 
Ebro river (Salat et al., 2002; Bosc et al., 2004). The Mediterranean Sea is characterized 
by contrasting environmental gradients; with biological production decreasing from west 
to east and from north to south, inversely related to temperature and salinity, as well as a 
strong seasonality in environmental parameters like sea surface temperature (Coll et al., 
2010). The area is mainly dominated by sediments of mud and clay, and sand takes up in 
the coastal areas (Demestre et al., 2000). 

 

Figure 1. Study area and geographical positions of the sampling sites for winter and 
summer seasons of the ECOTRANS survey. 
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It is widely accepted that the Mediterranean Sea bears high levels of fishing activity and 
many assessed demersal species in European waters and elsewhere are classified as fully 
exploited or overexploited (Colloca et al., 2013; Fernandes et al., 2017; FAO-MED, 2018; 
FAO, 2020). In this context, the area covered by our study is a highly exploited region, 
mainly by the bottom trawls and purse seiners fleet (Merino et al., 2019), and yields 
important catches of demersal fish and crustacean species, as well as small pelagic fish 
species. 

Data collection and species selection 

Data were obtained from two experimental trawl surveys carried out in winter (22 
February-8 March) and summer (2-17 July) of 2013 in the study area (ECOTRANS 
project CTM2011-26333, 2012-20141, Spanish Government) on board of the R/V 
Angeles Alvariño. The ECOTRANS surveys were performed following MEDITS 
trawling protocols (Bertrand et al., 2002) using a GO73 experimental mesh of 10 mm 
(stretched mesh). To minimise bias (for example derived from daily vertical migration) 
both surveys were carried during day time. Sampling sites were randomly distributed over 
the coastal and continental shelf areas and the upper slopes with a total of 82 hauls 
conducted, 37 in winter and 45 in summer (Figure 1). On board, all organisms were 
identified and classified to the lowest taxonomic level. CTD measures (CTD SeaBird 25) 
were incorporated in the sampling gear and in situ environmental variables; Sea Surface 
Salinity (SSS, PSU), Sea Surface Temperature (SST, ºC), Sea Bottom Temperature (SBT, 
ºC) and primary production (Chl-a, mg·m-3) were recorded for each haul. 

Here we focused on the spatial distribution of eight demersal species including fish, 
cephalopod and crustacean that were most abundant during the two surveys and that are 
of high commercial importance in this area. These include four species of fish: European 
hake (Merluccius merluccius), European anglerfish (Lophius budegassa), anglerfish 
(Lophius piscatorius) and red mullet (Mullus barbatus); two species of cephalopods: 
shortfin squid (Illex coindetii) and horned octopus (Eledone cirrhosa), and two species of 
crustaceans: harbour crab (Liocarcinus depurator) and mantis shrimp (Squilla mantis). 
Biomass (kg·km-2) estimates were calculated from the experimental survey dataset using 
the widely accepted swept area method and were used as the response variables to 
generate the species distribution models for both seasons (Vilas et al., 2020). 

Environmental and anthropogenic variables 

Six environmental variables were selected as explanatory predictors for the statistical 
models: SSS, SST, SBT, Chl-a, bathymetry (in meters) and type of substrate. In addition, 
seasonal fishing effort was included as an anthropogenic variable.  

In order to use precise environmental data matching the sampling in time and area, SST, 
SSS, SBT and Chl-a variables were continuous data extracted from the CTD 
measurements. QGIS software (QGIS-Development-Team, 2012) was used to interpolate 
data collected in situ during the survey and generate raster maps of the entire study area 
with a 0.1 x 0.1 degree spatial resolution, for both seasons (Figure 2a to 2h). Bathymetry 
and substrate data were obtained from EMODnet bathymetry (http://portal.emodnet-

http://portal.emodnet-bathymetry.eu/
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bathymetry.eu/) and EMODnet seabed habitat open sources (http://www.emodnet-
seabedhabitats.eu/) with a 0.1 x 0.1 degree spatial resolution. The type of substrate was 
the only categorical variable and included seven substrate types (sandy mud, sand, rock 
or other hard substrata, Posidonia oceanica meadows, muddy sand, fine mud and coarse 
and mixed sediment) (Figure 2). Using sea surface environmental variables (temperature 
and salinity) for modelling demersal species has been previously used (Sion et al., 2019; 
Vilas et al., 2020) when at the sampling depth data were not accurate. Furthermore, it was 
not possible to implement INLA-corrections for the misalignment (Barber et al., 2016) as 
the small study area and the limited number of samples hindered the further 
parametrization of the model.  

We aimed to consider a representation of the spatial distribution of the fishing activity in 
each season of 2013 (representing the fact that the vessels are at certain location on a 
certain time of the year) to analyze if this factor was related to the distribution of the 
studied species. On that aim, the spatial distribution of seasonal fishing effort was 
interpolated from summer and winter 2013 Vessel Monitoring System (VMS) data, 
provided by the General Secretariat of Fisheries of the Spanish Ministry of Agriculture, 
Food and Environment. VMS is a mandatory tool for European fishing vessels of more 
than 15 meters length since 2005 (European Union, 2003). Despite VMS presents some 
limitations, one of which is the underestimation of fishing effort due to lack of monitoring 
systems for certain type of vessels, it stills a good representation of the activity related to 
trawling, which has the highest impact on the demersal community in our study area. We 
used a point density estimation as the index of fishing intensity (Lee et al., 2010; Lambert 
et al., 2012) for each season. A speed filter between 2 and 4.4 knots was applied to select 
fishing trajectories (Lee et al., 2010; Lambert et al., 2012; Russo et al., 2013; Vilas et al., 
2020). Filtered data were plotted and interpolated to 0.1 x 0.1 degree spatial resolution 
using QGIS software (QGIS-Development-Team, 2012) (Figure 2i and 2j). This variable 
did not consider the cumulative impact of fishing in the ecosystem, which would affect 
both seasons similarly. 

 

http://portal.emodnet-bathymetry.eu/
http://www.emodnet-seabedhabitats.eu/
http://www.emodnet-seabedhabitats.eu/
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Figure 2. Spatial distribution of the environmental and anthropogenic variables (Sea 
Surface Temperature (SST, ºC), Sea Bottom Temperature (SBT, ºC), Sea Surface Salinity 
(SSS, PSU), primary production (Chl-a, mg/m3), seasonal fishing effort (vessel density), 
bathymetry (m), and seabed substrate) for winter and summer. 

Species distribution modelling 

Model estimation 

We used a hierarchical Bayesian distribution model to identify relevant environmental 
and human-related drivers of species biomass distribution in each season and examine 
whether they were specific or common to the studied species. We applied the Integrated 
Nested Laplace Approximation (INLA) methodology and software (http://www.r-
inla.org/), which is a deterministic algorithm in the Bayesian inference (Rue et al., 2009). 
INLA was specifically designed for latent Gaussian models and has a greater accuracy 
and a shorter computing time than Monte Carlo or Markov chain Monte Carlo (MCMC) 
(Blangiardo and Cameletti, 2015). Furthermore, INLA implements the Stochastic Partial 
Differential Equations (SPDE) (Lindgren et al., 2011; Bakka et al., 2018; Krainski et al., 
2019) approach for the spatial effect (W), which approximates a continuously indexed 
Gaussian Field (GF) with a Matérn covariance function (Q) by a Gaussian Markov 
Random Field (GMRF). The spatial effect is a numeric vector linking each observation 
to a spatial location, and thus, it accounts for independent region-specific noise that 
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cannot be explained by the available covariates (Muñoz et al., 2013). The spatial random 
effect is useful for uneven or irregular sampling and accounts for the spatial association 
not explained by the variables themselves (Gelfand et al., 2006). As recommended by 
Lindgren and Rue (Lindgren and Rue, 2015), multivariate Gaussian distributions with 
mean zero and a spatially-structured covariance matrix were assumed for the spatial 
component. The SPDE function included in INLA uses a triangulation mesh of Delaunay 
around the sampling points, with the advantage that it creates smaller and denser triangles 
where there are higher observations, adding accuracy (Electronic supplement Figure S1). 
Overall, the triangulation represents an advantage over a regular grid as it has a quicker 
computing time and accounts for boundary effects (Pennino et al., 2013). 

As no prior information was available about the response variables, vague Gaussian priors 
(zero mean with a variance of 100) were assigned for all of them, and sensitivity analysis 
was performed to verify the shape of posterior distributions.  

As models using a Gaussian and (log +1) transformation did not follow the theoretical 
assumptions of normality and heterogeneity, a Gamma distribution was used (see also, 
Electronic supplements, Table S2) (eqn 1). 

(eqn 1) 
Yi ˜ Gamma (μi, r) 
log (μi) = α(Y) +Xiβ + Wi

(Y)
 

Wi ~Normal (0, Q(K, τ) 

where, μi and r represent the probability and variance of biomass at location i. α(Y) is the 
intercept; β is the vector of regression parameters, Xi is the matrix of the explanatory 
covariates at location i and the final component Wi

(Y) refers to the spatial effect. Prior 
Gaussian distributions with a zero mean and covariance matrix (Q) was assumed for the 
spatial component, which depends on the hyperparameters k and τ, and determine the 
range of the effect and the total variance, respectively. 

For those species which percentage of zero values was more than 50%, a joint model of 
presence-absence and biomass had to be developed instead (eqn 2). This was the case of 
S. mantis and L. piscatorius. Here, the spatial distributed occurrence was modelled using 
a binomial distribution and the conditional-to-presence biomass with a gamma 
approximation. 

  (eqn 2) 
Yi ˜ Bernoulli(πi) 
Zi ˜ Lognormal (μi, σ2 i) 
logit (πi) = α(Y) +Xiβ +Wi (Y) 
log (μi) = α(Z) +Xiβ +Wi

(Z) 

where, πi represents the probability of occurrence at location i and μi and σ2 i are the mean 
and variance of the conditional-to-presence biomass. α(Y) and α(Z) are the linear predictors 
containing the effects to which these parameters πi and μi are linked. β is the vector of 
regression parameters, Xi is the matrix of the explanatory covariates at location i and Wi

(Y) 
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and Wi 
(Z) refer to the spatial effect of the occurrence and conditional-to-presence biomass, 

respectively. 

All environmental variables were aggregated into the same spatial resolution of 0.1 x 0.1 
degrees for each season using the “raster” package (Hijmans, 2018) in the R software (R 
version 3.5.1.) (R Development Team, 2018). Finally, after an exploratory analysis, in 
order to better interpret, both the direction (positive or negative) and magnitudes (effect 
sizes) of parameter estimates in relation to the others, the explanatory variables were 
standardized (difference from the mean divided by the corresponding standard deviation) 
(Gelman et al., 2008; Hereford et al., 2004). Finally, all the variables were checked for 
linearity with the draftsman’s plot and multi-collinearity using the corvif function of the 
R software that assesses the Generalized Variance-Inflation Factors (GVIF) (Fox and 
Weisberg, 2011). A GVIF lower than 3 was found in the explanatory variables for 
summer models (Zuur et al., 2010). However, for winter models, a GVIF higher than 3 
was found for SSS and SBT. These variables were not directly excluded from the model 
selections. To determine whether they were relevant or not, models were run with and 
without these variables and correlation and variability were checked. Only for two of the 
models (M. barbatus and E. cirrhosa) these variables were identified to be relevant and 
included in the model selection (Table 1). 

 Model selection 

All the combinations between explanatory variables were tested and the best fitted models 
were selected using three statistical criteria: Deviance Information Criterion (DIC) 
(Spiegelhalter et al., 2002), Watanabe-Akaike Information Criterion (WAIC) (Watanabe, 
2010) and Log-Conditional Predictive Ordinates (LCPO) (Roos and Held, 2011) and 
based on ecological relevance. Models with lower DIC and WAIC indicated a better fit, 
while LCPO measure the predictive power of the model, with lower values indicating a 
better model. Finally, the best-fit model included only relevant predictors and the random 
spatial component that accounts for the intrinsic spatial variability of the species 
distribution after the exclusion of the variables included in the analysis. 

Model prediction 

After obtaining the prediction in the selected location, there are additional functions that 
linearly interpolate the results within each triangle into a finer regular grid. As a result of 
the process, for each point of the area, we obtained a predictive posterior distribution of 
species biomass for the whole study area. 

Finally, in order to plot the predictive functional response between the selected 
explanatory variables and the predicted biomass values, we used the “ggplot” package 
(Wickham, 2016) of the R software to apply a smoothing function to capture the general 
patterns in the spatial trend of the species in the whole study area, while also reducing the 
noise. It is essential to point out the difference between the estimated coefficient of each 
variable in each model and the functional responses. The functional responses are 
produced from the predicted biomass of the entire area. On the other hand, the estimated 
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coefficients correspond to the relationship between the explanatory variable and the 
response variable in each observed data point (Lopes et al., 2019).  

Model evaluation and calibration 

To evaluate the goodness of the selected model, we used the R-ILNA internal cross-
validation, which consists on a leave-one-out cross-validations. Through this, we 
obtained a failure vector for each one of our observations going from 0 to 1 (values equal 
to 0 indicate that the predictive measure for that particular observation is reliable, values 
equal to 1 mean it is not reliable). The goodness of the model was tested by adding all the 
failure vectors of our dataset (Blangiardo and Cameletti, 2015). Furthermore, to assess 
the predictive accuracy of the selected model and the fit of the predicted model; predicted 
and observed values using the full dataset were compared using Spearman’s spatial 
correlations r with the “corLocal” function (Hijmans, 2018) of the R software. This 
function allows computing this measure for two spatial objects using a focal 
neighborhood and thus taking into account distance. The values of Spearman’s correlation 
range from -1 to 1, being 1 equal to a perfect positive correlation between the two datasets 
(Spearman, 1904). 

2.1.3. Results 

Spatial distributions 

A significant positive correlation between the predicted and observed values of biomass 
was observed for all the final selected models, showing that the models performed well 
in capturing species habitat preferences (Table 1). The “failure vectors” approach 
proposed by (Blangiardo and Cameletti, 2015) also presented low values, proving the 
goodness of the selected models (Table 1). The predicted biomass distribution maps 
(Figure 3) showed species-specific distribution patterns, which mostly varied from winter 
to summer. Note that, as the maps of Figure 3 have been standardized, we are therefore 
comparing differences in the spatial distribution of relative biomass. 

Fish: Fitted biomass distribution maps showed relative high values for M. merluccius in 
the northern part of the study area, in front of Tarragona harbour (Figure 3a and 3b). This 
region of biomass hotspot was common to both winter and summer. However, biomass 
was more homogenously distributed in winter, while in summer it was restricted to the 
end of the continental slope in the southern part. The biomass of M. barbatus in winter 
was confined to the north-eastern area. However, in summer it was distributed through 
most of the study area with maximum relative values next to Castellon de la Plana and 
offshore of the Ebro river Delta (Figure 3e and 3f). L. budegassa showed higher relative 
biomass around the Ebro Delta in both seasons, but the main hotspot was in front of the 
Ebro Delta in winter and was located further south in summer (Figure 3c and 3d). In 
winter, L. piscatorius biomass was on the shallower parts of the Ebro Delta and in front 
of Castellon de la Plana. In summer, the biomass of the species moved northward, 
concentrating mostly between the Ebro Delta and the Cape of Salou (Figure 3g and 3h).  
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Figure 3. Distribution of the posterior mean of relative biomass for each species, in each 
season. All results are standardised and share a common scale ranging from 0 to 1. 

Cephalopods and crustaceans: The squid I. coindetii showed a wider and more 
homogenous biomass distribution in winter, occupying most of the study area. In summer, 
the species moved northward showing maximum relative values next to Salou and 
Tarragona (Figure 3i and 3j). The octopus E. cirrhosa showed a similar spatial biomass 
distribution of northward movement during summer. In winter, the biomass was located 
mostly from the Ebro river Delta southward and from the Delta north-eastward in summer 
(Figure 3k and 3l). The species moved closer to the shore during summer. 

S. mantis biomass concentrated around the Ebro Delta in winter, while the distribution 
expanded northward and southward occupying all the coast of the study area in summer 
(Figure 3m and 3n). L. depurator showed a relative high biomass at the end of the 
continental slope in winter, between Castellon de la Plana and de Ebro Delta. The biomass 
remained on this area but also expanded up to the mouth of the Ebro river and southward 
in summer (Figure 3o and 3p). 
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Explanatory variables relating to biomass spatial distribution 

Combinations of the explicative variables considered (SSS, SBT, SST, Chl-a, seasonal 
fishing effort, bathymetry and type of substrate) explained the species biomass 
distribution fairly well, while there was a species-specific combination of drivers for each 
season (Table 1, Figure 4). All the models selected included the random spatial 
component that accounts for the intrinsic spatial variability of the species distribution 
after the exclusion of the variables included in the analysis.  

 

 
Figure 4. Explanatory variables selected for each model in a) winter and b) summer. The 
ecological and statistical weight of each variable are represented: (+) indicates a general 
positive relationship of the variable with the biomass and (-) a negative relationship. The 
numbers underneath show the exact value for the contribution of each variable in the final 
model. The colours represent the range of relevance, of each variable within the model. 

A 

B 
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Table 1. Numerical summary of the posterior distribution for the selected model of each 
species in A) winter and B) summer. Mean, standard deviation (SD), median (Q0.5) and 
a 95% credible interval (Q0.025 - Q0.975). Variables acronyms are: SSS (Sea Surface 
Salinity, PSU), SST (Sea Surface Temperature, ºC), SBT (Sea Bottom Temperature, ºC) 
and Chl-a (Chlorophyll-a, mg/m3). Deviance Information Criterion (DIC) and Watanabe-
Akaike Information Criterion (WAIC) scores measure goodness-of-fit for each model. 
Spearman’s spatial correlations ρ, between observed and predicted values indicate the 
goodness of the predictions. The * symbols marks the significance (p-value <0.01) of this 
correlation. The column “Failures”, indicates the sum of the failure vector calculated by 
the internal leave-one-out cross validation of R-INLA.  
 

A)  Predictor Mean SD Q0.025 Q0.5 Q0.975 DIC WAIC ρ Failures 

W
IN

T
E

R
 

Merluccius 
merluccius 

Intercept 1.99 0.73 0.57 1.99 3.44 

267.47 266.08 0.49* 0.84 
Chl-a -0.25 0.18 -0.62 -0.25 0.1 

Seasonal 
fishing 
effort 

0.3 0.28 -0.26 0.3 0.86 

Lophius 
budegassa 

Intercept 5.01 1.52 2.29 4.91 8.24 

311.04 309.3 0.78* 0.54 Bathymetry 2.76 1.61 -0.09 2.65 6.19 
SST 0.01 0.36 -0.69 0.01 0.73 

Chl-a 0.22 0.21 -0.2 0.22 0.63 
Lophius 

piscatorius 
Intercept 1.54 1.38 -1.23 1.56 4.23 67.88 79.53 0.61* 12.04 SSS -0.72 1.18 -3.06 -0.71 1.6 

Mullus 
barbatus 

Intercept 3.04 1.89 -0.2 2.88 7.17 

222.8 223.57 0.64* 1.5 

Bathymetry -1.62 2.18 -5.4 -1.8 3.07 
Chl-a 0.53 0.45 -0.38 0.53 1.4 

Seasonal 
Fishing 
Effort 

-1.29 0.44 -2.15 -1.28 -0.44 

SBT -0.08 0.3 -0.65 -0.09 0.54 

Illex 
coindetii 

Intercept 3.68 1.32 1.24 3.63 6.41 

292.26 290.35 0.59* 1.55 

Bathymetry 1.22 1.38 -1.35 1.17 4.09 
SST -0.2 0.3 -0.79 -0.21 0.4 

Seasonal 
Fishing 
effort 

0.08 0.27 -0.45 0.08 0.62 

Eledone 
cirrhosa 

Intercept 3.86 1.58 0.99 3.78 7.18 

331.98 330.47 0.52* 0.18 

Bathymetry 1.06 1.67 -1.98 0.98 4.55 
SST 0.13 0.39 -0.62 0.13 0.9 
SSS 0.39 0.73 -1.05 0.4 1.81 

Seasonal 
Fishing 
effort 

-0.16 0.29 -0.73 -0.16 0.42 

Liocarcinus 
depurator 

Intercept -2.98 1.26 -5.33 -3.02 -0.39 

57.87 59.74 0.66* 3.18 

Substrate 
type -0.36 0.16 -0.67 -0.36 -0.05 

Bathymetry -1.73 1.3 -4.18 -1.77 0.95 
SST -0.04 0.29 -0.61 -0.04 0.52 

Seasonal 
Fishing 
effort 

0.63 0.25 0.15 0.63 1.12 

Squilla 
mantis 

Intercept 0.27 1.24 -2.27 0.3 2.66 110.42 111.66 0.84* 8.51 SST -0.63 0.63 -1.87 -0.63 0.6 
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B)  Predictor Mean SD Q0.025 Q0.5 Q0.975 DIC WAIC ρ Failures 

SU
M

M
E

R
 

Merluccius 
merluccius 

Intercept 2.39 0.67 1.07 2.38 3.72 

329.99 327.83 0.51* 0 

SSS -0.2 0.21 -0.62 -0.2 0.22 
Chl-a -0.12 0.36 -0.83 -0.12 0.59 

Seasonal 
Fishing 
effort 

0.32 0.29 -0.23 0.32 0.89 

Lophius 
budegassa 

Intercept 4.5 2.06 0.6 4.45 8.68 

347.82 347.42 0.69* 1.6 

Bathymetry 2.76 2.46 -1.95 2.72 7.68 
SSS -0.33 0.25 -0.82 -0.33 0.16 
SBT -0.76 0.17 -1.07 -0.77 -0.42 

Fishing 
effort 0.44 0.3 -0.15 0.43 1.04 

Lophius 
piscatorius 

Intercept 0.77 1.27 -1.75 0.78 3.25 
67.5 143.12 0.63* 8.27 Substrate 

type 0.38 0.28 -0.16 0.37 0.96 

Mullus 
barbatus 

Intercept 2.4 0.7 1.04 2.4 3.78 

243.23 244.22 0.44* 2 
Substrate 0.91 0.27 0.37 0.91 1.45 
Seasonal 
Fishing 
effort 

-0.38 0.28 -0.92 -0.38 0.16 

Illex 
coindetii 

Intercept 3.1 0.6 1.91 3.1 4.27 

372.42 372.26 0.60* 1.42 SSS -0.39 0.19 -0.77 -0.39 -0.01 
SBT -0.79 0.21 -1.19 -0.8 -0.35 
Chl-a 0.39 0.36 -0.3 0.39 1.1 

Eledone 
cirrhosa 

Intercept 1.57 0.64 0.32 1.57 2.83 

282.14 281.98 0.69* 1.53 
SBT -0.76 0.14 -1.02 -0.76 -0.47 

Seasonal 
Fishing 
effort 

0.38 0.26 -0.13 0.38 0.9 

Liocarcinus 
depurator 

Intercept 0.64 0.6 -0.55 0.65 1.8 

182.46 183.8 0.78* 3.95 SST -0.37 0.17 -0.71 -0.37 -0.04 
SSS -0.23 0.12 -0.46 -0.23 0 
SBT -0.34 0.15 -0.63 -0.34 -0.03 

Squilla 
mantis 

Intercept -1.28 1.05 -3.46 -1.25 0.7 64.96 67.47 0.66 7.35 SBT -0.09 0.16 -0.4 -0.1 0.23 

Environmental variables and patterns for fish species: The spatial distribution of the 
biomass of M. merluccius was driven by Chl-a and seasonal fishing effort in winter and 
summer (Figure 4 and Table 1). In both seasons, the posterior mean of the model showed 
a negative relationship between Chl-a and biomass of M. merluccius and a positive 
relationship between seasonal fishing effort and biomass. The predicted functional 
response of the species biomass to seasonal fishing effort was very similar in both 
seasons, whereas it differed for Chl-a (Figure 5).  

The spatial distribution of the biomass of M. barbatus showed a negative relationship 
with seasonal fishing effort (Figure 4 and Table 1) and similar predicted functional 
responses for both seasons. In winter, the species biomass was driven by bathymetry, 
SBT, seasonal fishing effort and Chl-a, all having a negative impact on the biomass 
distribution, except the latter one. Whereas in summer, the biomass distribution was 
driven by seasonal fishing effort and type of substrate (with the predicted functional 
response suggesting a preference for fine mud and sand).  

L. budegassa was positively impacted by bathymetry, SST and Chl-a in winter and the 
extracted functional response suggests a preference for depths deeper than 400m. In 
summer, this species showed a positive relationship with seasonal fishing effort and 
negative with SSS, and the predicted functional curves show that preferred salinity levels 
were around 37.8 PSU (Figure 5). Results also showed a negative relationship with SBT 
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(Figure 4b and Table 1) and the functional response curve predicted a decrease in biomass 
with SBT values of up to 16.5 ºC k(Figure 5). L. piscatorius biomass was driven by SSS 
in winter, showing a negative response to this variable (Figure 4a and 5; and Table 1). 
The predicted functional response curve also showed maximum biomass values at the 
lowest salinity levels. The habitat preference was determined by the type of substrate, 
suggesting a preference for sandy mud in summer (Figure 4b and 5, Table 1). 

Environmental variables and patterns for cephalopods and crustaceans: I. coindetii 
showed a negative relationship with SST and a positive relationship with seasonal fishing 
effort in winter (Figure 4a, Table 1). This species was predicted to occur in highly fished 
areas with preferred temperatures of either 12.4 or 13ºC (Figure 6). The estimated 
coefficient showed a negative relationship with SBT and SSS, and a positive one with 
Chl-a in summer. According to the predicted functional response, the species could occur 
in areas with high salinity values and high Chl-a values in summer (Figure 4b and 6, Table 
1). E. cirrhosa and I. coindetii shared certain similarities in their models (Table 1 and 
Figure 4), but with different predicted functional responses to the explanatory variables 
(Figure 6). In the summer models, SBT was common to both cephalopods presenting a 
negative relationship with biomass. Results of the estimated coefficients for E. cirrhosa 
showed a positive relationship with SST and SSS and negative with seasonal fishing effort 
in winter. The predicted functional responses show that the species could occur in areas 
with salinity values (Table 1, Figure 4a and 6). However, in summer E. cirrhosa reflects 
a positive relationship with seasonal fishing effort and a negative relationship with SBT 
(Figure 4b and Table 1).  

For L. depurator only SST was shared between winter and summer models (Table 1 and 
Figure 4) and the functional response of this explanatory variable was predicted to be 
similar in both seasons. The model presented a positive relationship with seasonal fishing 
effort and negative with SST and bathymetry in winter (Table 1 and Figure 4a). According 
to the predicted functional responses, the species preferred temperatures of 12.4 ºC and 
areas with fine mud or sand. In summer, all the variables from the selected model (SSS, 
SBT and SST) had a negative relationship with the biomass (Table 1, Figure 4b). Our 
results suggest that this species could prefer low SST (21.0 ºC) and attain maximum 
biomass values at salinities of 37.25 PSU. The biomass distribution of S. mantis was 
driven by temperature in both seasons (in winter by SST and in summer by SBT) (Table 
1). Both explanatory variables showed a negative relationship with biomass (Table 1 and 
Figure 4), but had different predicted functional response curves (Figure 6). S. mantis was 
predicted to prefer colder temperatures in winter (12.4 ºC) and mild temperatures (~16.0 
ºC) in summer (Figure 6). 

Common patterns: A total of 11 of the 16 models included a temperature driver (either 
SST or SBT), which highlights the importance of these variables on driving species 
distribution and habitat preferences in the Northwestern Mediterranean Sea. SBT had a 
negative relationship in all the models in which it was included (Figure 4 and Table 1). 
The same trend was found for SST, which showed negative relationship in four out of the 
six models. Seasonal fishing effort was selected in nine out of 16 models (Figure 4 and 
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Table 1) and played a negative effect on M. barbatus for both winter and summer. 
However, in six of the models where it was a relevant driver, it showed a positive 
relationship with biomass (Figure 4 and Table 1), with the highest value being for L. 
depurator in winter.  

 

Figure 5. Response curves (predicted biomass without back transformation of the GLM 
link function) of the variables included on the finals models for fish species on both 
seasons. SSS (Sea Surface Salinity, PSU), SST (Sea Surface Temperature, ºC), SBT (Sea 
Bottom Temperature, ºC), Chl-a (Chlorophyll-a, mg/m3) and bathymetry in meters (m). 



Chapter 2.1. 

47 

 

Figure 6. Response curves (predicted biomass without back transformation of the GLM 
link function) of the variables included on the finals models for crustaceans and 
cephalopod species on both seasons. SSS (Sea Surface Salinity, PSU), SST (Sea Surface 
Temperature, ºC), SBT (Sea Bottom Temperature, ºC), Chl-a (Chlorophyll-a, mg/m3) and 
bathymetry in meters (m). 
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2.1.4. Discussion 

In this study, we identified seasonal patterns and environmental drivers of the biomass 
distribution for eight of the most abundant demersal species in the Northwestern 
Mediterranean Sea. The B-SDMs deployed performed well, showing positive correlations 
between observed and predicted models and accounting for uncertainty, excess of zeros 
and spatial autocorrelation.  

Overall, our study showed a species-specific combination of drivers for each species in 
each season, highlighting the importance of temperature (surface and bottom), 
bathymetry and seasonal fishing effort on species biomass distribution in the study area. 
Furthermore, the B-SDM results also presented seasonal variations in the spatial 
distributions and in the functional responses to drivers. 

Seasonality was investigated in previous studies and was found to influence the spatial 
distribution of some species in the Northwestern (Gaertner, 2000) and eastern 
Mediterranean Sea (Katsanevakis et al., 2009; Damalas et al., 2010). Nevertheless, there 
are still very few spatial-temporal studies that include intra-annual variation. Here, we 
found four main seasonal patterns in species distribution differences: 1) M. merluccius 
and L. budegassa moved away from the shoreline during summer; 2) M. barbatus 
distributed closer to the coast in summer; 3) L. piscatorius and the two cephalopods 
dispersed northward during summer (more specifically, north-eastward for E. cirrhosa); 
and 4) crustaceans followed a more species-specific distribution: while S. mantis showed 
a hotspot of biomass around the Ebro river Delta during winter and a wider distribution 
during summer and L. depurator expanded southward. 

In particular, M. merluccius has a wide bathymetric and distribution range in the 
Mediterranean Sea (Demestre et al., 2000) with variation in depth preferences changing 
with size and season (Oliver and Massuti, 1995; Carpentieri et al., 2005). Indeed, 
seasonality on its spatial distribution has already been recorded in previous studies 
(Demestre and Sánchez, 1998; Paradinas et al., 2015; Sion et al., 2019; Lloret-Lloret et 
al., 2020). M. merluccius in the Western Mediterranean Sea presents a spawning peak 
during autumn and winter (Maynou et al., 2003), hence the distribution of biomass found 
closer to the coast and to the Ebro Delta during winter in our study might correspond to 
a reproduction/nursery area. This is close to one of the nurseries areas identified in this 
region (Paradinas et al., 2015) and coincides with the fact that juveniles tend to prefer the 
shallower continental shelf (Demestre and Sánchez, 1998; Garofalo et al., 2018). Our 
results also match those of a previous study where hake was found in deeper and cooler 
waters (offshore) during summer sampling (Maravelias et al., 2006). Indeed, in the Bay 
of Biscay (Atlantic Ocean), a decline in catch rates in shallower waters was registered in 
the months from August to December (ICES, 2008). These observations are also in line 
with the seasonal and ontogenetic migrations observed along the bathymetric gradient for 
M. merluccius in the Galician coast (Fariña et al., 1997). Furthermore, summer SST in 
the area exceeded the optimal global temperature range recorded for this species in 
Aquamaps (see, Electronic supplements, Table S3 and S4) (Kaschner et al., 2013). High 
temperatures also seem to influence hake’s reproduction (Guevara-Fletcher et al., 2016). 
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Hence, despite temperature was not selected as an explicative variable, the summer 
distribution observed for M. merluccius may reflect this preference for cooler waters. A 
positive response of European hake biomass with Chl-a could have been expected (Chase 
and Leibold, 2003; Sion et al., 2019), however, our models showed a negative 
relationship. European hake is a demersal species that feeds on the water column 
performing nocturnal diel migrations (this is especially true for the youngest individuals 
(Bozzano et al., 2005)) and chlorophyll was superficial, therefore, the relationship 
between both variables might not be direct but rather indirect or lagged.  

Lophius spp. movements have been associated with feeding, ontogenetic and spawning 
grounds (Yoneda et al., 2001) and parameters like depth (Barcala et al., 2019) and season 
found to be relevant on shaping their spatial distribution (Maravelias and 
Papaconstantinou, 2003; Barcala et al., 2019). Lophius spp. are sit-and-wait predators and 
are generally opportunistic non-selective feeders whose diet can vary seasonally 
according to prey availability (Fariña et al., 2008). Therefore, both Lophius spp. studied 
here may follow the strategy of other exploited species that concentrate in winter 
spawning grounds and summer feeding grounds. Dispersion along a bathymetric gradient 
has also been reported in other Lophius spp. associated to ontogenetic migration (Ungaro 
et al., 2002; Maravelias and Papaconstantinou, 2003). Indeed, Fariña et al., (2008) in their 
synthesis paper about this genus mentioned that seasonal onshore-offshore movements 
had been recorded for L. budegassa and other Lophius spp. in response to thermal 
conditions, prey availability or spawning. In fact, a wide bathymetric range has been 
recorded for L. budegassa in the Western Mediterranean Sea (from 15 to 757 m) (García-
Rodríguez et al., 2005) and seasonal distribution into deeper waters was also recorded in 
Sendai Bay (Japan) for a species of the same genus, Lophius litulon, and was attributed 
to feeding activities (Yoneda et al., 2001). In terms of L. piscatorius, wide bathymetric 
range is also reported in the Western Mediterranean Sea (up to 730 m, preferred above 
250 m) (Paradinas et al., 2018) and higher occurrence of recruits was recorded during 
spring in the northern side of Ebro river Delta and adults and juveniles occupied even 
northern areas at this time. The combination of both of these outputs partly matches our 
summer distribution maps (Paradinas et al., 2018). Our results showing a seasonal 
variation in the distribution of this species could be related to feeding or spawning, and it 
might differ from L. budegassa to avoid resources competition (López et al., 2016).  

Regarding M. barbatus, its biomass has been recorded to decrease with depth in the 
Mediterranean Sea (Tserpes et al., 2019) and to have a seasonal depth-related movement 
(Machias and Labropoulou, 2002). In fact, a previous study recorded this species in 
shallow and warmer waters during summer surveys (Maravelias et al., 2006). Red mullets 
are late spring/early summer spawners and show a strong seasonality on the onset and 
duration of spawning (Kokokiris et al., 2014), which is related to the fact that warmer and 
stable waters maintain food and enhance larval growth (Sabatés et al., 2007). 
Furthermore, a recent study found that mullets’ preference for shallower or deeper areas 
is related to the individuals’ size and their requirement for bigger or smaller preys. Small 
individuals seem to aggregate in shallow waters, while large individuals are found 
scattered in deeper regions (Paradinas et al., 2020) a type of ontogenetic behaviour 
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common to other marine species too. Therefore, the summer biomass redistribution of 
this species resulting from our study could be related to spawning behaviour and feeding 
requirements. Moreover, the spatial distribution maps generated in this same study 
(Paradinas et al., 2020), despite covering a much larger area and being from spring data, 
show similarities with our summer distribution map for this species. 

Strong seasonal patterns had already been described for these cephalopods species in this 
area, but with differing spatial results (Pertierra and Sanchez, 2005). Here, the two species 
of cephalopods moved northward with a rather north-eastward shift for E. cirrhosa. In 
the case of I. coindetii, despite that SST remain within the species optimal range (12.5-
27.6ºC) (as reported in Aquamaps, Electronic supplements, Table S3 and Table S4 
(Kaschner et al., 2013)), the model showed a negative relationship with SBT, suggesting 
that the species moved northward searching for cooler bottom waters. Seasonal migration 
was already reported for this species but following a bathymetric rather than a latitudinal 
gradient before the spawning time (Puerta et al., 2016). Similar conclusion can be drawn 
for E. cirrhosa, with the summer model showing a negative relationship with SBT, and a 
positive relationship with SST in winter. The latter finding is in agreement with previous 
studies on the Alboran Sea (Puerta et al., 2015) (Electronic supplements, Table S5). In 
this case, SST values (21.32-24.99ºC) from the area during summer are below the world 
reported species tolerance range (preferred range: 9.6-19.25ºC, as reported on Aquamaps) 
(Electronic supplements, Table S3 and Table S4) (Kaschner et al., 2013).  

S. mantis distribution was previously described to be associated with areas influenced by 
river run offs and wide continental shelves, like the Ebro river Delta (Abelló and Martín, 
1993), which is accurately illustrated by the winter distribution map obtained in our study. 
During summer, the biomass of the species had a wider dispersion. However, note that S. 
mantis females have burrowing behaviour during summer as part of their reproductive 
strategy (Abelló and Martín, 1993), and therefore, our results in summer could be partially 
related to an underestimation of catches. In the case of L. depurator, this species shows 
preference for muddy substrates and is also commonly found near areas of influence of 
river run offs, like the Ebro river Delta (Rufino, 2004). Seasonal changes in abundance 
have already been reported (Abelló, 1986) and in the Cantabrian and the Adriatic seas a 
bathymetric variation was observed (Rufino, 2004). Our distribution results also showed 
a seasonal difference. Both in winter and summer the biomass was distributed mainly on 
the southern part of the river, which corresponds to the wider part of the continental shelf. 
Nevertheless, in summer, the species occupied a wider extension and moved even 
southern, which may be related to their feeding strategy associated with changes in 
primary productivity and oceanographic conditions.  

Overall, environmental factors affect the patterns of demersal species distributions 
(Katsanevakis et al., 2009) and direct local occurrences (Muñoz et al., 2013). In our study, 
the main predictors of species habitat were found to be bathymetry, temperature (either 
SST or SBT), and for certain species there was a relationship with seasonal fishing effort. 
Previous studies already identified the role of these drivers in species distribution in the 
Mediterranean Sea (Demestre et al., 2000; Katsanevakis et al., 2009; Navarro et al., 
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2015). In particular, depth (Pennino et al., 2013; Navarro et al., 2015) and temperature 
(Damalas et al., 2010) were detected to play important roles (Electronic supplements, 
Table S5). In winter, our study showed that bathymetry appeared in five models. Indeed, 
depth has often been related with demersal species distribution (Katsanevakis et al., 2009) 
including cephalopods (Quetglas et al., 2000), and marine species tend to aggregate along 
a bathymetric range that gathers their preferential environmental conditions.  

Our results also showed that temperature was a fundamental driver for biomass 
predictions: SST and SBT appeared 11 times in 16 models with temperature being 
important in 5 of the 8 summer models and in 6 of the 8 winter models. The relationship 
with biomass was negative in 9 of the 11 models where temperature was a driver. The 
effect of this variable seems to be tightly related to seasonality and has been proven to be 
more pronounced during months of water stratification (Katsanevakis et al., 2009; 
Damalas et al., 2010), such as summer in our study area. This is in agreement with our 
result as the estimated coefficients of the temperature variables were higher, with respect 
to the other explicative variables, in the summer models compared to the winter ones 
(with the exception of S. mantis). Considering the projected increase of temperature 
derived from climate models (Bopp et al., 2013), our results could be of relevance when 
developing future local projections of marine resources and exploring proactive 
alternative management actions in the study area. It is worth mentioning that the use of 
superficial data, despite being a useful tool, can represent a limitation as the relationship 
of the superficial variables with demersal species biomass might be indirect or lagged in 
certain cases. 

The recurring appearance of seasonal fishing effort on the final models (in 9 out of 16) 
highlights the importance of this variable on species distribution patterns. This is not the 
first time that fishing activity was identified to correlate to species spatial-temporal 
distribution in the Northwestern Mediterranean Sea (Coll et al., 2016). As it is commonly 
acknowledged, bottom trawling causes disturbances and adverse effects on species 
biomass, abundance, community assemblages and seafloor structure (Navarro et al., 
2015, 2016; Coll et al., 2016). The results obtained for M. barbatus and E. cirrhosa 
concur with this, as the relationship with seasonal fishing effort was negative in both 
winter and summer models. However, it was positively correlated to biomass in the case 
of M. merluccius, I. coindetii and L. depurator, in winter and with M. merluccius, Lophius 
spp. and E. cirrhosa in summer. This could be due to the fact that fishing can reduce 
predators and competitors and thus be beneficial for certain organisms (Coll et al., 2016). 
Regarding cephalopods, it has already been suggested that fishing may favour their 
abundances (Coll et al., 2014). It must also be mentioned that the seasonal variation of 
seasonal fishing effort due to temporal closures can lead to differences in the species’ 
response to the variable. Nevertheless, when considering fishing effort in ecology and in 
species distribution models, it is important to bear in mind the differences between cause-
effect of this variable. It is challenging to discern if it is the seasonal fishing effort that 
drives the distribution of the species or if, conversely, the presence or absence of fishing 
activity in an area is the effect of the species distribution. This means that the positive 
relationship with fishing may illustrate the preference of fishing activities for those areas 
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with larger biomasses, rather than a positive effect of fishing itself on the biomass of the 
species.  

Our results regarding response curves provided information on how the species could 
respond to an environmental or anthropogenic gradient, which is important in order to 
have a better understanding of the species environmental optimums and tolerances. Based 
on the results found here, we gained insights on the characteristic environmental ranges 
of the potential habitats for eight demersal species of commercial interest. The predicted 
functional responses obtained are area and species-specific and, most of the time, varied 
from winter to summer. This finding highlights that using response functions obtained 
from local data captured during specific times of the year may not be representative of 
the annual patterns. However, our response curves are from a precise time and place and 
should not be extrapolated to other regions. Nevertheless, they are still useful as they can 
be considered in specific analyses on the area (Coll et al., 2019).  

Overall, we have a poor understanding of the spatial ecology of marine species, which is 
necessary for conservation actions (e.g. environmental approach to essential fish habitat, 
EFH) and for moving forward the ecosystem-based approach for fisheries management 
and marine spatial planning. Using habitat suitability models as a tool to support 
management and conservation has been proposed before (Guisan et al., 2013), and 
modelling studies like the one presented here are useful to identify priority conservation 
and management areas. Our study contributes to expand the knowledge of species-
environment relationship for demersal species including fish, cephalopods and 
crustaceans in the highly exploited ecosystem of the Southern Catalan area. Taking into 
account the commercial and economic relevance of these species, our results provide a 
better understanding of their distribution and seasonal variation, which can be used to 
achieve a more sustainable and adaptive fishing management and spatial management of 
human activities.  

This study is based on one-year campaign and thus our results are limited. Due to the 
clear differences between both sampled seasons, our study confirms the need to extend 
current monitoring systems of Mediterranean ecosystems (such as MEDITS campaigns 
for the demersal community) to be more representative of seasonal dynamics (Vilas et 
al., 2020). It is worth mentioning that other factors, such as other environmental 
parameters, biotic factors, vertical migration or ontogenetic variations, can also influence 
species spatial distribution but could not be considered in this study. Future research 
efforts should be focused on confirming these seasonal patterns through time and 
investigating, amongst other factors, the spatial differences between juveniles and adults 
to get a better insight into seasonal ontogenetic distribution. 
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Abstract 

Improving the knowledge on the biology, ecology and distribution of marine resources 
exploited by fisheries is necessary to achieve population recovery and sustainable 
fisheries management. European hake (Merluccius merluccius) is one of the most 
important target species in the Mediterranean Sea and is largely overexploited by 
industrial fisheries. Here, we used two methodological approaches to further investigate 
the seasonal variation in the spatial distribution of European hake considering ontogenetic 
changes and trophic ecology in the Western Mediterranean Sea. Our main aim was to 
explore if spatial changes in hake distribution were related to trophic behaviour, in 
addition to key environmental factors. We employed a hierarchical Bayesian species 
distribution modelling approach (B-SDM), using spatial data from two oceanographic 
surveys conducted during winter and summer. We analysed how the environmental 
variables, together with abundance and mean weight distribution of the main preys 
identified for European hake, affected the seasonal distribution of the species. Results 
revealed clear differences in the distribution of the European hake between seasons, 
which were indeed partially correlated to the distribution of their main preys, in addition 
to the environment. Stable isotope values and Bayesian isotopic mixing models 
(MixSIAR) revealed substantial seasonal and ontogenetic differences in trophic habits of 
European hake, partly matching the spatial distribution results. These findings could have 
implications for a future seasonal-based adaptive fisheries management, as local 
depletion of prey, or variation in size and condition may affect European hake presence 
in this area. Moreover, this study illustrates how the sequential application of 
methodologies provides a more holistic understanding of species seasonality, which is 
essential to understand the phenological processes of exploited species and their potential 
shifts due to environmental changes. 
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2.2.1. Introduction 

Identifying and understanding the main factors that affect the spatial distribution of 
marine organisms is important to evaluate the current distribution patterns and predict 
potential impacts of human activity (Lasram et al., 2010; Morfin et al., 2012). Changes 
in species distributions may be driven by environmental seasonal variation, as well as by 
prey availability (Carney, 2005; Morfin et al., 2012). Seasonal variations of life cycle 
events in animals and plants characterize the seasonal phenology and long term dynamics 
of a species, which is one of the most sensitive indicators to environmental changes 
(Cormon et al., 2014; Scranton and Amarasekare, 2017).  

Seasonality takes place in all marine ecosystems, but their duration and intensity varies 
according to the geographical area, in general terms being more evident in tropical waters 
than in temperate waters (Valiela, 1995). Nevertheless, at a more regional scale, the 
Western Mediterranean Sea is characterized by having a high seasonality (Coll et al., 
2010); with a marked thermocline in summer and a lack of nutrients on the surface layer 
versus a mixing of the water column and an upraise of nutrients to the photic layer during 
winter (Margalef, 1985). Variations in environmental factors drive the distribution of 
nutrients and primary production, in fact phytoplankton blooms in this area peak in 
winter-spring coinciding with the stabilization of the water column and again in autumn, 
when the waters start to mix again (Estrada, 1996; Salat et al., 2002). The seasonal 
changes in environmental and biological variables in the entire Mediterranean basin is a 
well-studied subject (Psarra et al., 2000; Bosc et al., 2004; Zveryaev, 2015) and some 
studies have also been done on the effect of seasonality at different levels of biological 
organization (Gaertner, 2000; De Souza et al., 2011; Puerta et al., 2016). Nevertheless, 
the analysis of the interplay of seasonality with higher level trophic organisms tends to 
be scarce and patchy. Environmental factors have shown to affect species distribution 
(Katsanevakis et al., 2009; Pennino et al., 2013; Navarro et al., 2015; Puerta et al., 2015) 
and these environmental factors also show strong intra-annual variation in the 
Mediterranean Sea (Salat et al., 2002), therefore it could be relevant to take seasonality 
into account when analyzing species spatial patterns in this basin.  

Several studies have used species distribution models (SDM) (Guisan and Zimmermann, 
2000) to investigate the spatial patterns of marine species and most agreed on biological, 
environmental and human related variables affecting species distributions in the 
Mediterranean Sea (Katsanevakis et al., 2009; Navarro et al., 2015). On this context, 
several Mediterranean commercial marine species, including the European hake 
(Merluccius merluccius), present seasonality on their spatial distribution (Demestre and 
Sánchez, 1998; Paradinas et al., 2015; Sion et al., 2019; Lloret-Lloret et al., under review). 
European hake is one of the most important demersal target species for commercial 
fisheries in the Mediterranean basin (Sánchez et al., 2007), but it is reaching 
overexploitation levels in numerous areas (Lleonart and Maynou, 2003; Fernandes et al., 
2017) to the point that it is currently listed as Vulnerable species by the International 
Union for the Conservation of the Nature (IUCN) (Di Natale et al., 2011). Therefore, 
achieving a better understanding of spatial patterns of European hake and how they relate 
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to seasonal processes could be of use to inform ecosystem-based management actions that 
result on more sustainable fisheries.  

Due to the ecological and economic importance of European hake, different published 
studies had been focused on its spatial distribution (e.g. Demestre et al., 2000; Abella et 
al., 2005; Druon et al., 2015; Sion et al., 2019). These studies indicated that European 
hake occupies a wide bathymetric distribution range (from 20 to 1,000 meters), inhabiting 
the shelf and upper slope in the Mediterranean Sea (Fisher et al., 1987; Demestre et al., 
2000; Orsi-Relini et al., 2002). Oceanographically, this species is mainly present in cooler 
bottom waters (from 9.65 to 19.23ºC) (Maravelias et al., 2006). Seasonal variations in the 
density of European hake have been recorded in some areas of the Mediterranean Sea and 
the Atlantic Ocean with movements to deeper and cooler waters during summer (Fariña 
et al., 1997; Maravelias and Papaconstantinou, 2006; Maravelias et al., 2006; Lloret-
Lloret et al. under review).  

SDMs generally focus on abiotic factors, however species spatial patterns are also related 
to the availability and preference of prey, hence the importance of considering 
information on feeding strategies when analyzing the spatial distribution of a species 
(Navarro et al., 2016). In the case of European hake, many studies have analysed its 
feeding ecology (Bozzano et al., 1997; Carpentieri et al., 2005; Cartes et al., 2009) but 
few have directly studied the relationship between trophic behaviour and spatial 
distribution in the Mediterranean Sea (Johnson et al., 2012, 2013).  

European hake has been described as an ambush demersal predator (Pitcher and Alheit, 
1995), which also feeds on the water column performing nocturnal diel migrations, 
important for the juvenile individuals (Bozzano et al., 2005; Aguzzi et al., 2015). Trophic 
studies of this species have generally focused on immature individuals (Oliver and 
Massuti, 1995; Bozzano et al., 2005) except for a few number that include a wider range 
of sizes (Bozzano et al., 1997; Carpentieri et al., 2005; Mellon-Duval et al., 2017). Despite 
these studies, there is still a lack of information on the ecology of European hake, 
especially regarding variation of the diet with seasonality.  

The study of the diet of marine fish normally relies on stomach content analyses (Hyslop 
1980). Although this technique provides quantitative diet composition, it is limited by 
degradation and ingestion rates, amongst other constraints (Hyslop, 1980). In addition, 
high levels of regurgitation have been recorded for European hake (Modica et al., 2011), 
which difficult the analysis of the diet based on stomach content analysis. As an 
alternative, the use of stable isotopes analysis and isotopic mixing models are additional 
techniques to examine the diet of marine predators (Davis and Pineda-Munoz, 2016). 
Despite the extended use of these methodologies, only a small number of studies have 
used them to characterize the feeding ecology of European hake in the Western 
Mediterranean Sea (e.g. Sinopoli et al., 2012; Fanelli et al., 2018)) and more specifically 
in the Northwestern Mediterranean Sea (e.g. (Ferraton et al., 2007; Albo-Puigserver et 
al., 2016; Mellon-Duval et al., 2017; Rueda et al., 2019)).  

In this study, we aimed to investigate the seasonal differences in the spatial distribution 
and trophic habits of European hake in a highly exploited area of the Northwestern 
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Mediterranean Sea, considering ontogenetic variations. To analyse the seasonal spatial 
distribution, we employed a hierarchical Bayesian species distribution modelling 
approach (B-SDM) and we used the mean weight values estimated from two 
oceanographic surveys conveyed in winter and summer 2013, as a proxy of body size 
(Chih-Lin et al., 2010) and consequently age class. We expected that juvenile (i.e. lower 
mean weight) and adult individuals (i.e. higher mean weight) will distribute differently 
within the same season and between seasons and these differences might be explained by 
feeding preferences on top of environmental variables. We included depth and sea bottom 
temperature (SBT) as environmental variables, in addition to potential preys’ abundance 
and mean weight distribution as trophic components. Furthermore, we used stable isotope 
values of δ13C and δ15N to determine the ontogenetic and seasonal changes in diet using 
Bayesian mass-balanced isotopic mixing models (MixSIAR) (Stock and Semmens, 2016) 
and corrected standard ellipses area (SEAc,) and Bayesian standard ellipses area (SEAb) 
using SIBER – Stable Isotope Bayesian Ellipses in R (Jackson et al., 2011) to estimate 
niche width and overlap. Then, we examined if spatial differences did coincide with 
seasonal differences in the trophic habits and plasticity. This is to our knowledge one of 
the first studies to use this multidisciplinary approach to analyse the spatial and seasonal 
variations of European hake distribution and trophic ecology, accounting for ontogenetic 
changes. Specifically, we hypothesized that seasonal changes observed in European hake 
distribution could be partly due to prey availability, in addition to environmental 
variability, which could change between the juvenile and the adult stages of the 
population due to dissimilar trophic preferences or feeding capabilities. 
 
2.2.2. Materials and Methods 

Data collection 

In order to estimate biomass and abundance, European hake individuals were collected 
from two experimental fishing surveys conducted in winter (22 February-8 March) and 
summer (2-17 July) 2013 (ECOTRANS Project, Institut de Ciències del Mar - CSIC) on 
board of the RV Ángeles Alvariño. These surveys were conducted in the Northwestern 
Mediterranean Sea (Figure 1) covering an extension of ~8,000 km2, including the 
continental shelf and upper slope. Sampling sites were randomly distributed over the 
continental shelf areas and the upper slopes, with a total of 82 hauls conducted; 37 in 
winter and 45 in summer (Figure 1). Experimental fishing surveys were performed 
following EU-funded Mediterranean Trawl Survey (MEDITS) trawling protocols (see 
Bertrand et al. 2002) using a GO73 experimental mesh of 10 mm (stretched mesh). On 
board, all organisms were identified and classified to the lowest taxonomic level. In 
addition, the length frequency distribution (TL, in cm) and total number of individuals 
per haul was recorded. Biological sampling on board was done for 103 European hake’s 
individuals, the body length (TL, in cm) and weight (to the nearest 0.001 g) was measured 
and a piece of muscle tissue was taken and frozen at -20ºC. Sampled individuals ranged 
from 7.3 to 50.2 cm in total length. We classified individuals into two size ranges 
(juveniles, TL < 25 cm, and mature adults, TL ≥ 25 cm; Table S1) based on the first 
maturity for this area of the Mediterranean Sea (Bozzano et al., 1997; Lleonart, 2002).  
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Estimates of biomass (kg/km2) and abundance (n/km2) were calculated with the standard 
swept area method for all the species collected. 

 

Figure 1. Study area and geographical positions of the sample sites of ECOTRANS 
survey for winter and summer. 

Bayesian species distribution models 

Explanatory and response variables 

The biomass and abundance data for European hake was used to calculate mean weight 
data (kg/n) (biomass/abundance in kg/n) (Chih-Lin et al., 2010; Garofalo et al., 2018) per 
haul and was used as the response variable to develop the B-SDMs. As European hake 
weight increases with length and age, generally heavier individuals are larger and older 
(i.e. adults), whereas lighter individuals are smaller and younger (i.e. juveniles) (Recasens 
et al., 1998; Mellon-Duval et al., 2010; Soykan et al., 2015). According to the length-
weight relationship for European hake for the Western Mediterranean (a=0.048, b=3.055) 
(Morey et al., 2003), for an individual of 25 cm (adult), the corresponding mean weight 
would be around 0.0895 kg. Mean weight is used here as a proxy of body size and 
consequently age class (Table S6).  
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Sea Bottom Temperature (SBT, in ºC) and bathymetry (in meters, m) were selected as the 
main environmental explanatory predictors for the species distribution models. We chose 
these two environmental predictors based on previous studies conducted with European 
hake in the Mediterranean Sea (Lleonart, 2002; Maravelias et al., 2006; Katsanevakis et 
al., 2009; Sion et al., 2019). Bathymetry data was obtained from EMODnet bathymetry 
(http://portal.emodnet-bathymetry.eu/) and Sea Bottom Temperature (SBT, ºC) for each 
haul was collected through CTDs conducted during the survey cruises (Figure S2). QGIS 
software (QGIS-Development-Team, 2012) was used to generate raster maps [Inverse 
Distance Weighted (IDW) interpolation], at a 0.1º x 0.1º resolution) with the interpolate 
SBT data collected in situ during the survey to the entire study area for both seasons 
(Figure S2). 

To create prey distributions variables, we first identified potential prey for European hake 
in the Western Mediterranean Sea based on published studies (Bozzano et al., 1997, 2005; 
Cartes et al., 2004, 2009; Ferraton et al., 2007; Mellon-Duval et al., 2017) (Table S2). 
From the prey species identified in these studies, we selected those that were also 
collected during our surveys. We ended up with a total of 54 potential preys’ species in 
winter and 38 in summer (Table S3), aggregated in two functional categories (fish and 
crustaceans), for each season. For both potential prey groups, total values of biomass 
(kg/km2) and abundance (n/km2), as well as mean weight (biomass/abundance, in kg/n), 
were calculated per haul. Abundance and mean weight data for each group were plotted 
and interpolated [Inverse Distance Weighted (IDW) interpolation] at a 0.1 x 0.1 degree 
spatial resolution, for both seasons, using QGIS software (QGIS-Development-Team, 
2012) (Figure 2). 

Response variables were aggregated at the same spatial resolution of 0.1 x 0.1 degrees 
for each season using the “raster” package (Hijmans, 2018) in the R software (R version 
3.5.1.) (R Development Team, 2017). Standardized data exploration techniques were 
used to identify any outliers and possible correlation and collinearity between the 
explicative variables (Zuur et al., 2010). In particular, all the variables were checked for 
linearity with the draftsman’s plot, for multi-collinearity using the corvif function in R 
software (R version 3.5.1) (R Development Core Team, 2018) that assesses the 
Generalized Variance-Inflation Factors (GVIF) (Fox & Weisberg 2011), and for 
correlation using Spearman measure with the corrplot function (Wei & Simko 2017) in 
R software. A GVIF lower than 3 and a correlation lower than 0.70 were found for all the 
explanatory variables in winter and summer (Figure S8) (Zuur et al., 2010; Dormann et 
al., 2013). Moreover, to better interpret both the direction (positive or negative) and 
magnitudes (effect sizes) of the parameter estimates in relation to the others, the 
explanatory variables were standardized, i.e. difference from the mean divided by the 
corresponding standard deviation (Gelman et al., 2008). 
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Spatial model fitting, estimation, validation and prediction 

Hierarchical Bayesian species distribution models (B-SDMs) were implemented to 
identify the relationships of the explanatory variables with the European hake’s mean 
weight and to map posterior predicted probabilities of this species in both seasons. In 
particular, we developed and compared four different models, two for each season, using 
the environmental characteristics corresponding to the season (bathymetry and SBT), and 
alternating the corresponding seasonal abundance and mean weight of the preys (fish and 
crustaceans, see Table 1).  

Table 1. Summary table of the four Bayesian species distribution models performed 
(Model 1, Model 2, Model 3 and Model 4). Spearman’s spatial correlations (ρ), between 
observed and predicted values indicate the goodness of the predictions. The * symbols 
marks the significance (p-value < 0.01) of this correlation. The column “Failures”, 
indicates the sum of the failure vector calculated by the internal leave-one-out 
crossvalidation of R-INLA. Grey cells indicate the included variables in each model. 
Variables acronyms are: Bat (Bathymetry, m), and SBT (Sea Bottom Temperature, ºC). 
All models include the spatial effect.  

  Explanatory variables   

  Bat SBT Prey Abundance 
(n/km2) 

Prey Mean weight 
data (kg/n)   

Models Season   Fish Crustacean Fish Crustacean ρ Failures 

Model 1 Winter       0.77* 0 

Model 2 Winter       0.75* 0 

Model 3 Summer       0.24 0 

Model 4 Summer       0.44* 0 

Despite mean weight data could take any positive value, in this specific case the European 
hake’s mean weight data ranged between 0 and 1. Therefore, for each model, we used a 
beta distribution Yi ~ Be (μ i, Ф i) for the response variable Yi at the location i. This type 
of beta distribution fulfils the required characteristics of this dataset while being very 
flexible in terms of shapes (Gupta and Nadarajah, 2004; Paradinas et al., 2016). 
Nevertheless, in the event that these kind of models are repeated and the mean weight 
values exceed 1, a beta distribution would not be suitable. In addition to the explanatory 
variables a spatial unstructured random effect was added to each model to account for the 
spatial correlation. For this spatial component, a multivariate Gaussian distribution with 
mean zero and a Matérn correlation matrix was assumed (Muñoz et al., 2013). For the 
fixed effects, we assigned a non-informative zero-mean Gaussian prior distribution with 
a variance of 100, as no prior information was available. B-SDMs were performed using 
the Integrated Nested Laplace Approximation (INLA) methodology and software 
(http://www.r-inla.org/) (Rue et al. 2009). To evaluate the goodness-of-fit of each model, 
we used the R-INLA (Rue et al. 2009) internal cross validation procedure, which consists 
on a leave-one-out cross-validations that generate a failure vector ranging from 0 to 1 
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(values equal to 0 mean that the predictive measure is reliable while values equal to 1 
indicate that the predictive measure for that particular observation is not reliable) 
(Blangiardo and Cameletti, 2015). 

Seasonal European hake’s mean weight predictions were then generated predicting the 
response variable for the entire study area using linear interpolation via a Bayesian kriging 
(Pennino et al., 2013). To assess the fit of the predicted model, predicted and observed 
values were compared using using the corLocal function (Hijmans, 2018) of the R 
software that compute the Spearman’s spatial correlations r. As usual, values of 
Spearman’s correlation range from -1 to 1, being 1 equal to a perfect positive correlation 
between the two datasets (Spearman, 1904). 

Stable isotopes analysis 

All collected muscle hake samples were freeze-dried and powdered, and 0.28-0.33 mg of 
each sample was packed into tin capsules. Stable isotope analyses were performed at the 
Laboratorio de Isótopos Estables of the Estación Biológica de Doñana (www.ebd.csic. 
es/lie/index.html). Samples, were combusted at 1020ºC using a continuous flow isotope-
ratio mass spectrometry system by means of a Flash HT Plus elemental analyser coupled 
to a Delta-V Advantage isotope ratio mass spectrometer via a CONFLO IV interface 
(Thermo Fisher Scientific, Bremen, Germany). The isotopic composition was reported in 
the conventional delta (δ) per mil notation (‰), relative to atmospheric N2 (δ15N) and 
Vienna Pee Dee Belemnite (δ13C). Replicate assays of standards routinely inserted within 
the sampling sequence indicated analytical measurement errors of ± 0.2 and ± 0.1 for δ15N 
and δ13C, respectively. The standards used were: EBD-23 (cow horn, internal standard), 
LIE-BB (whale baleen, internal standard) and LIE-PA (razorbill feathers, internal 
standard). These laboratory standards were previously calibrated with international 
standards supplied by the International Atomic Energy Agency (IAEA, Vienna). Because 
all samples showed a C:N ratio lower than 3.5‰ we did not correct the δ13C values to 
account for the presence of lipids in muscle samples (Logan and Lutcavage, 2008). 

The values of δ15N and δ13C were used to calculate corrected standard ellipses area (SEAc, 

area containing 40% of the data) and Bayesian standard ellipses area (SEAb) as a measure 
of trophic width, using “SIBER” – Stable Isotope Bayesian Ellipses in R (Jackson et al., 
2011). These metrics allowed comparing the degree of niche width and overlap between 
seasons (winter vs summer) and between life stages (adults vs juveniles) (Table 3). 
Differences on δ15N and δ13C values between hake ontogenetic groups (adults vs 
juveniles) and seasons (winter vs summer) were tested using a 2-way semiparametric 
permutation multivariate analyses (PERMANOVA tests) and pairwise tests on the 
Euclidian distance matrix with the software PRIMER-E 6 with PERMANOVA 
(Anderson et al., 2008); the latter only performed in the case of significance results (p 
<0.05) for the interaction of both factors (season*stage). 

To assess the relative contribution of different preys in the diet of juveniles and adults of 
European hake in winter and summer, we used the mass-balanced Bayesian stable isotope 
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mixing model MixSIAR (Stock et al., 2018). Bayesian isotopic mixing models 
incorporate uncertainty in the consumers, sources and diet-to-tissue discrimination factors 
and are capable of producing robust estimates on complex dietary systems (Parnell et al., 
2010), as it is the case of this generalist predator. Prey items included in the MixSIAR 
models were selected based on the diet published information from stomach content 
analysis (Tables S2 and S4). Only those species/groups representing > 5 % of the stomach 
content in percentage of weight (%W) or index of relative importance (%IRI) were 
included in the MixSIAR models. Potential prey species were 21 (Table S4). Stable 
isotope values from these identified prey species were taken from an isotopic database 
containing demersal and pelagic species collected during the same oceanographic survey 
as hake (ECOTRANS Project Isolibrary) and published literature (Madurell et al., 2008; 
Fanelli et al., 2009; Valls et al., 2014; Barría et al., 2015, 2018) (Table 6). In order to 
reduce the end-members of the mixing model a priori cluster analysis was performed. 
Potential preys were grouped in 5 different clusters based in their isotopic similarities 
after applied Ward’s hierarchical cluster analysis. Some clusters are exclusively formed 
of crustaceans’ species; as it is the case of cluster 2, 3 and 4, whereas cluster 1 is 
exclusively formed of fish species. On the other hand, cluster 5 consists on a mixture of 
fish and crustaceans’ species. (Cluster 1: Cepola macrophthalma, Boops boops, Spicara 
maena, Spicara smaris, Argentina sphyraena, Trisopterus minutus, Lepidopus caudatus, 
Sardina pilchardus, Maurolicus muelleri, Gadiculus argenteus and Micromesistius 
poutassou; Cluster 2: Chlorotocus crassicornis, Nematoscelis megalops and Phronima 
sedentaria; Cluster 3: Vibilia armata; in violet, Cluster 4: Anchialina agilis and 
Meganyctiphanes norvegica and Cluster 5: Engraulis encrasicolus, Plesionika 
heterocarpus, Sardinella aurita and Solenocera membranacea, Figure 5 and Figure S3). 
These five prey groups were likely to explain the isotopic signature of all the consumers 
as they all fell within the 95% probabilities of the mixing region (see Figure S4), verifying 
that the fitted model could correctly calculate the source contribution for all the 
consumers (Smith et al., 2013). 

Five MixSIAR models were constructed (Table S5) using season and stage as categorical 
variables, as well as total length as continuous variable. The continuous variable was 
included as the linear regression between the isotopic values of δ15N and δ13C and 
individual’s total length (TL, in cm) was found to be significant (Figure S5). Model 
selection was based on the deviance information criterion (DIC) and on the relative 
support for each model (Leave-one-out cross validation (LOO) and Akaike weights) 
using compare_models function of the “MixSIAR” packages in R software (Table S5). 
When running the models, a diet-to-tissue discrimination factors (DTDF) of Δ13C= -0.25 
δ13C - 3.48 and Δ15N= -0.28 δ15N + 5.88 was used (Caut et al., 2009). Convergence was 
assessed using the Geweke-test and Gelman-Rubin diagnostics. MixSIAR models were 
run on the “extreme” setting (with 3 Markov chains Monte Carlo (MCMC), 3,000,000 
iterations, a burn-in-phase of 1,500,000 and a thinning of 100). Residual and process error 
were included in the models, except for when total length is a covariate, in which cases, 
following recommendations (Stock et al., 2018), process error was not included. 
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2.2.3. Results 

Spatial explanatory variables 

According to the winter models (Model 1 and Model 2) there was a positive relationship 
of fish and crustaceans’ abundance with European hake mean weight and negative 
relationship with fish and crustaceans’ mean weight (Tables 1-2, Figure 2). This means 
that adults of European hake (areas with higher mean weight) were related to higher 
abundances of small-size (low mean weight) fish and crustaceans (Figure 2). The opposite 
occurred for low values of the response variable (areas with lower mean weight, thus 
more presence of juveniles) that were related to lower abundances of large-size (high 
mean weight) fish and crustaceans (Figure 2). On the other hand, in summer (Model 3 
and Model 4), high values of the response variables (high mean weight, more presence of 
adults) were related to higher abundances of small-size (low mean weight) crustaceans 
and with lower abundance of large-size (high mean weight) fish. Again, the opposite 
occurred for low values of the response variable (areas with more presence of juveniles) 
that were related to higher abundances of small-size (low mean weight) fish and lower 
abundances of large-size (high mean weight) crustaceans (Figure 2). Related to the 
environmental variables, overall SBT had a negative relationship with the response 
variable, meaning that the larger mean weight individuals (adults) prefer lower SBT and 
thus, colder temperatures (Table 2 and Figure S6). According to previous results, overall 
bathymetry has a positive relationship with the European hake’s mean weight on the 
continental shelf, meaning that larger mean weight individuals (adults) tend to prefer 
deeper waters (Table 2 and Figure S6).  
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Table 2. Summary of the posterior distribution for the four models (Model 1, Model 2, 
Model 3 and Model 4). It includes the mean, the standard deviation (SD), the median 
(Q0.50) and a 95% credible interval (Q0.025 - Q0.975), which is a central interval containing 
95% of the probability under the posterior distribution. All models include the spatial 
effect. 
 

Models Season Predictor Mean SD Q0.025 Q0.50 Q0.975 

Model 1 Winter 

Intercept -3.309 1.15 -5.59 -3.31 -1.05 

Bathymetry -0.939 1.30 -3.54 -0.92 1.58 

Sea Bottom Temperature 0.001 0.16 -0.32 0.00 0.32 

Fish (abundance) 0.098 0.08 -0.07 0.10 0.23 

Crustacean (abundance) 0.066 0.07 -0.07 0.07 0.20 

Model 2 Winter 

Intercept -2.356 0.85 -4.07 -2.34 -0.72 

Bathymetry 0.185 0.92 -1.70 0.21 1.93 

Sea Bottom Temperature -0.088 0.16 -0.41 -0.09 0.23 

Fish (mean weight) -0.070 0.08 -0.22 -0.07 0.09 

Crustacean (mean weight) -0.070 0.09 -0.27 -0.07 0.10 

Model 3 Summer 

Intercept -1.192 0.51 -2.24 -1.18 -0.23 

Bathymetry 2.357 0.64 1.06 2.37 3.57 

Sea Bottom Temperature -0.048 0.07 -0.20 -0.04 0.08 

Fish (abundance) -0.204 0.07 -0.37 -0.20 -0.08 

Crustacean (abundance) 0.016 0.04 -0.06 0.02 0.08 

Model 4 Summer 

Intercept -2.522 0.56 -3.66 -2.51 -1.46 

Bathymetry 0.622 0.68 -0.74 0.64 1.91 

Sea Bottom Temperature -0.094 0.09 -0.28 -0.09 0.07 

Fish (mean weight) 0.019 0.05 -0.08 0.02 0.11 

Crustacean (mean weight) -0.007 0.06 -0.12 -0.01 0.11 
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Figure 2. Graphical interpretation of the results for the species distribution models (B-
SDM) in winter (A) and summer (B). The y-axis of the graphs shows the response 
variable (European hake mean weight) and the x-axis the intensity (from lower to higher) 
of the explanatory variables of “Fish” and “Crustaceans.” The yellow lines represent 
“Fish” and the blue lines “Crustaceans”. In both cases, the straight line is used to represent 
the response variables related to abundance and the dotted line the response variables 
related to mean weight. Images from PhyloPic: European hake 
(“http://phylopic.org/image/8d92b454-3131-4bbd-ac9c-e1df14c2fc5a/”) this image 
available for reuse under the Public Domain Mark 1.0, Engraulidae 
(“http://phylopic.org/image/6bd3702d-3ef1-44d0-83bf-93377875017c/”) by M. 
Kolmann this image available for reuse under the Public Domain Mark 1.0 and 
Liocarcinus depurator “http://phylopic.org/image/01dd976b-f6e9-4204-bae1-
c15a32234f73/”) by Hans Hillewaert (vectorized by T. Michael Keesey) this image 
available for reuse under the Creative commons attribution-share Alike 3.0 
Unported."license. 
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European hake’s spatial distributions 

The “failure vector” showed extremely low values in all cases (< 0.1), proving a good 
goodness of fit of the models (Table 1). Furthermore, Spearman’s correlation between the 
predicted and observed mean weight also showed significant correlations in three of the 
four models (Table 1). The predicted posterior mean weight distribution of European hake 
showed spatial differences between winter and summer (Figure 3). In winter, higher mean 
weight areas were predicted on the southern of the Ebro Delta, close to the coast; whereas 
in summer, higher mean weight were predicted in all the northern part of the study area, 
showing respectively clustering areas southern to the Ebro Delta and northern of 
Tarragona (Figure 1 and 3). Both winter models (Model 1 and Model 2) predict very 
similar posterior spatial distribution patterns and same occurred for both summer models 
(Model 3 and Model 4). The only distinguishable difference for models using fish and 
crustacean’s abundance (Model 2 and Model 4) being that the predicted areas of high 
mean weight are subtly more confined and concentrated (Figure 3, b) and d)).  

 

Figure 3. Predicted distribution of the posterior mean of the relative mean weight (kg/n) 
for European hake in winter (A, B) and summer (C, D) for each one of the four models 
developed. Model 1 and Model 3 consider prey explanatory variables on abundance 
measure, whereas Model 2 and Model 4 include prey explanatory variables on mean 
weight measure. All results have been standardised and share a common scale ranging 
from 0 to 1. 
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Stable isotopes results 

δ13C values of European hake ranged from -20.29 ‰ to -17.94 ‰, and from 7.44 ‰ to 
11.81 ‰ in the case of δ15N values (Table 3). Significant differences were found for δ13C 
between life stages (pseudo-F= 119.82, p < 0.001) and season (pseudo-F= 22.72, p< 
0.001) but not for the interaction between season and stage (pseudo-F = 3.01, p = 0.08). 
For δ15N values, we only found differences between stages (pseudo-F = 129.21, p-value< 
0.001) and for the interaction between season and stage (pseudo-F = 12.32, p-value< 
0.001). Pairwise analysis showed differences between juveniles and adults for summer 
(p-value< 0.001) and winter (p-value< 0.001). Differences were also observed in the case 
of juveniles and adults between winter and summer (p-values < 0.05) (Tables 4, 5 and 
Figure 4). Regarding the isotopic niche, the group of juveniles-summer presented the 
smallest standard ellipses area (SEAB), followed by adults-winter, juveniles-winter and 
finally, adults-summer (Figure 4 and Table 4). 

Table 3. Summary table of δ13C and δ15N stable isotopes values of European hake for 
each age and season. n: number of samples, SD: standard deviation, min: minimum values 
and max: maximum values. 

  δ13C (‰)  δ15N (‰) 

Group n mean SD min max  mean SD min max 

Adults-winter 27 -18.49 0.30 -18.98 -17.94  10.23 0.75 9.11 11.81 

Adults-summer 13 -19.00 0.41 -19.55 -18.17  9.55 1.00 7.77 11.19 

Juveniles-winter 28 -19.48 0.45 -20.11 -18.62  7.98 0.75 7.02 9.93 

Juveniles-summer 35 -19.71 0.32 -20.29 -19.03  8.36 0.52 7.44 9.79 

 

Table 4. Bayesian Standard Ellipses Area (SEAB) values for each life stage (Adult-
Juvenile) and each season (winter-summer). Min: minimum values and Max: maximum 
values.  

 Adults-winter Adults-summer Juveniles-winter Juveniles-summer 

Min    0.3109 0.3905 0.3412 0.2205 

Median  0.5769 0.9245 0.5801 0.3864 

Mean    0.5927 0.9773 0.5942 0.3934 

Max    1.3676 2.8402 1.2206 0.7895 
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Table 5. Percentage of Bayesian Standard Ellipses Area (SEAB) overlap between 
European hake adults and juveniles for summer and winter. The 25% and 75% credible 
intervals of the overlap are given between parentheses. 

 Adults-winter Adults-summer Juveniles-winter Juveniles-summer 

Adults-winter - 
46.1 

(35.63- 56.02) 

22.51 

(14.35-29.96) 

12.57 

(3.96-23.94) 

Adults-summer 
76.67 

(59.38-90.68) 
- 

10.25 

(2.51-19.91) 

12.96 

(1.80-22.48) 

Juveniles-winter 
21.53 

(16.21-31.12) 

7.26 

(1.33-13.40) 
- 

14.48 

(6.16-23.30) 

Juveniles-summer 
8.15 

(2.06-15.77) 

8.26 

(1.13-16.07) 

8.57 

(4.21-15.07) 
- 

 

 

Figure 4. (A) δ13C and δ15N values and corrected Standard Ellipses Area (SEAc) for 
European hake by season and stage. (B) Bayesian standard ellipses area (SEAB) for each 
groups. Density plots represent the 95, 75 and 50 % credibility intervals of SEAB.  
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Figure 5. Individual European hake δ13C and δ15N values and mean and standard 
deviation δ13C and δ15N values of the potential prey sources. Black shaded scale of 
European hake represents the body length of the indiviuals. In brown, Cluster 1: Cepola 
macrophthalma, Boops boops, Spicara maena, Spicara smaris, Argentina sphyraena, 
Trisopterus minutus, Lepidopus caudatus, Sardina pilchardus, Maurolicus muelleri, 
Gadiculus argenteus and Micromesistius poutassou; in green, Cluster 2: Chlorotocus 
crassicornis, Nematoscelis megalops and Phronima sedentaria; in blue, Cluster 3: 
Vibilia armata; in violet, Cluster 4: Anchialina agilis and Meganyctiphanes norvegica 
and in aquamarine, Cluster 5: Engraulis encrasicolus, Plesionika heterocarpus, 
Sardinella aurita and Solenocera membranacea. 

The best MixSIAR model was the one that included fish length as a continuous variable 
and season as a factor (Table S5). Outputs indicated that the relative importance of the 
different prey groups in the diet of European hake changed with season and fish length 
(cm) (Figure 6). In winter, the smallest European hakes consumed mainly the prey 
included in Cluster 3, followed by Cluster 4 and Cluster 5. As we moved to larger sizes, 
there was a sharp decrease in Cluster 3 and an increase in Cluster 2. Moreover, Cluster 4 
also decreased with size, representing almost 0% of the diet proportion for the largest 
individuals. The opposite occurred for Cluster 2, which was absent in the diet of small 
individuals and its proportion increased with fish length. Noteworthy, the highest 
proportion of Cluster 5 occurred for intermediate fish lengths. On the other hand, in 
summer, Cluster 4 dominated the diet of the smallest individuals followed by Cluster 3, 
the latter at a lower proportion than in winter. The proportion of Cluster 4 decreased with 
fish length at the same time that Cluster 2 increased. During summer, Cluster 5 
represented lower proportion for all fish length, but maintained maximum values at 
intermediate fish length. Cluster 1 appeared similar to winter results. 
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Figure 6. MixSIAR model results showing estimated diet proportions of each potential 
prey cluster (1, 2, 3, 4 and 5) contributing to European hake diet, as a function of length 
(in cm) for each season (A: winter and B: summer). Cluster 1: Cepola macrophthalma, 
Boops boops, Spicara maena, Spicara smaris, Argentina sphyraena, Trisopterus minutus, 
Lepidopus caudatus, Sardina pilchardus, Maurolicus muelleri, Gadiculus argenteus and 
Micromesistius poutassou, Cluster 2: Chlorotocus crassicornis, Nematoscelis megalops 
and Phronima sedentaria, Cluster 3: Vibilia armata, Cluster 4: Anchialina agilis and 
Meganyctiphanes norvegica and Cluster 5: Engraulis encrasicolus, Plesionika 
heterocarpus, Sardinella aurita and Solenocera membranacea. 

Table 6: Number of samples, mean, standard deviation (SD) of δ13C and δ15N values of 
the prey used in the Bayesian mixing models to estimate the diet of European hake. 
Summary statistics are provided for Cluster 1, 2, 3, 4 and 5. n: number of samples.  

  δ13C  δ15N  

Species n mean SD  mean SD  

Cluster 1: Fish 49 -19.56 0.45  8.82 0.66  

Argentina sphyraena 3 -19.19 0.44  9.30 1.05  

Boops boops 3 -19.73 0.39  9.29 0.60  

Cepola macrophthalma 2 -20.40 0.05  8.16 0.04  

Gadiculus argenteus 3 -19.43 0.13  8.85 0.69  

Lepidopus caudatus 3 -19.71 0.10  8.43 0.24  

Maurolicus muelleri 5 -19.39 0.10  9.02 0.02  

Micromesistius poutassou 2 -19.43 0.12  8.83 0.25  

Sardina pilchardus 19 -19.66 0.51  8.43 0.48  

Spicara maena 3 -19.72 0.17  9.51 0.67  

Spicara smaris 3 -19.15 0.57  9.58 1.04  

Trisopterus minutus 3 -19.14 0.12  9.30 0.13  

Cluster 2: Crustaceans 13 -20.06 0.72  6.49 0.57  

Chlorotocus crassicornis 3 -19.71 0.63  6.99 0.47  

Nematoscelis megalops 5 -20.33 0.61  6.57 0.25  
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Phronima sedentaria 5 -19.99 0.88  6.12 0.66  

Cluster 3: Crustaceans        

Vibilia armata 5 -21.24 0.10  3.79 0.42  

Cluster 4: Crustaceans 8 -19.88 1.21  4.90 0.43  

Anchialina agilis 5 -19.47 1.39  4.82 0.51  

Meganyctiphanes norvegica 3 -20.55 0.40  5.01 0.32  

Cluster 5: Mixed (Fish & Crustaceans) 36 -18.89 0.35  8.12 0.88  

Boops boops 3 -19.73 0.39  9.29 0.60  

Engraulis encrasicolus 20 -18.87 0.25  7.62 0.73  

Plesionika heterocarpus 3 -18.57 0.14  8.09 0.38  

Sardinella aurita 10 -18.77 0.18  8.78 0.55  

 

2.2.4. Discussion 

The spatial distribution of marine species is known to be affected by interannual and 
seasonal environmental factors and habitat parameters, but also by species interactions 
factors (Gilinsky, 1984; Hixon and Carr, 1997; Carney, 2005; Morfin et al., 2012). In the 
present study, we applied a multidisciplinary approach that analyses the spatial 
distribution of European hake, using its main environmental and feeding related drivers 
explaining European hake distribution. For this, we applied Hierarchical Bayesian species 
distribution models (B-SDMs) and stable isotope analysis, considering a seasonal and 
ontogenetic perspective. Overall, our results showed seasonal and ontogenetic differences 
in the spatial distribution of European hake in the Northwestern Mediterranean Sea. In 
addition to the effect of particular environmental factors, these spatial changes were 
partially explained by the distribution of the main prey consumed by European hake. We 
also gathered information about the ontogenetic and seasonal variation in European hake 
diet to provide further insight into how feeding preferences may affect species spatial 
occurrence. 

Our species distribution models showed that adult individuals had a tendency to be 
present in deeper areas, with lower bottom temperatures. These environmental 
preferences have already been described for this species in the Mediterranean Sea 
(Demestre and Sánchez, 1998; Maravelias et al., 2006; Katsanevakis et al., 2009; Sion et 
al., 2019). Particularly, bathymetry has repeatedly been reported as a main driver in hake 
spatial distribution (Recasens et al., 1998; Orsi-Relini et al., 2002; Maynou et al., 2003; 
Paradinas et al., 2015). The importance of temperature and depth as key factors on SDMs 
has also been reported to vary intra-annually. For example, in the Aegean Sea (Central 
Mediterranean Sea) in 2016, the effect of temperature in the distribution of European hake 
was more pronounced during months of thermal stratification (Yalçın and Gurbet, 2016). 
Indeed, the influence of environmental factors on determining abundance of demersal fish 
in general are reported to be intensified during summer and autumn in the Aegean Sea 
(Katsanevakis et al., 2009). Furthermore, a seasonal and ontogenetic migration along the 
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bathymetric gradient was also observed for European hake outside the Mediterranean Sea, 
for example in the Galician waters (Atlantic Ocean) (Fariña et al., 1997).  

Our results showed a spatial segregation between adult and juvenile European hakes, with 
adults mainly present in the southern area during winter and in the northern area during 
summer. Ontogenetic spatial differentiation and areas of aggregation for this species have 
previously been related to life cycle events (Demestre and Sánchez, 1998), nursery areas 
(Druon et al., 2015), areas with high food availability (Sion et al., 2019) or changes in 
diet (Carpentieri et al., 2005; Garofalo et al., 2018). In general, it seems that adult females 
choose deeper areas whereas juveniles prefer the shallower continental shelf (Demestre 
and Sánchez, 1998). For instance, a study from late spring of 2015 using the same 
modelling approach than us detected three main hotspots area for European hake nurseries 
in the Northwestern Mediterranean Sea, one of the three located northern of the Ebro 
Delta, similar to the distribution found here for adults’ hake in winter (Paradinas et al., 
2015). In this context, European hake in the Western Mediterranean Sea presents a 
spawning peak during autumn and winter (Maynou et al., 2003), hence the aggregation 
found close to the Ebro Delta during winter in our study might also correspond to a 
reproduction/nursery area. Furthermore, changes in the spatial distribution between 
seasons have also previously been detected in our study area, with individuals 
intensifying their spatial differentiation during summer and spring (Demestre and 
Sánchez, 1998).  

In addition to the importance of the environmental variables on the distribution of 
European hake and although bathymetry showed the highest impact in all four models, 
the distribution of European hake main prey, both fish and crustaceans, also provided 
valuable information explaining the distribution of hake in the Northwestern 
Mediterranean Sea. Specifically, the spatial distributions and abundance of potential 
preys were used as indirect proxies of trophic behaviour in species spatial occurrence 
(Navarro et al., 2016). However, just including prey distribution was not enough in this 
case, as European hake is an ambush predator and its mouth gape is a limiting factor for 
prey selection and ingestion (this being especially true for juvenile individuals) (Johnson 
et al., 2012). This is why we also considered the information about potential preys’ size 
as an explanatory variable. In this regard, our results indicated that European hake’s 
juveniles in winter were associated with low abundance of relatively large fish preys. The 
size of these individuals could potentially outbound the mouth gape limitations of the 
predators, and thus juvenile’s European hake would mostly be feeding on small 
crustaceans as has been described in previous feeding studies (Mellon-Duval et al., 2017). 
However, in summer, juveniles are correlated with smaller and more abundant fish prey 
implying a potential capacity of also ingesting available small fish, in addition to 
crustaceans. Nevertheless, these results on their own were not sufficient to drawn a robust 
conclusion and the use of stable isotope analyses complemented the SDMs results 
providing additional information of European hake seasonal and ontogenetic trophic 
metrics. 
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In this context, differences in δ13C and δ15N values pointed out to potential differences in 
trophic habits of adults and juveniles between winter and summer. Furthermore, the low 
overlap between the different isotopic niches showed a strong degree of niche 
differentiation between seasons and stages, also confirmed by the mixing model. More 
specifically, the wide isotopic niche observed for adults suggests a more diversified 
feeding behaviour, contrasting with the narrow isotopic niche breadth recorded for 
juveniles. This is in contrast with previous studies, in the same area and in the Tyrrhenian 
Sea (central Mediterranean Sea), that have described juveniles as being more 
opportunistic than adults (Modica et al., 2013). Our isotopic results also suggest a 
seasonal differentiation in adults’ diet, with higher consumption of crustaceans during 
summer compared to winter. To a certain extent, this relates to our observations of the 
SDMs, as adults’ hake during summer were correlated with small-size crustaceans. 
Related to juveniles, the differences in δ15N values when compared to adults, and the 
positive trend with body size (Figure S5) indicated ontogenetic variations in diet; with 
the lower values recorded for juveniles suggesting a consumption of lower trophic level 
organisms. In addition, MixSIAR outputs showed that cluster 3 (formed uniquely of the 
amphipod Vibilia armata) represented the highest diet proportion for juveniles in winter, 
followed by cluster 4 (formed exclusively of crustaceans) and the same clusters but in the 
opposite level of importance dominated for summer. This concurred with previous 
findings that reported a diet based on crustaceans for juveniles of European hake 
(Bozzano et al., 1997; Cartes et al., 2004, 2009; Ferraton et al., 2007).  

However, partly contrasting the results of the B-SDM, juveniles larger than 20 cm in 
winter showed a higher proportion of cluster 5 (formed by several crustaceans and small 
fish, i.e., Sardinella aurita and Engraulis encrasicolus) when compared to juveniles from 
summer. Consumption of small pelagic fish has also been recorded for this species for 
individuals as small as 7 cm in nearby areas (Gulf of Lions) (Mellon-Duval et al., 2017). 
Within this context, the SIA results suggested that summer juveniles may have been 
feeding on higher trophic levels prey sources, as they showed higher δ15N values (Navarro 
et al., 2011) compared to juveniles in winter. However, rather than an increase of 
piscivorous diet during summer, it could be due to the fact that at this time of the year, 
juveniles feed more on cluster 4 than cluster 3, which occupied a slightly higher isotopic 
position. Nevertheless, it is important to consider that changes in δ15N values can also 
reflect variations in the baseline rather than in diet, especially when comparing values 
from different seasons (Costalago et al., 2012; Mellon-Duval et al., 2017). Thus, further 
and more extensive analysis that include this aspect should be done to verify this seasonal 
variation in the diet. 

Overall, our trophic analysis results were partly consistent with published data (Bozzano 
et al., 1997; Cartes et al., 2004, 2009; Ferraton et al., 2007), where juveniles showed a 
crustaceans dominated diet and switch to a more piscivorous diet as they reached larger 
body size. Here we observed an evident ontogenetic variation in diet, with increased 
consumption of fish preys as individuals reach intermediate and large body size. We also 
observed that the species of crustaceans consumed varied with ontogenetic stage and 
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season. However, not all the studies concur on the body length and the reason why this 
switch occurs. It has been suggested that the diet’s switch corresponds to an increase in 
individual’s mobility in the water column (Mellon-Duval et al., 2017) along a 
proportional increase in mouth dimensions (Karpouzi and Stergiou, 2003) that facilitates 
ingestion of larger preys (Modica et al., 2013). Piscivorous diet has also been associated 
with the retinal changes and the improvement in vision acuity (Bozzano and Catalán, 
2002) that permit European hake detects prey from higher distances and even in more 
turbid waters. These physiological changes altogether will ease prey selectivity and an 
intake preference for higher energy preys (Stagioni et al., 2011; Modica et al., 2013).  

Overall, our results show that seasonality plays a role when looking at the distribution 
and feeding behaviour of European hake. Seasonality can affect prey availability and thus 
predators’ diet. In our study, despite diet variations were more distinct between stages, 
differences between seasons should not be disregarded. Previous studies have also 
recorded diet variation with seasonality in the Western Mediterranean Sea (Mellon-Duval 
et al., 2017) and non-Mediterranean areas (Velasco and Olaso, 1998), with mixed 
conclusions. A study from the north-eastern Mediterranean Sea showed an increase in 
fish ingestion in winter and dominance of crustaceans during summer (Stagioni et al., 
2011). This is partly in line with our results, as despite high proportions of cluster 2, 3 
and 4 (formed exclusively of crustaceans) were observed during both seasons, 
consumption of cluster 5 (formed of fish and crustaceans) was overall higher during 
winter. Some studies have also recorded an increase on juveniles feeding on euphausiids 
in spring, coinciding with the aggregating reproductive behaviour of this species 
(Ferraton et al., 2007), as well as an increase of gobiids consumption during autumn. 
Furthermore, a study from the Gulf of Lyon (Northwestern Mediterranean Sea) found 
lower proportion of pelagic fish ingestion in adults’ diet in spring when compared to 
autumn (Mellon-Duval et al., 2017).  

Despite valuable information, and the novelty and benefits of using a continuous 
covariate in the MixSIAR analyses, which is a relatively novel technique (Francis et al., 
2011; Stock and Semmens, 2016; Gagne et al., 2018; Stock et al., 2018; Gorman et al., 
2019), this study is subjected to some limitations. Unfortunately, this study only covers 
one year and it is not possible to prove repeatability of the seasonal pattern observed in 
the analysis. Moreover, the use of the mean weight as a proxy of European hake size and 
life stages in the B-SDM is appropriate to identify areas mostly occupied by juveniles and 
large adults in winter and summer. This type of variable can be of interest when wanting 
to account for changes related to life stages but where data of individuals’ body length is 
scarce, not available or not feasible. For example, oceanographic surveys where total 
biomass and abundance per haul is usually recorded but the individual sampling of all 
specimens for biological analysis is unrealistic. However, this kind of proxy also presents 
some limitations, not directly informing of the less extreme phases of the life cycle, as 
intermediate values of mean weight cannot be categorized into adults other juveniles and 
are likely composed of mixed life stages. Furthermore, according to the length-weight 
relationship for European hake in the Western Mediterranean Sea (Morey et al., 2003), 
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for an individual of 25 cm, which is the length above which we classified individuals as 
“adults” (Bozzano et al., 1997; Lleonart, 2002), the corresponding mean weight is around 
0.0895 kg. This means that for our data, only a reduced number of hauls had mean weight 
values over this threshold (Table S6). This translates into an under-representation of adult 
individuals, especially during summer. This is partly related to the fact that all the data 
for this study was collected through bottom trawling, whereas generally larger individuals 
of European hake are caught trough long net gears. This means that adults were not very 
abundant and that our maximum individuals’ size is 50.2 cm, but European hake in these 
waters can reach body lengths of more than 80 cm. Therefore, the diet and spatial 
distribution described here is not representing the entire population, omitting the largest 
individuals.  

Our findings could have clear implications for a future seasonal-based adaptive fisheries 
management, as local depletion of prey, or variation in prey size and/or condition may 
affect hake presence in an area. This is of particular interest for this study as overfishing 
has led to a general decrease on demersal species (FAO-MED, 2018), some of which are 
prey to European hake, as well as a decline in small pelagic fish (e.g. Sardina pilchardus 
and Engraulis encrasicolus) (Coll and Bellido, 2019). Indeed, previous studies have 
already expressed their concerns about the underlying effect of these alterations for hake’s 
population stock and distribution (Sion et al., 2019). Combining this information with 
future climate-change scenarios could result on major variations of the potential 
distribution of European hake in this area. Therefore, this study presents important 
information in the context of phenological processes of exploited species and their 
potential changes due to climate change. It does also emphasize, the need for additional 
monitoring efforts that consider a seasonal sampling of the marine ecosystems. Further 
information about spatial trophic analysis with season and ontogenetic stages is necessary 
if we want to fully understand species ecological roles, spatial-temporal population and 
food-web dynamics within marine ecosystems. 
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Abstract 

Small pelagic fish (SPF) are key organisms for the functioning of pelagic marine 
ecosystems. In recent decades, these species have undergone significant changes in 
biomass, growth and body condition in the Mediterranean Sea. Seasonal and spatial 
information about changes in biological and ecological traits of SPF and their relationship 
with environmental variables is still missing. Here, we have investigated along a 
latitudinal gradient in the Northwestern Mediterranean Sea the seasonal patterns of fish 
fitness (in terms of body condition, fat content and reproduction activity) of two important 
Mediterranean SPF, European anchovy (Engraulis encrasicolus) and European sardine 
(Sardina pilchardus). We used non-parametric multivariate analyses and Generalized 
Additive Models (GAMs) to investigate which environmental and trophic variables could 
explain observed variations during 2018-2019. Mean fat content values, relative condition 
index (Kn) and gonadosomatic index (GSI) were calculated monthly. We also measured 
individual’s stable isotope composition in muscle. Chlorophyll-a, sea surface temperature 
and salinity were used as environmental descriptors. The results revealed spatial and 
temporal variations for both species in terms of body condition, fat content and 
reproduction indices, as well as of stable isotopic values. GAMs showed that the 
variability in fitness for both species was mostly explained by environmental variables, 
in addition to the spatial and seasonal factors. Trophic variables contributed to explain 
the variability of the indices, mostly in the case of anchovy. This study provides insights 
into the spatial and seasonal interplay of the fitness of two important commercial species 
along a latitudinal gradient, and contributes to understand the fluctuations of SPF 
population and recent declining trends to inform proactive fisheries management at local 
and regional scale. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Keywords: Anchovy fisheries, Energy dynamics, Life history, Sardine fisheries, 
Seasonal changes, Spatial ecology. 



Chapter 2.3. 

96 

2.3.1. Introduction 

Small pelagic fish (SPF) are important species for commercial fisheries worldwide (FAO, 
2020) and are key elements for the functioning of marine ecosystems linking lower and 
upper trophic level species (Cury et al., 2000). Thus, variations in their populations can 
impact the dynamics of the whole ecosystem structure and functioning with large 
ecological and socioeconomic consequences (Pita et al., 2014). Due to their short life 
span, rapid maturation and plankton-based feeding, SPF are highly sensitive to 
fluctuations in environmental factors and human pressures including climate change, and 
in turn can be good indicators for climate driven changes (Checkley et al., 2009; Peck et 
al., 2013). Nevertheless, to properly use them as indicators, it is necessary to understand 
the relationship between their biological parameters and changes in the environment on 
seasonal, inter-annual and long-term time scales. 

As in other Mediterranean areas, SPF play a key role in ecosystems and dominate the 
catch, representing 44.3% of the landings (FAO, 2020). Fluctuations in their populations 
have been widely documented. However, in recent decades, two important SPF species, 
the European anchovy (Engraulis encrasicolus) and the European sardine (Sardina 
pilchardus), have undergone significant changes in biomass, abundance, growth patterns, 
age-structure and body condition in specific areas of the Mediterranean Sea (Quattrocchi 
and Maynou, 2017; Saraux et al., 2019; Pennino et al., 2020), with most changes showing 
declining trends. Variations in the population dynamics of SPF, and changes in life history 
traits in particular, have been related to the effects of different drivers such as fishing 
pressure, environmental changes and lower quality or quantity of food availability that 
act individually or synergistically (Brosset et al., 2015b; Coll et al., 2019; Saraux et al., 
2019). While progress has been made in understanding the factors that explain long-term 
changes in the fluctuations of SPF (Van Beveren et al., 2014; Brosset et al., 2017), the 
environmental and trophic factors that drive observed seasonal energy dynamics at local 
scales have been less investigated (Brosset et al., 2015, 2017). 

Exogenous environmental factors are known to play an important role in driving species 
dynamics and can have direct effects on the physiology, metabolic, or reproductive 
success of both sardine and anchovy. For example, spawning of these two SPF is highly 
linked to primary productivity and temperature (Palomera et al., 2007; Quattrocchi et al., 
2016). On the other hand, environmental drivers can have indirect effects by influencing 
their predators and prey (Ottersen et al., 2010), for instance by affecting the distribution 
of zooplankton and other important food sources for these SPF. Since marine ecosystems 
are highly dynamic environments, the aforementioned environmental factors present 
seasonal and spatial variations at different levels. The Northwestern Mediterranean Sea, 
the area of the present study, is characterized by a strong seasonality with intra-annual 
changes in environmental variables, productivity and phytoplankton blooms (Estrada, 
1996; Salat et al., 2002; Bosc et al., 2004). This emphasizes the importance of considering 
seasonality and phenology when investigating marine species dynamics inhabiting this 
area (Vilas et al., 2020; Lloret-Lloret et al., 2021). 
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Investigating the nutritional condition, energy balance, relative fitness and general health, 
at individual and at population level, can provide insights into the dynamics of the 
population. This is commonly done by measuring body condition and reproduction 
investment, measured through morphometric indices like Le Cren body condition index 
(Kn) and gonadosomatic index (Le Cren, 1951) but also through energy density or lipid 
content (Albo-Puigserver et al., 2017). Somatic and reproductive condition are 
intertwined and changes in one ultimately affects the other (Garrido et al., 2008; Lloret et 
al., 2013) as individuals may be confronted with an energy conflict between maintenance 
and reproduction under scenarios of limited resources (Brosset et al., 2016b). Considering 
the temporal reproductive index in conjunction with the reproduction strategies of SPF is 
therefore necessary when investigating their energy dynamics. Sardine and anchovy 
represent good focal species for a comparative analysis as they have opposite 
reproductive strategies (capital-breeder vs income-breeder, respectively (Mcbride et al., 
2015)) and show different reproductive periods in this area (sardine in winter and anchovy 
in spring-summer) (Palomera et al., 2007; Albo-Puigserver et al., 2020). Under 
environmental changes, such as variations in plankton phenology, the responses of both 
species could differ. 

Fluctuations in quantity and quality of available food can affect energy acquisition and 
allocation and thus, individuals’ fitness and ultimately, the entire SPF population and 
ecosystem structure (Lloret et al., 2013; Mcbride et al., 2015; Queiros et al., 2019). It has 
been proposed that bottom-up processes, such as a variation in plankton composition, 
quality and quantity potentially derived from environmental changes (such as the increase 
of sea surface temperature and intensification of stratification periods of the water column 
(Calvo et al., 2011)) could be the underlying reason for sardine and anchovy decline in 
the Gulf of Lion, Northwestern Mediterranean Sea (Van Beveren et al., 2014, 2016; 
Brosset et al., 2015b, 2016a, 2017; Saraux et al., 2019). Furthermore, even if larval 
survival is the main factor limiting recruitment, feeding condition during this 
developmental stage has shown to affect growth for anchovy and thus, the condition of 
future adults (Quintanilla et al., 2015). Sardine and anchovy also present morphological 
differences on their feeding structures and on their trophic behaviours, that allow them to 
adapt to changes in prey availability, type or size (Van der Lingen et al., 2009; Costalago 
and Palomera, 2014). A deeper understanding of the relationship between the trophic 
ecology of sardine and anchovy and their fitness could improve the capacity to predict 
the food-web consequences for higher trophic levels that depend on small pelagic fish. 

Stable isotopes can be used as a proxy to assess diet changes. Information of isotopic 
composition and fitness indices have been combined for other fish species [e.g. European 
hake, Merluccius merluccius (Ferraton et al., 2007; Rueda et al., 2019) and seabirds 
(Ronconi et al., 2014)], and could be particularly relevant in dynamic spatiotemporal 
systems such as the Northwestern Mediterranean where organisms tend to be tightly 
coupled to changing environmental conditions (Rueda et al., 2019). Combining 
assessments of the fitness of individuals with trophic analyses can be useful to understand 
the interplay of both factors and the possible causal mechanisms driving changes in 
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species fitness. 

Latitudinal variations in condition, life-history traits and diet have been recorded for 
sardine and anchovy along the Mediterranean coast of the Iberian Peninsula (Brosset et 
al., 2017; Bachiller et al., 2020; Albo-Puigserver et al., 2021). Nevertheless, patterns in 
variations are not always as clear and they may be driven by small-scale processes 
(Brosset et al., 2017; Salgado-Hernanz et al., 2019). The main drivers that explain 
observed changes in SPF fitness may thus be a combination of environmental variability, 
food availability and changes in energetic dynamics that can exhibit regional variability. 
The aim of the study was to investigate which environmental and/or trophic variables 
explain the variations in small pelagic fish fitness for sardine and anchovy during a full 
year and considering spatial and seasonal factors within an area of the Western 
Mediterranean Sea, where fitness is expressed in terms of body condition, fat content and 
reproduction indices. The specific objectives were: 1) to analyse the seasonal patterns of 
body condition, fat content, reproduction period and trophic ecology of these two SPF 
locally along a latitudinal gradient, and 2) to investigate which environmental variables 
and trophic information could explain observed changes in these indicators. Analysing 
the spatial and seasonal dynamics in SPF fitness at small scales could help understand 
their fluctuations as well as the driving local processes, and provide meaningful 
information for local and regional fisheries management. 

2.3.2. Material and Methods 

Study area and sampling procedure 

This study was conducted in the Northwestern Mediterranean Sea (Figure 1), a high 
productivity area because of local upwelling, riverine inputs and other mesoscale 
activities (Estrada, 1996). This area is characterized by a strong seasonality. During 
summer, the high sea surface temperatures lead to the formation of thermoclines that 
prevent upwelling of nutrients into the photic layer. On the other hand, during winter, the 
winds cause a vertical mixing of the water column bringing nutrients to the top layers, 
with phytoplankton blooms generally occurring in late autumn, winter and early-spring 
(Estrada, 1996; Salat et al., 2002). The study area receives fresh run-off from the Rhône 
river at the north and the Ebro river at the south, contributing to the lower salinity waters 
over the continental shelf (Salat et al., 2002). These conditions favor the presence of SPF, 
and the strong oceanographic eddies support the retention and survival of early life stages 
(eggs and larvae) of sardine and anchovy (Sabatés et al., 2013; Quattrocchi et al., 2016). 

Individuals of both species were collected monthly, from July 2018 to June 2019, from 
commercial purse-seiner vessels in three fishing grounds of L’Escala, Barcelona and 
Tarragona harbours along the study area (Figure 1). Sardines from Tarragona where 
collected between September 2018 and August 2019 due to data sampling constrains (see 
Table S1a). Samples were collected from vessels’ landings and to capture the length 
variability of the catch, individuals covering all available size-ranges were kept for 
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sampling. To avoid possible ontogenetic effects, only individuals with body length ≥ 12 
cm were included in the analysis of the relationship between fitness and environmental 
and trophic variables (see section “Statistical analysis” and Table S1b). Due to specific 
fishing closures or absence of individuals of one of the two species in the commercial 
catches, some data were unavailable for certain areas and months (see Table S1a). The 
fishing vessels of each of the three ports covered different fishing grounds (hereafter 
referred to as “areas”) with contrasting topographical and oceanographic characteristics. 
The total sampling area consists of mostly narrow continental shelfs crossed by submarine 
canyons in the north to the wider Ebro river delta in the south. The two northern areas 
generally show colder temperatures, are affected by strong winds and receive riverine 
inputs from the Muga and Rhône rivers. The southern area is warmer and is influenced 
by input from the Ebro river. Similarly, to previous studies (Quattrocchi et al., 2016), the 
study areas covered depth ranges from 35 to 200 m, which mainly covers the small pelagic 
fishery area (Figure 1). 

 
Figure 1. Map of the Catalan Sea, the study area in the Northwestern Mediterranean Sea. 
Shaded areas delineate the three areas included in the study (L’Escala, Barcelona and 
Tarragona). 

Overall, 1,280 anchovies and 1,360 sardines were sampled along these three fishing 
grounds. Individuals’ weight (in grams), total length (in cm), sex (male, female, 
undetermined) and gonad weight (in grams) were recorded. For each species, fishing 
ground and month, a subset of individuals was selected and a skinned rectangular piece 
of dorsal white muscle was frozen (-20ºC) for stable isotope analysis at a later stage. In 
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order to reduce individual variability due to sex and size, only females ≥ 12 cm were 
subsampled for isotopic analysis (Table S1b). 

Body condition, fat content and reproduction period 

Body condition indices are commonly used as a measure of energy storage (Gatti et al., 
2018). As both species present allometric growth (Van Beveren et al., 2014), we 
calculated the relative condition factor Kn (Le Cren, 1951) as a proxy for somatic 
condition and individual’s physiological status. Kn is an independent morphometric 
indicator based on the length-weight relationship and has been validated for sardine and 
anchovy (Brosset et al., 2015b). Kn values are distributed around 1, with values above 1 
representing individuals in better condition than a standard individual of the same size 
and values below 1 representing individuals in worse condition. The index was computed 
for all the samples (see Table S2) as: Kn = W/Wr, where W is the mass of an individual 
(gutted weight, referring to total body weight of the individual minus the gonad weight, 
in gr) and Wr is the theoretical weight of an individual of a given length. Wr values were 
calculated from the length-weight relationship for the individual samples for each species: 
Wr= α TLβ, where TL is the total fish length (cm) and α and β are the regression 
coefficients calculated with our own data (sardine: a= 0.0029 and b=3.368, anchovy: 
a=0.0049 and b=3.091). 

To account for the interplay between the energy invested in reproduction and 
maintenance, the gonadosomatic index (GSI) was calculated as a proxy for energy 
invested in reproduction. Only female individuals were considered, as population 
dynamics are generally more affected by the reproductive capacity of the females due to 
the high energetic cost of egg’s production compared to sperm (Brosset et al., 2016b). 
GSI = (WG/WT) *100, where WG is the wet weight of the gonad (in gr) and WT is the 
gutted weight (total body weight of the individual minus the gonad weight, in gr). 

We measured indirect condition index based on tissues properties by using a Distell Fish 
fatmeter, model FFM992 (Distell, 2010), which produces a low-power microwave 
transmission through tissue that estimates lipid content (Kent, 1990). It uses the water 
content of the tissues and relates it to the amount of lipids stored in the subdermal 
reserves. The internal calibration of the device for sardines and anchovies was used. The 
sensor of the fatmeter was placed over the lateral line and two measurements were taken 
from each side of the fish. The mean value of the four measurements was calculated and 
is referred hereafter, as fat content. This methodology has been previously used for the 
two study species (Brosset et al., 2015a) and provided a good surrogate for energy density 
through calorimetry analysis for both SPF (Campanini et al., 2021). 

Trophic analysis 

Stable isotopes analysis (SIA) of nitrogen and carbon in white muscle were used as a 
proxy for the assimilated diet of sardines and anchovies (Costalago et al., 2012). Only the 
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SIA values of females (≥12cm) were analyzed to reduce the potential variability 
associated with the sex and size of the individuals. Muscle samples from the dorsolateral 
part of 117 female sardines were collected for stable isotope analyses (see Table S5) (10 
per season and area, except for L’Escala-Autumn where n=7) and 114 female anchovies 
(10 per season and area, except for L’Escala-Autumn where n=6, L’Escala-Winter, n= 9 
and Barcelona-Autumn, n=9). All samples were freeze-dried and powdered, and 0.8 (0.70 
- 0.85) mg of each sample was packed into tin capsules. Stable isotopes analysis was 
performed at the “Servizo de Apoio à Investigação” (SAI) of the University of A Coruña 
(Spain). Samples were combusted at 1020ºC using a continuous flow isotope-ratio mass 
spectrometry system by means of a Carlo ErbaCHNSO 1108 elemental analyser 
(ThermoFinnigan, Italy) coupled to a Finnigan Matt Delta Plus isotope ratio mass 
spectrometer). The isotopic composition was expresses as delta (δ) per mil notation (‰), 
relative to Vienna Pee Dee Belemnite (δ13C) and atmospheric N2 (δ15N). The precision (± 
Standard Error of 4 replicates) of the standards and samples for the two isotopes is <0.05 
and <0.04‰ respectively. USGS40 and L-alanine from the International Atomic Energy 
Agency were used, as well as internal acetanilide standards. For those samples with a C:N 
ratio higher than 3.5‰, the δ13C values were corrected following (Post et al., 2007) to 
account for the presence of lipids in muscle samples. 

 Statistical analyses 

Two statistical procedures were applied. First, a 2-way semiparametric permutation 
multivariate analyses tests (PERMANOVA tests) on the Bray-Curtis distance matrix was 
used to test for differences of the mean fat content, GSI and Kn values between areas (i.e. 
fishing grounds) and seasons for each species. Pairwise tests were performed in the case 
of significant differences between areas or seasons (p <0.05). For all statistical analysis, 
monthly samples were aggregated into seasons: summer (July to September), autumn 
(October to December), winter (January to March), and spring (April to June) (Table S1). 
To test for differences in δ15N and δ13C values between areas and seasons for each species, 
we also performed 2-way PERMANOVA tests on the Euclidian distance matrix. In the 
case of significance difference, the pairwise tests were also performed. PERMANOVA 
and pairwise tests were executed in the software PRIMER-E v6 with PERMANOVA 
(Anderson et al., 2008).  

Secondly, we used Generalized Additive Models (GAMs) to assess which variables 
(environmental and/or trophic) could explain most of the variance of the fitness indices 
(Kn, mean fat content and GSI). To avoid possible ontogenetic changes in energy 
dynamics and trophic ecology, only female individuals ≥ 12 cm (for which we had 
information on stable isotopes) were included in the GAM analysis. GAMs were 
developed for each species, considering area and season as factors to capture the impact 
of the spatiotemporal variation. GAMs included three key environmental parameters 
(Agostini and Bakun, 2002) as explanatory variables (i.e. surface chlorophyll-a (Chl-a, in 
mg/m3), sea surface temperature (SST, in ºC) and salinity (PSU)). These environmental 
variables were selected as they were found relevant in previous studies (Pennino et al., 
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2020; Albo-Puigserver et al., 2021; Fernández-Corredor et al., 2021). Monthly mean 
maps of salinity data from the top 150 m (see Figure 1) was obtained from the Copernicus 
Marine Environment Monitoring Service (https://marine.copernicus.eu); monthly mean 
maps of Chl-a and SST from the MODIS data were obtained from the NASA Earth 
Observations (NEO) service (https://neo.sci.gsfc.nasa.gov/). In addition, δ13C and δ15N 
were included as continuous explanatory variables in the models, as a proxy for the 
trophic niche. 

In addition, we run a separate set of GAMs to test for a temporal lag in the environmental 
drivers to asses if sardine and anchovy were affected by the environmental conditions in 
previous nine months. Lag length was selected based on previous studies into these 
species in the area (Pennino et al., 2020). Such a lag could be particularly important to 
consider for European sardine as its capital breeder behaviour results in accumulation of 
mesenteric fat during the spring-summer season prior to the reproduction period, which 
approximately corresponds to a 9 months’ time lag. All explanatory variables were tested 
for collinearity and correlation, calculating the generalized variation inflation factor 
(GVIF) (Fox and Weisberg, 2011) and Pearson’s correlation test, respectively. High 
correlation (>0.7 and GVIF >3) were found between Chl-a and SST and between lag-Chl-
a and lag-SST, and thus, these variables were not included together in the same model.  

All GAMs were run for each species and index using the function gam included in the 
library mgcv (Wood, 2003, 2011) in the R software (R version 3.6.2) (R Core Team, 
2019). The default thin plate regression spline was applied for all the main predictors 
except factor predictors (“season” and “area”). Restricted maximum likelihood (REML) 
was used for smoothing parameter estimation and the number of knots were restricted to 
3 or 4 to avoid overfitting. A Gaussian distribution with identity link was used in for Kn 
and mean fat content indices for both species, as the data followed a normal distribution. 
On the other hand, a logarithmic transformation was applied when normality assumptions 
were not achieved, which was the case for GSI values for both species. Best-to-fit models 
were selected based on the explained deviance, the Akaike Information Criterion (AIC) 
(Burnham and Anderson, 2002) and ecological sense. The R library visreg (Breheny and 
Burchett, 2017) was used for GAM visualization. 

Overall, to test different hypothesis, we considered four types of variables: environmental 
(Chl-a, SST, Salinity), environmental with a 9-months time-lag, spatiotemporal factors 
(season, area) and trophic variables (δ13C, δ15N). We considered different combinations 
of variables (Table 1). Nineteen core models were tested for each species and index, and 
models were simplified following one-by-one deletion, starting from the least significant 
variable until only significant variables were kept (see Table S7 for more details of the 
models assessed) (Heinze et al., 2018). 
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Table 1: Summary of the hypothesis tested and the corresponding 19 core models from 
which the best fitted model selection was based. Acronyms stand for: chlorophyll-a (Chl-
a), sea surface temperature (SST), lag chlorophyll-a (lag-Chl-a) and lag sea surface 
temperature (lag-SST). 

Hypothesis Combination of variables Core models 

Only one type of variables 

(environmental, lag-

environmental, spatiotemporal 

or trophic) 

affects fitness indices 

Only continuous environmental 

variables 

Chl-a + Salinity 

SST + Salinity 

Only factor drivers Season + Area 
Only trophic variables δ15N + δ13C 

Only lag-continuous 

environmental variables 
lag-Chl-a + lag-Salinity 
lag-SST + lag-Salinity 

Combination of continuous 

environmental variables with 

spatiotemporal factors and/or 

trophism affects fitness indices 

Continuous environmental 

variables + factorial drivers 

Chl-a + Salinity +Season + Area 

SST + Salinity +Season + Area 

Continuous environmental 

variables + factorial drivers+ 

trophic variables 

δ15N + δ13C + Chl-a + Salinity + Season + Area 

δ15N + δ13C + SST+ Salinity + Season + Area 

Continuous environmental 

variables + trophic variables 

δ15N + δ13C + Chl-a + Salinity 

δ15N + δ13C + SST+ Salinity 

Combination of continuous lag-

environmental variables with 

spatiotemporal factors and/or 

trophism affects fitness indices 

Continuous lag-environmental 

variables + factorial drivers 

lag-Chl-a + lag-Salinity +Season + Area 

lag-SST + lag-Salinity + Season + Area 

Continuous lag-environmental 

variables + factorial drivers + 

trophic variables 

δ15N + δ13C + lag-Chl-a + lag-Salinity + Season + Area 

δ15N + δ13C + lag-SST + lag-Salinity + Season + Area 

Continuous lag-environmental 

variables + trophic variables 
δ15N + δ13C + lag-Chl-a + lag-Salinity 
δ15N + δ13C + lag-SST+ lag-Salinity 

Combination of spatiotemporal 

factors with trophism affects 

fitness indices 

Factorial drivers + trophic 

variables 
δ15N + δ13C + Season + Area 

2.3.3. Results 

Changes in body condition, fat content and reproductive period 

Results showed spatial and seasonal variations for both species in terms of body condition 
index, fat content and reproductive period (Figure 2 and Table S4). The spatial variation 
of the three indices for the two species did not follow a clear latitudinal trend. Table S2 
and S3 present a general summary of the values of body condition, fat content and 
reproductive index per species, area and season and Table S4 the corresponding 
PERMANOVA and pairwise analyses. 

Regarding anchovies, we found statistical differences (p-values<0.05) in Kn and fat 
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content values between seasons (Kn: Pseudo-F=138.42, mean fat content: Pseudo-
F=32.19; Figure 2 and Table S4a), areas (Kn: Pseudo-F=35.01, mean fat content: Pseudo-
F=19.17; Table S4a), and for the interaction of area with season (Kn: Pseudo-F=3.55, 
mean fat content: Pseudo-F=10.82; Table S2a, S3a and S4a) (see also Figure S1). 
Maximum mean GSI values occurred from May to September, (spring and summer) 
indicating a peak of reproduction in July (mean and SD of the highest values for 
Barcelona summer: 2.406 ±1.238, Table S3a). A shorter reproduction period was only 
observed in L’Escala, where GSI values showed a sharp decline in August. Seasonal and 
spatial variance in GSI was proven to be significant, with some exceptions (see Table S4a 
and b and Figure S1). 

For sardines, Kn and mean fat content showed significant difference (p-values<0.01) 
across areas (Kn: Pseudo-F=27.82, mean fat content: Pseudo-F=138.93; Table S4), and 
seasons (Kn: Pseudo-F=297.66 and mean fat content: Pseudo-F=446.85; Table S4) and 
for their interaction area with season (Kn: Pseudo-F=9.7 and mean fat content: Pseudo-
F=22.33; Table S4). They peaked from March to August, showing an increasing 
accumulation of fat reserves during spring and summer, before the reproduction period, 
followed by a decline during autumn and winter. Mean fat content values were generally 
higher in Barcelona (mean ±SD seasonal range= 7.83± 1.94 to 16.83±2.04; Table S2b) 
compared to the other two areas, and lowest in Tarragona for most of the months (mean 
±SD seasonal range= 7.10±1.76 to 10.29±3.34; Table S2b), but differences were 
especially noticeable in July, August, September and October (mainly summer). In the 
Barcelona area, high values of fat reserves were maintained longer than in the other two 
areas (Figure 2 and S1). GSI presented spatiotemporal variation, with high values from 
September to February (autumn and winter) and generally higher values in Barcelona 
(mean ±SD winter value: 2.565±2.575) and L’Escala (mean ±SD winter values: 2.433± 
2.040) compared to Tarragona (mean ±SD winter value: 1.262±1.02; Table S3b) (with 
factors area pseudo-F=6.57, season, pseudo-F=100.62 and area*season, pseudo-F=6.62, 
and p-values <0.01; see Table S4a and Figure 2).  
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Figure 2. Boxplots of monthly variation of GSI, mean fat content and Kn indices for 
European anchovy (A, B and C) and European sardine (D, E and F) for the three areas 
(L’Escala, Barcelona and Tarragona). Boxplots hinges represent the 1st and 3rd quartiles. 
Horizontal lines represent the median values. 
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Changes in trophic ecology 

δ13C and δ15N values showed seasonal variations for both species with differences 
between areas, some of which were significant (Figure 3 and Table S5, S6). For Anchovy, 
δ13C values differed between area (Pseudo-F = 28.31, p-values <0.01) and season 
(Pseudo-F= 31.46, p-values <0.01) without a significant interaction between both factors 
(p >0.05). We observed a consistent pattern within regions, maintained across areas, with 
similar values in summer and autumn, decreasing in winter and with an even further 
decrease in spring. Comparing within season values, a latitudinal trend was observed in 
most cases, with increasing values from north to south (Figure 3). On the other hand, δ15N 
also showed spatial and seasonal differences (between area, Pseudo-F= 16.82 and season, 
Pseudo-F= 10.69, p-values <0.01; Table S6a). δ15N showed similar values for summer 
and autumn, followed by a decrease in winter and increase in spring. Here again, the 
seasonal trend was maintained for the three areas. A latitudinal variation was observed 
with lower values at the north slightly increasing towards the south (Figure 3). 

 

 

Figure 3. δ13C and δ15N for European anchovy (A and C) and European sardine (B and 
D) for each area (L’Escala, Barcelona and Tarragona) and season (summer, autumn, 
winter and spring). Boxplots hinges represent the 1st and 3rd quartiles. Horizontal lines 
represent the median values. 
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 For sardine, δ13C values differed between season (Pseudo-F= 8.54, p-value<0.01), being 
the interaction of season and area also statistically significant (Pseudo-F= 2.55, p-
value<0.05; Figure 3, Table S6). δ15N values also showed differences between areas 
(Pseudo-F= 41.13, p-value<0.01; Table S6), seasons (Pseudo-F= 19.34, p-value<0.01; 
Table S6) and their interaction (Pseudo-F=2.59, p-value>0.05; Table S6). δ15N values 
showed a mostly consistent seasonal pattern, similar to anchovy, with resembling values 
for summer and autumn followed by a sharp decrease in winter and then, an increase in 
spring. The seasonal trend was also maintained across the three areas. These observations 
were mostly supported by the pairwise statistical analysis. Furthermore, a latitudinal 
variation with lower values at the north increasing towards the south was also recorded 
(Figure 3).  

Relationship between body condition, fat content and reproduction period with 
environmental and trophic variables 

Selected GAMs explained between 44.6% and 75.5% of the variance for anchovy and 
sardine indices (see Table 2 and Figure 4 and 5). In some case, for both species, two 
models were selected as best fits due to the high similarity between AIC, percentage of 
deviance explained and combination of explanatory variables (see Table S7 for more 
information on the GAMs selection). 

For anchovy, salinity, season, area and δ15N values explained between 61.5% and 62.1% 
of the variance in Kn index, with salinity having broadly a positive effect and the trophic 
variables a negative one. For this same species, in the case of mean fat content, the best 
fitted model explained 44.6% of the deviance, with the trophic component of δ13C values 
showing a slight u-shape/negative effect and the environmental variable of salinity a 
mostly positive impact. The combination of seasonality, trophic metrics (δ15N and δ13C 
with mixed and u-shape effect respectively) and temperature (SST) with mainly positive 
impact, explained 74.4% of the deviance observed for GSI values in anchovies (Table 2 
and Figure 4). 

For sardines, the two best fitted models for Kn index explained between 57% and 57.8% 
of the deviance, with lag-Chl-a and lag-salinity having a mostly negative impact and the 
factors season and area being significant. In the case of fat content, the selected model 
explained 75.5% of the deviance with δ15N showing a mainly negative effect, δ13C and 
lag-Chl-a a u-shape effect and including the factor of seasonality. For GSI, the selected 
model explained 67.1% of the variation and presented a predominantly positive effect of 
lag-Chl-a and also included the spatial and seasonal factors (Table 2 and Figure 5). 

Overall, results from the selected best fitted models confirmed that the spatial and/or 
seasonal component was essential as both factors, either in combination or alone, were 
included in most of the selected models (Table 2). Additionally, results showed that 
environmental parameters (mostly salinity followed by Chl-a) and trophic variables 
improve the explained variability of our data. Trophic variables were more important in 
anchovy models than for sardines. The trophic variables presented either mostly negative, 
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mixed or u-shape effects. Regarding anchovy, all models for all three indices included 
concurrent variables, with mainly positive effects on the response variable. For sardines, 
lag-variables were selected that showed mostly negative effects in all except one of the 
models. 

 

Table 2: Summary of the best fitted GAMs selected for each species and body index (Kn, 
mean fat content and GSI). %DV represent the percentage of explained deviance and R2 
the proportion of the variance explained by the model. The partial effect that each 
continuous variable has on the response variable is represented in green for mainly 
positive effect (+), in red for mainly negative effect (-) and in yellow for mixed (~) or u-
shapped (ᴗ) effect. Uncoloured variables represent factors; area and season. 

Species Body index modelled Selected variables %DV R2 

Anchovy 

Kn 
Salinity 

+ Season Area  62.1 0.59 

Kn 
δ15N 

- 
Salinity 

+ Season  61.5 0.59 

Fat content δ13C 
ᴗ (-) 

Salinity 
+ Area  44.6 0.41 

GSI δ15N 
~ 

δ13C 
ᴗ 
 

SST 
+ Season 74.4 0.72 

Sardine 

Kn 
lag-Chl-a 

- 
lag-Salinity 

- Area  57.8 0.55 

Kn 
lag-Salinity 

- Season Area  57.0 0.54 

Fat content δ15N 
- 

δ13C 
~ 

lag-Chl-a 
- Season 75.5 0.74 

GSI lag-Chl-a  
+ Season Area  67.1 0.65 
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Figure 4. Partial effect plots for each variable included in the GAMs for European anchovy; In orange for the models of Kn index (A-F) in green 
for mean fat content (G-I) and in purple for the gonadosomatic index (J-M). The range of the explicative variables is presented on the x-axis and 
the response variables in the y-axis. Shaded areas indicate the 95% confidence interval and dots the partial residuals. 
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Figure 5. Partial effect plots for each variable included in the GAMs for European sardine; in orange for the models of Kn index (A-F) in green 
for mean fat content (G-J) and in purple for the gonadosomatic index (K-M). The range of the explicative variables is presented on the x-axis and 
the response variables in the y-axis. Shaded areas indicate the 95% confidence interval and dots the partial residuals. 



Chapter 2.3. 

111 

2.3.4. Discussion 

In this study we provide information about the environmental and trophic factors that 
drive the seasonal energy dynamics at local scales of sardine and anchovy, an aspect that 
has not been extensively investigated. Overall, our results highlight that at local scale the 
fitness of sardine and anchovy differ spatial and seasonally in the Western Mediterranean 
Sea. These differences are driven, at least partially, by local variability of environmental 
variables and trophic conditions of both species. This result highlights the interplay of the 
energetic distribution and feeding behaviour of two highly commercial SPF in the 
Mediterranean Sea, along a latitudinal gradient, and can be of use to understand the 
fluctuations of their populations and recent trends. 

Spatial and seasonal variation in fitness 

Although certain differences were observed between the three fishing grounds, the 
general pattern of the body condition, energy and reproduction period corresponded to 
previous studies (Albo-Puigserver et al., 2020; Brosset et al., 2015). Higher annual values 
and greater annual variations in fat content and Kn were recorded for sardine. Variability 
was lower for anchovy as was expected by their opposite breeding strategies. Sardine 
follows mainly a capital breeder strategy accumulating high quantities of energy previous 
to the reproduction, while anchovy follows mainly an income breeder strategy using the 
energy directly for reproduction and generally presents lower levels of energy reserves 
than sardine (Albo-Puigserver et al., 2017, 2020).  

Regarding sardines, Kn values indicated a relatively good condition before the 
reproduction period and matched with their capital breeding strategy (Pethybridge et al., 
2014). The generally higher and longer-lasting fat reserves in the Barcelona area 
compared to Tarragona and L’Escala could also explain the higher GSI values in the 
former site and suggest that the areas with higher influence of the rivers Ebro and Rhône 
(Tarragona and L’Escala respectively), may correspond to areas with lower quality of 
food and lower energy availability. Although one could expect higher food availability in 
the areas with higher influence of river discharges, in both rivers, it was recorded a 
decrease in river runoff (Lloret et al., 2004), with less nutrients transported (Feuilloley et 
al., 2020) and thus affecting the plankton dynamics and consequently the SPF population. 
In fact, past studies already showed the importance of the Ebro riverine inputs for the 
population dynamics of SPF (Lloret et al., 2004; Salat et al., 2011; Feuilloley et al., 2020).  

Regarding anchovies, the lower seasonal variability of fat reserves and Kn support their 
income breeder strategy. However, low fat reserves and Kn values (during the end of the 
reproduction period) suggest a relatively poor condition, more evident in the 
northernmost area (L’Escala) as reproduction was also compromised (lower GSI values 
and a shorter reproduction period). Despite the significant spatial-temporal changes in 
condition and reproduction recorded for the Catalan coast, spatial variation does not 
follow a clear latitudinal gradient, as it was found in recent research for the entire 
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Mediterranean Spanish coast (Albo-Puigserver et al., 2021) and might result from finer 
local scale processes (Salgado-Hernanz et al., 2019). 

Despite size ranges being fairly similar between seasons and fishing areas (Table S2), 
spatial and temporal variations in GSI and fat content (in this case only for sardine) should 
be handled with caution as small but significant correlations were found between these 
indices and individual’s body length. Some of the variations recorded in GSI and fat 
content (for sardine) might be partially influenced by minor ontogenetic changes in 
energy allocation. Our data were obtained from commercial purse seine vessels; which 
catch is representative of the population structure of the area (with the exception of very 
small individuals that are below the minimum allowable catch size). It could be 
interesting in future studies to compare our results with fishery independent data that also 
includes smaller individuals to cover the entire size of the population. 

Contribution of environmental variables to fitness variance 

Variability in sardine and anchovy fitness was partially explained by environmental 
variables. These factors are known to be linked to SPF landings, abundance, biomass, 
recruitment success and condition traits in the Mediterranean basin (Quattrocchi and 
Maynou, 2017; Pennino et al., 2020; Fernández-Corredor et al., 2021). Salinity and Chl-
a explained most of the variance in species’ condition, fat content and reproduction, but 
SST also played a role. 

It is noteworthy to point out that time-lagged variables were selected for sardine models 
only, which is explained by its capital-breeder behaviour that results in high accumulation 
of mesenteric fat during the spring-summer season before the reproduction period. Lag-
Chl-a showed mostly positive impact on sardine GSI, matching previous research 
(Ganias, 2009; Fernández-Corredor et al., 2021). This highlights that the reproduction 
success of this capital breeder partially depends on the abundance of Chl-a nine months 
before. Accordingly, during reproductive period as the energy is spent in reproduction, 
somatic energy (i.e. mean fat content and Kn) declines to its minimum. This explains the 
predominantly negative correlation recorded between lag-Chl-a and Kn and mean fat 
content. The fact that for sardine Chl-a was a highly relevant driver, reinforced the idea 
that recent declines in body condition and other life-history traits for this species could 
be driven by bottom-up changes (Van Beveren et al., 2014; Brosset et al., 2015b, 2016a). 

Increases in salinity concentrations can be derived from a reduction of freshwater input 
with reduced nutrient availability and primary production. This can result in less food 
availability and worse fish conditions (Zorica et al., 2013) partly matching the negative 
impact of lag-salinity on sardine’s Kn that we found. Worse fish conditions can affect the 
spawning success (egg quality and amount of reserves for larvae) and ultimately the 
recruitment, as shown for sardines (Garrido et al., 2007). In fact, in the Alboran Sea 
(Southwestern Mediterranean Sea) it has been proposed that body condition of sardine 
spawners is the main factor limiting recruitment success (Vargas-Yáñez et al., 2020). 
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Related to anchovy, a mostly positive effect was found between salinity, Kn and mean fat 
content values. Contrasting results about the impact of salinity in SPF were also reported 
in previous studies conducted in the same area (Quattrocchi et al., 2016; Quattrocchi and 
Maynou, 2017). This emphasizes the mixed effect that salinity may have over each SPF 
species and the differences between intra-annual vs inter-annual dynamics. 

Finally, the mostly positive effect of SST on anchovy’s GSI is not surprising as 
temperature is the main factor regulating the onset of spawning for this species, with 
reproduction starting when temperatures increase at the end of spring and the beginning 
of summer (Palomera, 1992; Basilone et al., 2006; Palomera et al., 2007). Considering 
this relationship and the general increasing trend in temperature (actual and projected) in 
the area (MedEEC, 2019; MedECC, 2020; IPCC, 2021) we could expect an early onset 
in reproduction, similar to the observed in the Bay of Biscay (Erauskin-Extramiana et al., 
2019). Different rates of phenological changes in prey-predator, such as early 
reproduction, can result in a mismatch between the early hatched larvae and their prey, 
impairing recruitment success (match-mismatch hypothesis, Cushing’s 1990) (Checkley 
et al., 2017). Nevertheless, this study only covers data for one year and the long-term 
effects under scenarios of climate change can only be hypothesized. 

In addition to temperature change, the last IPCC predicts general intensification of the 
dry and wet seasons (IPCC, 2021), probably resulting in less precipitation and less river 
discharge, with increasing salinities and lower nutrient inputs and primary production. 
All this may affect plankton dynamics and compromise the energy available to higher 
trophic level organisms as SPF (i.e. for their growth and reproduction). Indeed, Feuilloley 
and colleagues analyzed the Rhône river discharge (specifically N and P nutrients inputs) 
and suggested that decrease in inputs could affect plankton dynamics and thus SPF 
populations (Feuilloley et al., 2020). 

Spatial and seasonal variation in stable isotopes 

Trophic information also showed spatial and seasonal variations for anchovy and sardine. 
Although both species have a largely planktivorous diet, seasonal differentiation on their 
intake has already been recorded (Costalago et al., 2012; Pethybridge et al., 2014; Albo-
Puigserver et al., 2019; Chen et al., 2021). Consumption of diatoms has been reported for 
sardines, especially in winter (Nikolioudakis et al., 2012; Costalago and Palomera, 2014; 
Bachiller et al., 2020). Diatoms, like other phytoplankton (and small-sized plankton) are 
generally less energetic and occupy lower trophic positions in the food-web than medium-
sized zooplanktonic prey (Barroeta et al., 2017; Chen, 2019; Chen et al., 2019) which 
could partly explain the lower δ15N values showed in winter for both species. This is also 
in line with the higher abundance of phytoplankton (lower trophic position) in the area 
during winter (Salat et al., 2002; Lloret et al., 2004). On the other hand, during summer a 
preference of sardine for cladocerans has been described, which tend to be δ13C depleted. 
These findings also match our low summer δ13C records from L’Escala and Tarragona 
(Costalago and Palomera, 2014; Albo-Puigserver et al., 2016). Predation of anchovy on 
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larger and higher energetic individuals during spring and summer has been detected on 
the Southwestern Mediterranean Sea (Bacha and Amara, 2009), which also supports our 
results. A latitudinal pattern was noted in the spatial variations in δ15N, although not 
always significant, which could suggest consumption of higher trophic organisms in the 
southern area. These findings are in line with Bachiller et al. (2020), who also observed 
this latitudinal variation in δ15N (for the entire peninsula coast) and whose results were 
also partly supported by their stomach content and DNA metabarcoding analysis. 
Nevertheless, it is important to indicate that we did not control for potential baseline 
effects. Some spatial and temporal changes recorded for δ15N might derive from natural 
baseline variations in the stable isotope values (Graham et al., 2010; Lorrain et al., 2015). 
High δ15N values could be associated to enriched-δ15N sources derived from 
spatiotemporal, environmental or anthropogenic conditions such as upwelling and river 
discharge (Chouvelon et al., 2012). Previous research including our study area looked 
into spatial variations in baseline values and despite they found some spatial differences, 
not significant differences were found along the latitudinal coast of the Iberian Peninsula 
(Rueda et al., 2019). Given this, and the small range of latitudes included in the study, we 
consider that the latitudinal variation should not be playing a major role in our results. 
Nevertheless, the absence of baseline isotopic values in the area is a limitation that we 
encourage to further explore in future studies. 

Contribution of trophic variables to fitness variance 

Overall, GAMs results suggest that trophic measurements, as a representation of species 
food consumption, appeared to be linked to the condition, fat content and reproductive 
indices. This means that variation in the prey abundance, composition and quality can 
have an impact on SPF populations and also supports the bottom-up theory for driving 
the changes in their populations that have been observed in the past decades (Van Beveren 
et al., 2014; Brosset et al., 2016a; Saraux et al., 2019). This contrasts with results from 
the Bay of Biscay which showed that changes in abundance for SPF were probably not 
linked to their trophic ecology (Chouvelon et al., 2015). 

The direction of the effect of the trophic measurements on the response variables differed 
and δ15N mainly showed a negative effect on condition, fat content and reproduction 
indices. Previous research in European hake suggested indirect links between body 
condition and trophic position, as isotopic values are not necessarily a representation of 
energetic value intakes (Rueda et al., 2019). Feeding on higher trophic positions thus 
might not always mean feeding on higher nutritional value prey, or vice versa. It is 
generally reasoned that smaller prey individuals should present lower δ15N with lower 
energy density and lower diet quality for their consumers (Rau et al., 1990; Rolff, 2000; 
Barroeta et al., 2017; Queiros et al., 2019). However, to our best knowledge, few studies 
have directly analyzed the isotopic values of zooplanktonic prey with their energy density 
and nutritional quality in this area. To fully understand how variations in consumed prey 
may affect SPF populations, there is a need for further research into the energetic value 
and nutritional quality of prey combined with stable isotopes on a seasonal basis (Chen, 
2019). 
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In our study area, the changes in river discharge combined with other anthropogenic 
impacts (Lloret et al., 2004; Ludwig et al., 2009) could have affected the quality of the 
plankton and result in SPF consuming larger concentrations of “junk-food” (Österblom 
et al., 2008). Moreover, as suggested for other regions (Brodeur et al., 2019), there could 
be a link between SPF condition and their increasing consumption of gelatinous plankton 
that has been recorded in the area (Albo-Puigserver et al., 2019; Bachiller et al., 2020). 
Gelatinous plankton is generally considered energy-poor (Chen, 2019; Chen et al., 2019; 
Harmelin-Vivien et al., 2019) but some studies identify that certain species are more 
nutritionally valuable than previously thought (Henschke et al., 2016; Lüskow et al., 
2021). The mixed size-ranges and energetics of the gelatinous community combined with 
their predicted biomass increase derived from climate warming (Brotz et al., 2012; 
Purcell, 2012) urges the need to further investigate how their increasing consumption 
might alter SPF fitness (Báez et al., 2022). 

Our best-fitted models indicate a stronger trophic impact on the fitness of anchovy 
compared to sardine. This disparity might derive from their respective preying abilities 
related to the morphology of the feeding apparatus in combination with trophic 
behaviours. Although both SPF show particulate feeding capacity, adult sardines have a 
greater filter-feeding capability due to the higher number of gill rakers which allows 
feeding on a wider range of prey sizes. Instead, anchovy tends to rely on larger prey (Van 
der Lingen et al., 2009; Costalago and Palomera, 2014; Bachiller et al., 2020). Under 
scenarios of potential food variations or constraints (e.g. more small prey available, 
changes in prey density, diversity or size, etc.), sardines might more easily adapt by 
relying on filter-feeding to maintain their intake or combining it with selective particulate-
feeding (Chen et al., 2021). As anchovy seem to rely mainly on one feeding mode 
(particulate-feeding), it might make their health more conditioned to their diet (type and 
size of prey available). Another plausible explanation is that sardines are more affected 
by time-lagged environmental and ecological factors rather than by concurrent variables 
(as seen for the environmental drivers). The required information was not available for 
time-lag trophic components to test this hypothesis, for which times series of diet proxies 
are needed. 

Conclusions 

Our results showed that sardine and anchovy fitness, in terms of body condition, fat 
content and reproduction activity, largely depends on environmental factors. This 
emphasizes their potential vulnerability to not only long-term environmental changes, but 
also to inter-annual variations in the seasonal environmental conditions. Furthermore, the 
isotopic values as a proxy for diet were also relevant for explaining SPF fitness seasonal 
dynamics, highlighting the impact that changes in plankton phenology may have on SPF. 
Although the importance of large scale processes on animal populations is well known 
(Stenseth and Mysterud, 2005), focusing on small-scale processes and considering finer 
local environmental information can help understand regional differences (Brosset et al., 
2017; Salgado-Hernanz et al., 2019). Despite the population corresponds to a single stock 
(Antoniou et al., 2021) with potential connectivity among areas, we found spatial 
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differences at local-scale without clear latitudinal patterns. Our study shows that spatial-
seasonal factors at local scales can be relevant when looking at the SPF condition, fat 
content and reproduction dynamics, as both factors (area and/or season) were selected in 
the best-fitted models. As seasonal differences in energetic values are linked to the life-
history strategy of each species, considering seasonality can help detect changes in the 
onset of reproduction or other phenological variations. 

Better insights into the spatial and seasonal interplay of the fitness variation of sardine 
and anchovy and their relations with local environmental and trophic conditions are 
needed to understand the fluctuations of SPF population and recent declining trends. 
These indicators of SPF health are important for a proactive and adaptive conservation 
and management of the natural resources. Effective management needs to adapt intensity 
and time of exploitation to the seasonally shifting environmental conditions and must 
consider scenarios of environmental change to better predict future projections of 
commercial species. 
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Abstract  

The Mediterranean Sea is characterized by strong seasonality impacting species 
distribution and marine productivity, with effects on community dynamics that may have 
implications for the structure and functioning of the marine ecosystem. However, there is 
a lack of seasonal data for marine organisms and communities, which results in ecosystem 
assessments being based on estimates from specific times of the year, not accounting for 
seasonality. Here, we investigated the effect of the seasonal dynamics on the ecosystem 
structure and functioning of the Northwestern Mediterranean Sea by comparing results 
from ecosystem models parameterized with seasonal input data vs annual averages. We 
used data from two experimental oceanographic surveys conducted in two contrasting 
seasons, winter and summer, along the southern Catalan Sea (Spain). We developed three 
ecosystem models that represented the two contrasting seasons and an annual average, 
using the Ecopath with Ecosim (EwE) approach. We used several ecological indicators 
to compare changes derived from these three ecosystem representations, and found 
significant variations between them. We discuss the implications that the use of data from 
a specific time of the year in quantitative models may have on our understanding of 
marine ecosystem ecology. Our results highlight the need to conduct seasonal surveys to 
capture seasonality dynamics at the ecosystem scale. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Keywords: Ecological indicators, Ecosystem model, Ecopath with Ecosim, Marine 
environment, Mediterranean Sea, Seasonality. 



Chapter 2.4. 

128 

2.4.1. Introduction  

Multiple threats and pressures impact the ocean and coastal ecosystems, including 
fishing, tourism, pollution and climate change, and are persistent and of increasing 
concern (Halpern, 2008; Haward, 2018; Gissi et al., 2021). Understanding ecosystem 
structure and functioning is required to improve the conservation of marine resources and 
ecosystem services (Link, 2002; Link et al., 2020) and to move towards ecosystem based 
management (EBM). One way to obtain such understanding is through the use of marine 
ecosystem models (MEMs) that integrate trophic interactions together with 
environmental factors and human pressures, and allow the prediction of effects of past 
and future scenarios of change (Fulton, 2011; Christensen et al., 2015; Steenbeek et al., 
2021). 

There are numerous MEMs, all with different capabilities and limitations. One of the most 
applied is Ecopath with Ecosim (EwE), a modelling approach that integrates multiple 
ecosystem components, including socio-economics, to predict individual species and 
ecosystem responses to perturbations (Polovina, 1984; Christensen and Pauly, 1992; 
Christensen and Walters, 2004). EwE has been used widely around the world to track the 
flow of biomass and energy throughout food webs and investigate species’ roles, the role 
of environmental drivers and climate change, the impact of fisheries, and the effects of 
spatial and temporal management actions, among others. Regional and local scale EwE 
models have been developed for different areas of the world (e.g., Coll et al., 2015a; 
Colléter et al., 2015; Heymans et al., 2014), including the Mediterranean Sea (e.g., Coll 
et al., 2006a, 2016; Corrales et al., 2015; García-Rodríguez et al., 2021), as well as for 
the global ocean (Christensen et al., 2015; Coll et al., 2020). These applications have 
generated information that can be used to inform fisheries management and conservation 
actions for marine environments.  

However, while plenty of modelling applications have been developed to represent 
ecosystems as an average annual condition, less attention has been paid to the impact of 
seasonality at the ecosystem level, with few exceptions (e.g. Jarre-Teichmann and Pauly, 
1993; McCormick Venier, 1993; Ruzicka et al., 2007; Tam et al., 2008). In the 
Mediterranean Sea, EwE marine seasonal models are absent. Only one study has used the 
EwE tool to construct seasonal network flows and compute ecological network analysis 
(ENA) on three small coastal lagoons of the Ebro Delta, focusing on seasonal 
(anthropogenic) salinity regimes (Prado et al., 2013). While seasonal data related to 
oceanographic processes and the lowest trophic levels, such as sea surface temperature, 
salinity and phytoplankton, are generally widely available (Psarra et al., 2000; Bosc et al., 
2004), this type of data is very scarce for higher trophic levels. In fact, in the 
Mediterranean Sea, most long-term monitoring surveys are only held once a year, and 
generally during spring-summer (e.g., EU-funded MEDIterranean Trawl Survey, 
MEDITS, EU-funded MEDIterranean International Acoustic Survey, MEDIAS) 
(Bertrand et al., 2002; MEDIAS, 2008, 2022; Giannoulaki et al., 2021).  

Still, seasonality affects different levels of biological organizations (De Souza et al., 
2011; Puerta et al., 2016) and can have effects at ecosystem level through variations in 
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productivity, energy transfer and/or in species interactions (Ruzicka et al., 2007). In fact, 
recent studies in the Western Mediterranean Sea have shown that seasonality can play an 
important role in species spatial distribution, trophic behaviour, reproduction and energy 
allocation for demersal and pelagic species (Albo-Puigserver et al., 2016, 2017, 2020; 
DeLaHoz et al., 2018; Vilas et al., 2020; Lloret-Lloret et al., 2020, 2021, 2022). However, 
the impact of seasonality at the ecosystem scale remains unknown. 

MEMs based on seasonal input data may improve the accuracy of our understanding of 
ecosystem structure and energy flow. Comparing ecosystem model predictions when 
using seasonal input data vs annual averages may provide complementary insights of the 
ecosystem structure and functioning. This information is fundamental to adopt an EBM, 
to better manage the local resources, and to advise the sustainable development (SD) 
goals, specifically SD14 “Conservation and sustainable use of the ocean” (United 
Nations, 2015). 

Here, we address the knowledge gap on the seasonal dynamics and functioning of 
Mediterranean marine ecosystems focusing on the Western Mediterranean Sea, in the 
surroundings of the Ebro River Delta, which is a particularly productive area considering 
the general oligotrophy of the Mediterranean Sea. The area shows a marked seasonality 
in primary production and environmental parameters with a well-defined thermocline in 
summer and vertical mixing of the water column during winter (Margalef, 1985; Salat et 
al., 2002). Furthermore, it serves as a spawning and nursery area for demersal and pelagic 
species (Palomera et al., 2007; Giannoulaki et al., 2013; Colloca et al., 2015) and has 
been identified as a potential future climate refugee for small pelagic fish (Pennino et al., 
2020b; Ramírez et al., 2021). However, decreasing trends in biomass and conditions of 
small pelagic fish (Quattrocchi and Maynou, 2017; Albo-Puigserver et al., 2021), the 
wide overexploitation state of demersal commercial species (GFCM, 2021; FAO, 2022), 
and the effects of climate change, pollution and fishing impact (Coll et al., 2019; Pennino 
et al., 2020a, 2020b; Ramírez et al., 2021) in this and nearby areas, raise the need for 
more integrative ecosystem-based knowledge and management.  

We developed three ecosystem models that represented two contrasting seasons (winter 
and summer) and an annual average to explore changes derived from these three 
ecosystem representations of the Western Mediterranean Sea. We addressed the 
following research questions: (1) are there significant ecological differences when 
modelling the ecosystem seasonally instead of annually; and (2) which ecological 
indicators show the greater change. We then reflect on what the implications of these 
changes could be for an ecosystem-based management approach. 

To parameterize the ecological models, we used data from an oceanographic survey 
(ECOTRANS), which has previously been analyzed for other studies (DeLaHoz et al., 
2018; Vilas et al., 2020; Lloret-Lloret et al., 2020, 2021), and which provided biomass 
data for plankton and benthic and demersal invertebrate and fish species in winter and 
summer 2013. Then, we compared several indicators related to functional groups and 
ecological properties of the ecosystem to explore the differences derived from the 
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modelling strategies. We hypothesized that variations of different ecological indicators 
related to the ecosystem structure and energy flow could be significant.  

2.4.2. Materials and Methods 

Study area 

The study area was located in the Northwestern Mediterranean Sea (Figure 1). It serves 
as a nursery area for many demersal and pelagic species and it is an important fishing 
ground (Palomera et al., 2007; Giannoulaki et al., 2013; Colloca et al., 2015; Paradinas et 
al., 2022). The area has several harbours and commercial fishing fleets, and is exposed to 
high levels of exploitation mainly by bottom trawlers and purse seiners (Merino et al., 
2019). Our study area extends from Vilanueva y la Geltru, in the north, to Castellón de 
la Plana, in the south, covering approximately 8 000 km2, with depth ranges from 35 to 
400 meters, including part of the coastal area, continental shelf and upper slope.  

Even though the Mediterranean Sea is generally considered oligotrophic, this area 
receives high riverine inputs from the Ebro river (Estrada, 1996). Regional availability of 
nutrients is also enhanced by local upwelling events, generally wind-driven (i.e. eddies), 
and by the Liguro-Provençal-Catalan current flowing south-westwards along the 
continental slope that brings runoff from the Rhone River in the north (France) (Estrada, 
1996).  

The area is characterized by strong seasonality. The summer temperatures are high, and 
result in a well-defined thermocline that lasts until late autumn (Figure 1). Stratification 
during this period leaves fewer nutrients available at the surface. The winter winds cool 
the surface and lead to vertical mixing of the water column and an increase in nutrients 
in the photic layer (Margalef, 1985; Salat et al., 2002). This marked seasonality translates 
into seasonal variations in oceanographic and environmental conditions that may have 
impact on different levels of the ecosystem. 
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Figure 1. (A) Map representing the study area of the Western Mediterranean Sea with 
the winter (February) (blue) and summer (July) (red) hauls of the ECOTRANS surveys. 
(B) Graph representing the monthly vertical profiles of chlorophyll (Chl-a) for the area 
around the Ebro Delta shelf in 2013 (ECOTRANS sampling). Data downloaded from 
Copernicus dataset (MEDSEA_MULTIYEAR_BGC_006_008, dataset med-ogd-bio-
rean-m; https://doi.org/10.25423/cmcc/medsea_multiyear_bgc_006_008_medbfm3) 
(Cossarini et al., 2021). 

Modelling approach 

To model the food web of our study area, we used the software Ecopath with Ecosim 
(EwE) version 6.6.7. (Christensen et al., 2008), which includes the Ecopath mass-balance 
ecosystem model. This area has been previously modelled with Ecopath and the 
modelling work presented here took advantage of these past efforts (Coll et al., 2006a, 
2013b). 

The Ecopath model is based on the work originally proposed by Polovina (1984) and has 
two master equations that describe each functional group included in the model 
(functional groups, or FG, can be specific species, groups of similar species or 
developmental stages of a species). Ecopath works on the principle of energy balance, 
where consumption in a period of time must be equal to production, respiration and 
unassimilated food: 

𝑄𝑖 = 𝑃𝑖 + 𝑅𝑖 + 𝑈𝐹𝑖  

Where Qi= prey consumption, Pi=production, Ri=respiration and UFi= unassimilated 
food of each FG (i). 

The energy production is described as: 

𝑃𝑖 = ∑ 𝐵𝑗

𝑗

∙ 𝑀2𝑖𝑗 + 𝑌𝑖 + 𝐸𝑖 + 𝐵𝐴𝑖 + 𝑃𝑖 ∙ (1 − 𝐸𝐸)   

https://doi.org/10.25423/cmcc/medsea_multiyear_bgc_006_008_medbfm3


Chapter 2.4. 

132 

Where the production of (i) is expressed as the predation mortality (M2) caused by the 
predators’ biomass (Bj), the export of the system, combining yield (Yi) and other forms 
of net export (Ei), the biomass accumulation (BAi) and the other mortality (1-EEi). EEi is 
the ecotrophic efficiency referred to as the proportion of the production that is utilized by 
the system (or exported from the system). This equation can be re-expressed as: 

𝐵 ∙ (
𝑃

𝐵
)

𝑖
= ∑ 𝐵𝑗

𝑗

∙ (
𝑄

𝐵
)

𝑖
∙ 𝐷𝐶 𝑖𝑗 + 𝑌𝑖 + 𝐸𝑖 + 𝐵𝐴𝑖 + 𝐵 ∙ (

𝑃

𝐵
)

𝑖
∙ (1 − 𝐸𝐸𝑖)   

Where P/B is the production of (i) per unit of biomass, Q/B is the consumption of (i) per 
unit of biomass and DCij is the proportion of biomass of (i) in the diet composition of a 
predator (j). Under static conditions, P/B is equivalent to total mortality (Z) (Allen, 1971). 
For each functional group, at least three of the four following parameters (B, P/B, Q/B 
and EE) must be provided as input data and one can be estimated by the model. 

Functional groups 

The functional groups were selected based on their ecological and biological features and 
data available to better represent the species and trophic levels of the ecosystem. FGs 
included primary and secondary producers and several species (including fish and 
invertebrates) of commercial and non-commercial interest. Overall, 54 functional groups 
were used (Table 2 and see Table S1 for the list of the species included in each functional 
group). Overall, the definition of the FGs followed previous models of the Western 
Mediterranean Sea and was based on the scientific question, data availability and the aim 
to keep the model complexity to medium levels. Categorization of demersal fish species 
into small vs large sized was based on body length estimates from FishBase 
(https://www.fishbase.org/search.php), adapted with experts’ knowledge on species sizes 
for the Mediterranean Sea and oceanographic campaigns. Individuals smaller than 30 cm 
were classified as “small” and those equal or larger than 30 cm, as “medium”. 

Input data in the models 

Biomass 

The major part of biomass (t/km2) were obtained from two fishery-independent 
experimental trawl surveys carried out in winter (22 February-8 March 2013) and summer 
(2–17 July 2013) (ECOTRANS project; CTM2011-26333, 2012–20141, Spanish 
Government). The ECOTRANS surveys were performed following MEDITS trawling 
protocols (Bertrand et al., 2002) and a total of 82 hauls were conducted, 37 in winter and 
45 in summer (Figure 1). Data from the scientific surveys was corrected using catchability 
factors (q) obtained from the literature or estimated from stock assessment data of our 
study area (Fraser et al., 2007; Fiorentino et al., 2013; STECF, 2021), as done in previous 
published models (Ricci et al., 2019) (see supplementary material sections “Input data” 
and “Catchabilities” for more information on the input data and catchabilities corrections, 
including Table S2 and Figure S1). For those species that were not captured during 
ECOTRANS surveys, external data, mainly from surveys and stock assessments of 
various sources, were used to calculate biomasses (see Table S3 in supplementary 

https://www.fishbase.org/search.php
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material). Biomass data for phytoplankton was estimated from the Copernicus 
Mediterranean Sea biogeochemistry datasets MEDSEA_MULTIYEAR_BGC_006_008 
(med-ogs-pft-rean-m for Chl-a 
(https://doi.org/10.25423/cmcc/medsea_multiyear_bgc_006_008_medbfm3) (Cossarini 
et al., 2021)) (see Figure 1B for the monthly vertical profiles of Chl-a for this area and 
year). Primary production (NPP) values to calculate productivity were extracted from 
Lazzari et al., (2012) corresponding to the Western Mediterranean Sea, with monthly 
resolution and also vertically integrated. Biomass of detritus was estimated using Pauly 
et al., (1993) empirical equation. 

P/B and Q/B values were estimated by applying empirical equations using length-weight 
relationship and growth data (Pauly, 1980; Pauly et al., 1990; Christensen and Pauly, 
1992; Arce, 2006; supplementary material Table S3), otherwise were taken from 
published literature and corrected by temperature following Opitz (1996). 

Fishing fleet 

We included four main fishing fleet typologies: bottom trawling, purse seiners, long liners 
and artisanal. Official landings were obtained for 2013 from the Catalan Government 
through data provided to the Institute of Marine Science. Discards information per fleet 
was also considered (bottom trawling: 21%; artisanal: 9%; purse seiners: 18%, longliners: 
6%) and was based on previous studies available for the area (Coll et al., 2014, 2015b) 
(see supplementary material Tables S4 and S5). 

Diets 

Data for the diet composition matrix and the assimilation rates were gathered from 
published stomach content analysis previously used in Ecopath models for the area (Coll 
et al., 2006a, 2008b; Corrales et al., 2015; Piroddi et al., 2015). For FGs with more than 
one species, diet composition for the FG were obtained by calculating weighted averages 
(based on the percentages of biomass that each species represents in the group) and using 
the “Diet Calculator” software (Steenbeek, 2018) (see supplementary material Tables S6, 
S7 and S8). 

Model balancing and verification  

We used a manual balancing strategy to ensure that all FGs showed realistic results, 
mostly in terms of EE values (<1) and P/Q ranges [0.1-0.4]. We also used the PreBal 
approach to verify that input values of the three models were ecologically realistic (Link, 
2010). The same balancing strategy and procedure was followed in the three models to 
ensure comparability of the outputs. 

We used the pedigree index (P), which in Ecopath serves to capture the degree to which 
the data for the model are rooted in local data, which in turn is assumed to correlate with 
the quality of each input parameter, and which is used to assess uncertainty (Christensen 
and Walters, 2004; Morissette, 2007). P index values range between 0 and 1, the closer 
to 1 the better quality and confidence of the model. The pedigree values were manually 

https://doi.org/10.25423/cmcc/medsea_multiyear_bgc_006_008_medbfm3


Chapter 2.4. 

134 

established with the exception of the diet pedigree values, which were obtained as outputs 
from the Diet Calculator software (see Steenbeek, 2018). 

Ecological indicators 

Different ecological indicators were calculated to analyze the ecological role of FGs, as 
well as the ecosystem structure and functioning of the three models (annual, summer and 
winter; Table 1). The indicators considered were selected based on previous analyses 
(Christensen, 1995; Heymans et al., 2014, 2016) and we specifically focused on system 
indicators, including some that have been previously related to the ecological theory of 
ecosystem succession and maturity (Odum, 1969; Christensen, 1995; Coll et al., 2008a), 
and included biomass-based and trophic-level based indicators (Shannon et al., 2014; Coll 
and Steenbeek, 2017). Previous models in the Mediterranean Sea had also used a selection 
of these indicators (Corrales et al., 2015, 2017; García-Rodríguez et al., 2021). 

Finally, some indicators were extracted per FG (i.e. keystone and flow to detritus). The 
keystone index identifies species with a relative low biomass but with a high relative 
impact to the ecosystem. Different indexes exist (e.g., KS1 (Libralato et al., 2006), KS2 
(Power et al., 1996) and KS3 (Valls et al., 2015)). Here we focus on the KS3 index as it 
is the indicator that maximizes the balance between impact and biomass in the 
calculations and it is less prone to overestimate abundant or rare species (Valls et al., 
2015). Nevertheless, the results for the former two are presented in the supplementary 
material. We also extracted the values by FG for flow to detritus, which corresponds to 
the total trophic flows ending in the detritus compartment of the model including the non-
assimilated food and the “other mortality” (Christensen et al., 2008).  

To estimate and consider uncertainty in indicators, we used the pedigree information to 
derive confidence intervals for the input data (Christensen and Walters, 2004). The 
EcoInd and EcoSampler plug-ins were then used to obtain a range of values for each 
selected indicator (Coll and Steenbeek, 2017; Steenbeek et al., 2018). For that, we ran 
Monte Carlo simulations with variance in the Ecopath parameters of Biomass (B), 
Production (P/B) and Consumption (Q/B). The pedigree information was used to derive 
coefficients of variation. Thirty alternative balanced models were used for each model to 
perform the statistical analyses and plots. We excluded those alternative balanced models 
where the biomass (B) estimated values were ecologically unrealistic or showed 
excessively high values of P/Q and Q/B, and those with negative respiration. The outputs 
of the baseline models and the thirty alternative models were used to calculate the 5th and 
95th percentiles of the confidence interval, and the values of the selected indicators (Table 
1) were analyzed in the R software (version 4.1). We also performed Analysis of Variance 
(ANOVA) tests in the R software to compare the indicators between the three models 
(annual, summer and winter). In the case of a significant difference, Tukey HSD 
(Honestly-significant-difference) test were performed to obtain pairwise comparisons. 

 
Table 1. Definitions of the ecological indicators selected and expected change with 
maturity (Odum, 1969; Christensen, 1995; Coll et al., 2008a). 
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Indicators Definition of indicator Expected change with 
ecosystem maturity 

System indicators   
 Sum of all consumption Sum of all the consumption flows.  
 Sum of all exports Sum of all the export flows.  
 Sum of all respiratory flows Sum of all the respiration flows.  
 Sum of all flows into detritus Sum of all the flows that go into detritus. Decrease 

 Total System Throughput (TST) Sum of all the flows in the ecosystem.  
Indicative of the size of 
the system, expected to 
increase 

 Sum of all production Sum of all the production flows.  
 Calculated total net primary production  Sum of all the production from all the primary producers.  

 Net system production Production from all the primary producers minus 
respiration flows. Increase 

 Total Primary Production/Total Biomass 
(TotPP/TotB) Ratio between primary production and total biomass. Mature systems have 

declining values 

 Total biomass/total throughput Ratio between primary production and total throughput. Mature systems have 
increasing values 

 Total biomass (excluding detritus) Total biomass of the system without accounting the 
detritus. Increase 

 System Omnivory Index (SOI) 

Average of the Omnivory index (OI) of each consumer 
group, weighted by the logarithm of their consumption. OI 
describes the feeding behaviour of the consumer groups. It 
is calculated as the variance of the trophic levels of a 
consumer’s preys. 

Indicative of ecosystem 
complexity, expected to 
increase 

 Total transfer efficiency (TEt) 
Calculated as the sum of the flow transferred from a 
trophic level to the next plus the exports.  

 Transfer efficiency from PP(TEpp) 
Sum of the energy flow transferred from primary 
producers.  

 Transfer efficiency from detritus (TEd) Sum of the energy flow transferred from detritus.  

 Finn’s cycling index (FCI) Fraction of the total throughput that is recycled within the 
system (Finn, 1976).  

Index to measure the 
recycling and 
development of an 
ecosystem. 

Biomass-based indicators   
 Total B Total biomass (B). Increase 
 Commercial B Biomass (B) of commercial species.  
 Fish B Biomass (B) of fish species. Increase 
 Invertebrates B Biomass (B) of invertebrate species. Decrease 
 Invertebrates / Fish B Biomass (B) of invertebrates over fish. Decrease 
 Demersal B Biomass (B) of demersal species. Increase 
 Pelagic B Biomass (B) of pelagic species. Decrease 
 Demersal / Pelagic B Biomass (B) of demersal over pelagic species. Increase 
 Predatory B Biomass (B) of predatory organisms with trophic level ≥ 4 Increase 

 Kempton's Q index  

Kempton's diversity index (Q) is an index of biomass 
diversity, calculated with species with TL ≥ 3. High values 
indicate high biomass of high trophic organisms (Kempton 
and Taylor, 1976; Ainsworth and Pitcher, 2006; 
Christensen et al., 2008). 

Increase 

 Shannon diversity index Index of species diversity in a community, that treats each 
species as equal. Increase 

Trophic based indicators   
 TL community Trophic level (TL) of the community. Increase 

 TL community 2 Trophic level (TL) of the community including organisms 
with TL ≥ 2. Increase 

 TL community 3.25 Trophic level (TL) of the community including organisms 
with TL ≥ 3.25. Increase 

 TL community 4 Trophic level (TL) of the community including organisms 
with TL ≥ 4. Increase 

Indicators by FG   

 Flow to detritus The amount of total trophic flows ending in the detritus 
compartment of the model. Decrease 

 Keystones 

Calculated from the biomass and the relative overall effect 
calculated form the mixed trophic impact. High values 
occurred when the FG has low biomass and high overall 
effects. 

Increase 
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2.4.3. Results 

Quality of inputs and balanced models 

The final input and estimated output (i.e. trophic level, Biomass (B), Consumption (Q/B), 
Ecotrophic Efficiency (EE) and Production (P/B)) for the three balanced models are 
shown in Table 2. Pedigree indexes were 0.624, 0.620 and 0.612 for the annual, summer 
and winter models, respectively. 

The flow diagrams of the three models provide a general overview of the ecosystem 
structure and flow, and highlight a general topological similarity between the annual, 
summer and winter model with specific differences for FGs placement and flows 
(summer and winter models Figure 2 and annual model supplementary material Figure 
S2). 

 

Figure 2. Flow diagram for the summer and winter ecosystem models of the 
Northwestern Mediterranean Sea. The numbers represent each FG (Table 2), size of the 
dots represent the biomass (square root transformed) and colors of the flows represent 
larger (red) to lower (blue) quantities. 
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Table 2. Final inputs and estimated outputs (bold) for annual (A), summer (S) and winter (W) ecological models of the Northwestern 
Mediterranean Sea models. TL= Trophic level, B=Biomass (t/km²), P/B=Production (/year), Q/B=consumption (/year), EE= Ecotrophic 
Efficiency, P/Q= Production (/year). In bold the values estimated by EwE. 

    A S W A S W A S W A S W A S W A S W 
FG Group name TL TL TL B B B P/B P/B P/B Q/B Q/B Q/B EE EE EE P/Q P/Q P/Q 

1 Phytoplankton 1.000 1.000 1.000 7.012 6.232 7.791 204.962 175.692 234.231     0.527 0.503 0.503     

2 Micro/Mesozooplankton 2.000 2.000 2.000 19.110 12.019 26.201 8.670 17.818 3.956 60.000 67.084 52.238 0.600 0.600 0.600 0.145 0.266 0.076 
3 Suprabenthos 2.000 2.000 2.000 0.616 0.581 0.682 8.649 9.670 7.530 28.829 32.233 25.100 0.965 0.920 0.920 0.300 0.300 0.300 
4 Gelatinous species 3.045 3.048 3.212 0.248 0.408 0.086 14.913 16.673 12.984 49.709 55.578 43.279 0.921 0.979 0.967 0.300 0.300 0.300 
5 Macrozooplankton 2.901 2.639 2.938 0.620 0.685 0.568 21.935 24.525 19.097 54.749 61.212 47.666 0.998 0.930 0.930 0.401 0.401 0.401 

6 Porifera/Ascidiacea/Cnidarians
/Bryozoa 

2.000 2.000 2.000 0.112 0.210 0.013 1.158 1.294 1.008 4.453 4.978 3.877 0.991 0.982 0.969 0.260 0.260 0.260 

7 Worms 2.010 2.010 2.010 12.010 10.577 4.149 2.978 3.330 2.593 22.144 24.758 19.279 0.325 0.620 0.620 0.134 0.134 0.134 
8 Gastropoda/Bivalvia 2.000 2.000 2.000 1.971 2.402 2.782 1.099 1.229 0.957 4.498 5.029 3.916 0.800 0.800 0.800 0.244 0.244 0.244 
9 Echinodermata 2.724 2.952 2.563 0.116 0.147 0.085 1.200 1.342 1.045 3.061 3.423 2.665 0.943 0.921 0.974 0.392 0.392 0.392 

10 Harbour crab 3.373 3.231 3.628 0.033 0.047 0.018 3.456 3.279 3.009 9.882 11.256 8.651 0.838 0.947 0.919 0.350 0.291 0.348 
11 Norway lobster 3.629 3.650 3.688 0.011 0.017 0.012 2.483 1.646 2.162 7.697 8.767 6.738 0.938 0.914 0.900 0.323 0.188 0.321 
12 Spottail mantis squillid 3.250 3.389 2.904 0.035 0.024 0.067 3.000 3.354 2.864 8.000 8.945 6.965 0.803 0.800 0.687 0.375 0.375 0.411 
13 Deep-water rose shrimp 3.474 3.496 3.376 0.006 0.004 0.008 1.024 1.237 0.924 10.000 12.270 8.706 0.696 0.964 0.998 0.102 0.101 0.106 
14 Other Crustaceans Shrimp-like 3.007 2.935 3.024 1.591 2.048 1.073 1.879 2.101 1.636 13.831 15.776 12.086 0.990 0.900 0.990 0.136 0.133 0.135 
15 Other Crustaceans-Crab-like 3.017 3.195 3.095 0.331 0.558 0.442 2.121 2.371 1.847 7.767 8.684 6.762 0.900 0.900 0.900 0.273 0.273 0.273 
16 Horned octopus 3.426 3.561 3.164 0.123 0.092 0.153 1.835 2.229 1.598 5.786 6.590 5.065 0.903 0.908 0.935 0.317 0.338 0.315 
17 Broadtail shortfin squid 3.722 3.628 3.654 0.162 0.241 0.083 0.731 0.817 1.051 6.825 7.774 5.975 0.968 0.929 0.968 0.107 0.105 0.176 
18 Squids 3.362 3.242 3.444 0.390 0.476 0.352 1.500 1.677 1.306 7.307 8.463 6.363 0.950 0.950 0.950 0.205 0.198 0.205 
19 Benthic Cephalopods 3.379 3.538 3.224 0.115 0.140 0.091 1.590 1.333 1.706 5.559 6.270 4.940 0.972 0.969 0.977 0.286 0.213 0.345 
20 Benthopelagic Cephalopods 3.732 3.723 3.672 0.077 0.025 0.033 3.562 3.983 3.101 10.130 11.326 8.819 0.990 0.990 0.990 0.352 0.352 0.352 
21 European conger 4.346 4.300 3.905 0.026 0.044 0.027 0.841 0.589 0.732 3.039 3.462 2.661 0.922 0.729 0.900 0.277 0.170 0.275 
22 European hake 3.793 3.848 3.450 0.280 0.404 0.156 0.829 0.702 1.202 5.025 5.724 4.399 0.964 0.932 0.955 0.165 0.123 0.273 
23 Stripped red mullet 3.105 3.020 3.231 0.030 0.053 0.007 0.801 0.656 2.195 6.838 7.789 5.987 0.871 0.890 0.965 0.117 0.084 0.367 
24 Red mullet 3.235 3.165 2.960 0.086 0.079 0.094 1.251 1.364 1.140 6.726 7.661 5.888 0.911 0.978 0.904 0.186 0.178 0.194 
25 Poor cod 3.011 2.923 2.835 0.188 0.262 0.114 0.992 0.810 0.716 6.995 7.967 6.123 0.992 0.959 0.993 0.142 0.102 0.117 
26 White anglerfish 3.068 3.155 3.113 0.357 0.627 0.087 0.800 0.894 0.697 3.289 3.746 2.879 0.556 0.245 0.993 0.243 0.239 0.242 
27 Black anglerfish 3.297 3.707 3.424 0.246 0.267 0.225 0.800 0.894 0.697 4.124 4.698 3.610 0.746 0.525 0.402 0.194 0.190 0.193 
28 Blue whiting 3.836 3.703 3.845 0.258 0.463 0.052 1.098 1.160 1.261 7.393 8.421 6.472 0.961 0.992 0.969 0.149 0.138 0.195 
29 Horse Mackerel 3.557 3.810 3.464 1.885 2.345 1.425 1.000 1.118 0.871 4.949 5.671 4.689 0.794 0.873 0.760 0.202 0.197 0.186 
30 Mackerel 3.697 4.035 3.675 0.436 0.492 0.381 0.720 0.922 0.503 3.601 4.611 2.516 0.878 0.924 0.990 0.200 0.200 0.200 
31 European anchovy 3.000 3.000 3.000 0.945 1.507 0.383 1.842 1.638 2.907 12.281 8.192 14.537 0.929 0.948 0.913 0.150 0.200 0.200 
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32 European sardine 2.873 2.869 2.894 1.273 2.361 0.184 1.026 0.977 2.459 6.839 4.884 12.294 0.965 0.951 0.942 0.150 0.200 0.200 
33 Round sardinella 3.000 3.000 3.000 0.130 0.259 0.635 0.749 0.744 0.652 4.991 3.718 3.259 0.933 0.964 0.960 0.150 0.200 0.200 
34 European sprat 3.078 3.047 3.083 0.124 0.243 0.006 1.024 1.115 0.923 6.826 5.574 4.613 0.987 0.903 0.998 0.150 0.200 0.200 
35 Flatfish 2.849 2.714 2.945 0.374 0.614 0.135 1.232 1.283 1.159 10.669 11.543 8.689 0.994 0.930 0.921 0.115 0.111 0.133 
36 Demersal Fish small 3.181 3.108 3.244 0.190 0.292 0.088 1.400 1.565 1.219 6.500 7.267 5.659 0.985 0.992 0.997 0.215 0.215 0.215 
37 Demersal Fish medium 3.353 3.257 3.272 0.336 0.824 0.213 1.200 1.342 1.045 6.000 4.292 5.201 0.977 0.933 0.982 0.200 0.313 0.201 
38 Benthopelagic Fish 3.491 3.447 3.388 0.269 0.364 0.174 1.400 1.565 1.219 7.000 7.826 6.094 0.985 0.983 1.000 0.200 0.200 0.200 
39 Mesopelagic Fish 3.171 3.020 3.085 2.753 3.853 2.342 1.129 1.501 0.799 11.200 12.620 10.715 0.990 0.990 0.990 0.101 0.119 0.075 
40 Other pelagic species 3.228 3.292 3.041 0.188 0.201 0.176 0.900 1.006 0.784 7.505 7.934 7.107 0.841 0.820 0.535 0.120 0.127 0.110 
41 Rays 3.836 3.712 3.907 0.092 0.149 0.036 0.519 0.553 0.514 4.792 5.458 4.195 0.101 0.059 0.263 0.108 0.101 0.123 
42 Small-spotted catshark 4.063 3.856 3.506 0.087 0.107 0.067 0.700 0.783 0.609 3.500 6.999 3.047 0.009 0.006 0.013 0.200 0.112 0.200 
43 Blackmouth catshark 4.056 3.992 4.062 0.004 0.002 0.006 0.895 1.556 0.780 7.762 8.841 6.795 0.603 0.745 0.451 0.115 0.176 0.115 
44 Common eagle ray 3.673 3.653 3.677 0.044 0.087 0.070 0.261 0.282 0.227 2.605 2.820 2.268 0.012 0.006 0.009 0.100 0.100 0.100 
45 Marbled electric ray 4.192 4.092 4.092 0.010 0.019 0.011 0.380 0.413 0.331 4.000 4.472 3.483 0.028 0.013 0.028 0.095 0.092 0.095 
46 Atlantic Bonito 4.007 4.070 3.815 0.065 0.059 0.075 0.376 0.420 0.327 3.000 3.354 2.612 0.500 0.500 0.500 0.125 0.125 0.125 
47 Large pelagic fish 4.365 4.265 4.017 0.035 0.031 0.040 0.459 0.513 0.400 1.748 1.955 1.522 0.900 0.900 0.900 0.263 0.263 0.263 
48 Loggerhead turtles 3.954 3.955 4.104 0.003 0.003 0.003 0.164 0.184 0.143 1.644 3.052 1.431 0.000 0.000 0.000 0.100 0.060 0.100 
49 Gulls and terns 3.391 3.363 3.248 0.002 0.004 0.002 4.903 5.482 4.269 40.000 44.723 34.825 0.000 0.000 0.000 0.123 0.123 0.123 
50 Shearwaters 3.924 3.940 3.618 0.000 0.000 0.000 4.903 5.482 4.269 40.000 44.723 34.825 0.000 0.000 0.000 0.123 0.123 0.123 
51 Dolphins 4.466 4.447 4.392 0.004 0.004 0.004 0.300 0.335 0.261 3.000 3.354 2.612 0.000 0.000 0.000 0.100 0.100 0.100 
52 Fin whales 3.865 3.639 3.900 0.004 0.004 0.004 0.200 0.224 0.174 2.000 2.236 1.741 0.000 0.000 0.000 0.100 0.100 0.100 

53 Detritus 1.000 1.000 1.000 24.032 18.264 29.733         0.269 0.325 0.084     

54 Discards 1.000 1.000 1.000 0.362 0.362 0.362             0.293 0.466 0.239       
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Indicators of ecosystem structure, flow and connectance 

The total transfer efficiency (TEt) was highest in summer and lowest in winter, with 
intermediate values for the annual model, and with significant differences between the 
three models (Figure 3, Table 3 and supplementary material Table S9). This pattern was 
also observed with the transfer efficiency from primary producers (TEpp). In contrast, the 
transfer efficiency from detritus (TEd) was lower in summer than in winter. We observed 
inter-model variations in the main sources of the energy being transferred from lower to 
higher trophic levels (TLs) (Figure 3 and supplementary material Table S9). In the annual 
baseline model, 13.4% of energy transfer came from primary producers and 10.0% from 
detritus, and similarly in summer, with 16.4% vs 11.4%, respectively. This pattern was 
reversed in winter, with 10.8% of energy transfer coming from primary producers and 
12.86% from detritus. 

The Finn’s Cycling Index (FCI) was highest in the summer model and lowest in winter, 
showing non-significant difference between the annual and summer models (Figure 3 and 
Table 3). 

 

Figure 3. Indicators of total transfer efficiency (TEt), transfer efficiency from primary 
producers (TEpp), transfer efficiency from detritus (TEd) and Finn’s cycling index (FCI) 
for the three ecological models (annual, summer and winter) of the Northwestern 
Mediterranean Sea. Boxplots hinges represent the 1st and 3rd quartiles and horizontal lines 
the median values calculated from the 30 alternative balanced models. The blue lines 
show the 95th confidence interval and the orange dots indicate the values for the three 
baseline models. 
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When focusing on the indicators of consumption, production and respiration, the values 
from the winter model were in general significantly higher than the summer values, 
(Figure 4, Table 3 and supplementary material Table S9), which reflects higher values of 
primary production. On the other hand, the indicator of total biomass/total throughput 
showed a reversed pattern, with significantly higher values in summer than winter due to 
larger values of the total system throughput and no significant difference of total biomass 
(excluding detritus). Overall, the annual model showed intermediate values, which were 
significantly different from the summer model but not always from the winter model. No 
differences between the annual and winter models were found for sum of all consumption, 
sum of all respiratory flows, sum of all flow into detritus, total system throughput, sum 
of all production and net system production (Figure 4 and Table 3). 

 

Figure 4. Ecological indicators related to production, respiration, consumption and 
exports for the three ecological models (annual, summer and winter) of the Northwestern 
Mediterranean Sea. Boxplots hinges represent the 1st and 3rd quartiles, and horizontal lines 
the median values. The blue lines show the 95th confidence interval and the orange dots 
indicate the values for the three baseline models. 

Biomass-based ecological indicators 

Total biomass was larger in winter than in summer, in line with a higher production in 
the winter season. However, commercial biomass, fish biomass, invertebrates’ biomass, 
demersal biomass, pelagic biomass, and predatory biomass were larger in the summer 
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model (Figure 5, Table 3 and supplementary material Table S9). For most of these 
indicators, the annual model presented intermediate values. The opposite seasonal pattern 
was found for total biomass, invertebrates/fish biomass and demersal/pelagic biomass, 
with higher values in winter than in summer (Figure 5). Statistical tests indicated 
significant differences between the three models for all the indicators (Table 3).  

Biodiversity indicators showed lower values in winter and higher values in summer. The 
Shannon diversity index also presented intermediate values in the annual model. 
However, for Kempton’s Q index, the highest values occurred in the annual model (Figure 
5, Table 3 and supplementary material Table S9). 

 

Figure 5. Biomass-based ecological indicators for the three models (annual, summer and 
winter) of the Northwestern Mediterranean Sea. Boxplots hinges represent the 1st and 3rd 

quartiles and horizontal lines the median values calculated from the 30 alternative 
balanced models. The blue lines show the 95th confidence interval and the orange dots 
indicate the values for the three baseline models. 

Trophic-based ecological indicators 

A similar pattern to biomass and biodiversity indicators was detected for most of the 
trophic-based ecological indicators, with medium values in the annual model, the highest 
in summer and the lowest in winter. However, the TL community 4 indicator showed the 
highest values in the annual model and the lowest in winter. In all the cases, the values 
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were statistically different from each other (Figure 6, Table 3 and supplementary material 
Table S9).  

 

Figure 6. Trophic-based ecological indicators for the three models (annual, summer and 
winter) of the Northwestern Mediterranean Sea. Boxplots hinges represent the 1st and 3rd 
quartiles and horizontal lines the median values calculated from the 30 alternative 
balanced models. The blue lines show the 95th confidence interval and the orange dots 
indicate the values for the three baseline models. 

Indicators by functional group (FG) 

When looking at the keystone results, some keystone FGs were common in the three 
models, such as rays (FG 41) and benthopelagic cephalopods (FG 20), whereas others 
were model-specific (Figure 7 and Table S10). The gelatinous species (FG 4) also 
occupied a relatively high position in the keystones rank for the three models. In the 
annual model, top positions were also occupied by Atlantic bonito (FG 46), small-spotted 
catshark (FG 42) and European hake (FG 22), the latter two also highlighted as keystone 
species in the summer model. However, in the winter model the groups that occupied 
those same positions were Atlantic bonito (FG 46) and harbour crab (FG 10). Overall, 
most of the variations between the three models appear to be significant (Supplementary 
material Table S10) and species-specific, without a clear seasonal pattern. Keystones 
indexes calculated with alternative methods (i.e. KS1 (Libralato et al., 2006) and KS2 
(Power et al., 1996)) are presented in the Figures S3-S4 in the supplementary material. 
Interestingly, using KS1 and KS2, horse mackerel (FG29), gulls and terns (FG49) and 
shearwaters (FG 50) were highlighted, respectively. 

When looking at the flow to detritus for individual FG, there were some general patterns, 
with higher values in winter for primary producers and micro- and mesozooplankton and 
higher values in summer for larger consumers (supplementary material, Table S11). 
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Table 3. Results of the statistical analysis for the indicators calculated from the three 
models (annual, summer and winter) of the Northwestern Mediterranean Sea. ANOVA 
test (F-values and p-values) and Tukey-HSD test (p-values). Statistically significant 
values are marked in bold. 

 ANOVA test Tukey-HSD test 

Indicator F-value p-value Summer-
Annual 

Winter-
Annual 

Winter-
Summer 

Total transfer efficiency 125.10 <0.01 <0.01 <0.01 <0.01 
Transfer efficiency from PP 135.00 <0.01 <0.01 <0.01 <0.01 
Transfer efficiency from detritus 50.44 <0.01 <0.01 <0.01 <0.01 
Finn's cycling index 67.70 <0.01 0.15 <0.01 <0.01 
Sum of all consumption 4.81 <0.05 <0.05 0.96 <0.05 
Sum of all exports 28.84 <0.01 <0.01 <0.05 <0.01 
Sum of all respiratory flows 14.80 <0.01 <0.01 0.08 <0.01 
Sum of all flows into detritus 16.71 <0.01 <0.01 0.85 <0.01 
Total system throughput 37.88 <0.01 <0.01 0.20 <0.01 
Sum of all production 33.52 <0.01 <0.01 0.29 <0.01 
Calculated total net primary production 53.30 <0.01 <0.01 <0.01 <0.01 
Net system production 9.70 <0.01 <0.01 0.54 <0.01 
Total primary production/total biomass 51.73 <0.01 <0.01 <0.01 <0.01 
Total biomass/total throughput 41.63 <0.01 <0.01 <0.01 <0.01 
Total biomass (excluding detritus) 6.18 <0.01 <0.05 <0.01 0.83 
System Omnivory Index 1326.00 <0.01 <0.01 <0.01 <0.01 
Total B 64.25 <0.01 <0.01 0.05 <0.01 
Commercial B 721.90 <0.01 <0.01 <0.01 <0.01 
Fish B 1432.00 <0.01 <0.01 <0.01 <0.01 
Invertebrates B 626.40 <0.01 <0.01 <0.01 <0.01 
Invertebrates/Fish B 389.10 <0.01 <0.01 <0.01 <0.01 
Demersal B 698.80 <0.01 <0.01 <0.01 <0.01 
Pelagic B 1306.00 <0.01 <0.01 <0.01 <0.01 
Demersal / Pelagic B 265.90 <0.01 <0.01 <0.01 <0.01 
Predatory B 2832.00 <0.01 <0.01 <0.01 <0.01 
Kempton's 623.70 <0.01 <0.01 <0.01 <0.01 
Shannon diversity 660.50 <0.01 <0.01 <0.01 <0.01 
TL community 1632.00 <0.01 <0.01 <0.01 <0.01 
TL community 2 496.20 <0.01 <0.01 <0.01 <0.01 
TL community 3.25 5809.00 <0.01 <0.01 <0.01 <0.01 
TL community 4 380.50 <0.01 <0.01 <0.01 <0.01 
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Figure 7. Keystone index (Valls et al., 2015) in relation to the trophic level (TL) for the 
annual, summer and winter models of the Northwestern Mediterranean Sea. Numbers in 
the figure correspond to the FGs (Table 2). 
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2.4.4. Discussion 

Even though marine ecosystem models are widely used, many models used for spatial 
and temporal predictions tend to be based on data from a single part of the year, at least 
for the input data of biomass but also diet composition, production and consumption. 
Here, we provided the first study for the Mediterranean Sea with a comparison between 
two seasonal models (summer and winter) and an annual model for the same marine 
ecosystem (the Ebro Delta continental shelf). Our results show clear differences in many 
outputs and ecosystem indicators for the three models, while the annual model showed 
intermediate values for many results. In the study area in particular, ecological 
mechanisms show marked seasonal differences driven by the changes in physical and 
oceanographic changes of the water column and the establishment of the thermocline. 
Our models show noticeable impacts at the functional group and ecosystem level, with 
overall changes in the transfer of energy and partitioning of ecosystem production and 
biomass. 

System indicators 

Overall, the winter model showed higher production indices, higher flows to detritus, and 
higher total system throughput compared to the summer model, likely linked to the effect 
of the mixing of the water column, and a more productive system in winter with lower 
biomass from consumers (Estrada, 1985; Salat et al., 2002). This is in line with a lower 
total transfer efficiency and a lower Finn’s cycling index, showing that the ecosystem in 
winter is less limited by energy (Odum, 1969; Finn, 1976). The transfer efficiency from 
the detritus (TEd) was higher in winter than summer, suggesting a larger limitation of 
detritus in the cold season. On the other hand, the annual and summer models present 
higher Finn’s cycling index and a higher percentage of transfer efficiency from primary 
producers (TEpp), indicating that the system in summer is more limited by primary 
producers than by detritus, as demonstrated previously (García-Rodríguez et al., 2021). 
This seems to reflect the establishment of the thermocline in summer that translates into 
a lack of nutrients in the surface layers with associated limited production, and thus higher 
nutrient recycling, in the food web (Estrada, 1985); and the deep chlorophyll maxima 
(DCM) “sinks” at the bottom of the photic zone. The thermocline starts to dissipate during 
autumn, and during winter the cooler temperatures and winds mix the water column, 
resulting in increased nutrients in the photic zone that thus can sustain high productivity. 
Moreover, the general values of transfer efficiencies are in line with what has been 
reported in temperate ecosystems, and are representative of continental shelves and 
coastal areas (Pauly and Christensen, 1995; Libralato et al., 2008). 

The system omnivory index was also higher in winter, suggesting greater variability of 
trophic levels in the diet of the consumers, and thus higher ecosystem complexity 
(Christensen et al., 2008; Libralato, 2008). However, lower values of the Finn’s cycling 
index, indicating low recycling, suggest a system that is less stable and robust, and slower 
to recover from perturbations and larger ecosystem dynamics (Odum, 1969; Christensen, 
1995). 
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The seasonal variation of some of these indicators could be discussed within the 
framework of Odum's ecosystem maturity theory, since some results point towards a 
seasonal succession in the “development of the ecosystem” (Odum, 1969; Christensen, 
1995; Coll et al., 2008a). The system alternates between higher production, a larger 
fraction of basal taxa and higher flow to detritus during winter, to an increase in biomass 
of higher trophic organisms during summer with a decrease in production. Although some 
of the ecological indicators analyzed follow the general expected trends of maturity 
theory, others do not. Discussing maturity when comparing a single system within such 
a short time frame (such as two seasons in a single year) is conceptually challenging, 
since insufficient time elapsed for the system to shift to a more or less mature stage. The 
seasonal transition of the system is not abrupt, thus considering only two seasons is 
probably insufficient to interpret some of these indicators. 

Biomass-based and trophic-based indicators 

Although total biomass was higher in winter than summer, in line with larger production, 
when focusing on the different compartments (i.e. commercial, fish, invertebrates, 
demersal, pelagic and predatory) the highest values were found in summer. Still, the ratios 
of demersal/pelagic biomass and invertebrates/fish biomass were higher in winter, 
indicating that demersal species and invertebrates predominate in the ecosystem at this 
time of the year. Biomass-based indicators showed higher levels of consumers’ biomass 
during summer, likely related to the fact that the reproduction and recruitment period of 
many species in the Mediterranean Sea happens around this time of the year (Palomera, 
1992; Tsikliras et al., 2010). Previous studies in this area found similar higher richness 
and diversity in demersal invertebrates (DeLaHoz et al., 2018), as well as in the biomass 
of some demersal fishes, cephalopods and crustaceans during the summer season (Vilas 
et al., 2020; Lloret-Lloret et al., 2021). The differing pattern of production vs biomass 
between winter and summer was also evident in the indicator of total primary 
production/total biomass, which presented higher values in winter than summer. 

Trophic-based and biodiversity indicators being higher in the summer model may also 
reflect the rebuilding of consumers biomass, which is in line with general patterns of large 
biodiversity indicators in warmer water temperatures (Tittensor et al., 2010), also in the 
Western Mediterranean Sea (Veloy et al., 2022). 

Functional group indicators 

Results between the annual, summer and winter models highlighted changes in indicators 
at the functional group level, evident when analyzing the flow to detritus by FG and the 
keystone indicators. Regarding the flow to detritus, results were mostly influenced by the 
productivity patterns of the system. These last results are in line with the physical and 
oceanographic changes in the study area (Estrada, 1985; Margalef, 1985; Salat et al., 
2002). 

The keystone index showed specifies-specific variations between the three models, but 
some common results emerged. According to the models, the highest keystone index was 
found in rays (FG 41) and benthopelagic cephalopods (FG 20), suggesting that these two 
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groups would be especially relevant for the functioning of the ecosystem (Valls et al., 
2015). The result related to rays highlights the ecological role of these organisms in the 
study area. This group of organisms had already been identified as a good ecological 
indicators to monitor the recovery of the ecosystem (Coll et al., 2013b). Historically, these 
elasmobranchs have declined strongly in several parts of the Mediterranean Sea due to 
high fishing impact by demersal trawlers (Ferretti et al., 2005; Coll et al., 2013b; Aldebert, 
2021). 

Benthopelagic cephalopods (FG 20) were identified as keystone species, in line with 
previous studies in the Mediterranean Sea and nearby areas such as the Gulf of Cadiz 
(Bănaru et al., 2013; Coll et al., 2013a; Torres et al., 2013; Corrales et al., 2015; García-
Rodríguez et al., 2021). Interestingly, other cephalopod groups (FG 18 and 19) also 
attained relatively high keystone ranks for the three models. Cephalopods have been 
increasing with time in several areas of the Western Mediterranean, and increases in their 
trophic level indicators have been recorded. A recent publication indeed classified them 
as current “winners” in the region (Veloy et al., 2022). Cephalopods are fast-growing and 
certain species tend to have a positive response to increasing temperatures and to intense 
harvesting that removes predators and competitors (Doubleday et al., 2016; Keller et al., 
2016, 2017). By occupying key positions in the food web, changes in their biomass, 
trophic position, and/or community composition could lead to large effects across the 
ecosystem. 

In previous Mediterranean models, dolphins emerged as keystone species (Bănaru et al., 
2013; Corrales et al., 2015; García-Rodríguez et al., 2021). The data used for dolphins in 
the model presented here was obtained for a much larger area of the Mediterranean 
without seasonalilty. This identifies a knowledge gap in the input data for several FGs. 
The low keystone values that we found for dolphins and other predators may also indicate 
depletion of their population, as proposed for other areas such as the North Aegean Sea 
(Tsagarakis et al., 2010). Historical decrease in the ecological relevance of marine 
mammals has also been discussed for areas outside the Mediterranean (i.e. California 
upwelling (Libralato et al., 2006)). Moreover, dolphins have been proposed as a good 
ecological indicator to monitor fishing impact as their TL and keystones position varies 
under different fishing scenarios (Coll et al., 2006b, 2009). 

Representativeness of annual and seasonal modelling results  

Overall, we observed significant variations between the three models in terms of biomass-
based, trophic-based and system indicators, as well as at FG level. These differences were 
small in numbers but mostly statistically significant. In some cases, there were fewer 
differences between the winter and annual models. Seasonal variations have been 
detected in the same ecosystem in terms of community composition, species abundance 
and distribution, trophic ecology and body condition, for the pelagic and demersal 
compartment (Albo-Puigserver et al., 2016, 2017, 2020; Barroeta et al., 2017; DeLaHoz 
et al., 2018; Vilas et al., 2020; Lloret-Lloret et al., 2021). Our results highlight that these 
variations can be noticeable at the ecosystem level, affecting key traits of system structure 
and functioning. 
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The implication of our results is that seasonal ecosystem differences may be masked when 
building a single annual model, especially if the model is based on data from the spring-
summer period (which tends to be the case in the Mediterranean Sea). Therefore, by using 
data based on a single time of the year, we are potentially overestimating or 
underestimating ecological indicators and thus, the understanding and interpretation of 
system structure and functioning. This may be particularly relevant when developing 
local, short-term predictions aimed at informing management. Having a better seasonal 
coverage of biomass data can be beneficial for the ecological knowledge of the area of 
interest, something which has also been claimed in previous publications (Bănaru et al., 
2013). Building seasonal models can also be interesting when comparing management 
strategies based on seasonal actions, such as seasonal fishing closures or seasonally 
protected regions. 

Limitations of the study 

The pedigree values for the three models indicate that generally good input data was used. 
The values for this study also fall within the range of pedigree indexes from previously 
published EwE models in this and other areas of the Mediterranean Sea (Corrales et al., 
2015). 

The data used for constructing the ecological models, as well as the balancing process, 
were as rigorously as possible, but we lacked independent fishery data on a seasonal scale 
to validate the ECOTRANS surveys. Additionally, as the trawl surveys did not yield 
reliable estimates for some key species, considereable effort was put to derive catchability 
factors to correct some of the biomass data (which is available in the supplementary 
material and can be used by other modeling activities). This highlights the need for more 
seasonal studies to obtain data to calculate catchability factors for the Mediterranean Sea 
for the most common fishing and survey gear. This type of information can be very 
beneficial for construction of more accurate models and better biomass estimates. As a 
last resort, missing biomass estimates were complemented from other models. 

Despite these limitations, the use of a consistent modelling strategy in the three studies 
made the model results fully comparable, and made relative comparisons more robust to 
data limitations. 
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The four previous sections (2.1. to 2.4.) present in detail the methods, results and 
discussion related to the main axes of this thesis, which approached seasonality from 
different ecological levels: spatial distribution, body condition, trophic ecology and 
ecosystem structure and functioning. We found seasonal changes in the spatial 
distribution of a community of demersal species in Chapter 2.1., including abundant fish, 
cephalopods and crustaceans. These results were further analyzed in Chapter 2.2., where 
the seasonal spatial variation of an ecologically and economically important demersal 
species, the European hake (Merluccius merluccius) was investigated in combination 
with the availability of its main trophic resources and its trophic behaviour. In Chapter 
2.3. we looked at the spatial and seasonal variation in body condition, this time focusing 
on two key Mediterranean small pelagic fish species, European sardine (Sardina 
pilchardus) and European anchovy (Engraulis encrasicolus). Finally, in Chapter 2.4., 
using an ecosystem modelling approach, we investigated the impact of seasonality on 
ecosystem structure and functioning traits.  

A summary of the main results found in these chapters is provided below. 

Chapter 2. 1. Main drivers of spatial change in the biomass of commercial species 
between summer and winter in the NW Mediterranean Sea  

This chapter looked at the seasonal variation in various species’ spatial distribution in the 
Northwestern Mediterranean Sea, focusing on demersal species of different taxa 
(crustaceans, cephalopods and fish) and relating it to environmental and anthropogenic 
drivers. 

The species modelled in this chapter were: harbour crab (Liocarcinus depurator) and 
spottail mantis squillid (Squilla mantis) for the crustaceans, shortfin squid (Illex coindetii) 
and horned octopus (Eledone cirrhosa) for cephalopods, and European hake (Merluccius 
merluccius), red mullet (Mullus barbatus), European anglerfish (Lophius budegassa) and 
anglerfish (Lophius piscatorius) for fish. 

The biomass spatial distribution models showed species-specific distribution patterns 
with variations between the two seasons considered (winter and summer). The models 
showed a species-specific combination of drivers for each season. The random spatial 
component was selected as a relevant one in all the models, highlighting the importance 
of the intrinsic spatial variability of the species distribution after the exclusion of the 
variables included in the analysis. 

In general terms, biomass distribution maps showed that European hake and European 
anglerfish moved further away from the shoreline in summer, whereas red mullet 
presented the opposite trend, moving closer to the shore at this time of the year. The other 
anglerfish species and the two cephalopod species presented some northward dispersion 
during the summer season. Finally, the harbour crab moved southward during the summer 
period, and the spottail mantis squillid concentrated on a single location in winter and 
expanded along the shoreline in summer. 
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Despite species-specific results, some common patterns were detected. Bathymetry was 
a factor included in the major part of the winter models when compared to summer 
models. In fact, bathymetry, sea surface temperature (SST) and fishing effort appeared to 
be equally frequent in winter, and sea bottom temperature (SBT) was the most recurrent 
in summer. Most models included a temperature driver (surface temperature, bottom 
temperature or both). SBT showed a negative relationship in all the models with the 
dependent variables, and SST in 80% of them. Moreover, seasonal fishing effort was 
selected in nine out of the sixteen models, with less clear direction in terms of its effects. 

Chapter 2.2. The seasonal distribution of a highly commercial fish is related to 
ontogenetic changes in its feeding strategy 

This chapter aimed to further investigate the seasonal variation in European hake spatial 
distribution considering ontogenetic changes and trophic ecology in the study area. 

The predicted posterior mean weight distribution of European hake showed spatial 
differences between winter and summer. In winter, higher mean weight areas were 
predicted in the southern part of the Ebro Delta, close to the coast; whereas in summer, 
they were predicted in all the northern part of the study area. Species distribution models 
showed mostly a negative relationship of the response variable with SBT and a positive 
with bathymetry, suggesting that the larger mean weight individuals (adult hakes) were 
mainly present in waters with lower SBT and higher depths. Winter models showed a 
positive relationship between fish and crustaceans’ abundance with European hake mean 
weight and a negative relationship with fish and crustaceans’ mean weight. This means 
that adults of European hake (areas with higher mean weight) were related to higher 
abundances of small-size (low mean weight) fish and crustaceans. And the opposite 
occurred for low values of the response variable (areas with lower mean weight, thus 
more presence of juveniles). On the other hand, during summer, high values of the 
response variables (high mean weight, more presence of adults) were related to higher 
abundances of small-size (low mean weight) crustaceans and lower abundance of large-
size (high mean weight) fish. Again, the opposite occurred for low values of the response 
variable (areas with more presence of juveniles). 

δ13C and δ15N values of European hake ranged from -20.29 ‰ to -17.94 ‰, and from 
7.02 ‰ to 11.81 ‰, respectively, with some seasonal and ontogenetic differences. 
Related to the standard ellipse’s area (SEAB), a proxy of trophic width, juveniles-summer 
showed the smallest SEAB and adults-summer the largest, and there was little overlap 
between the ellipses of juveniles-winter and juveniles-summer. The best output of the 
isotopic mixing model (MixSIAR model) included fish length and season and showed 
that the proportion of the different prey groups in the diet of European hake changed 
between seasons and fish length. In winter, juveniles (small individuals) fed mostly on 
cluster 3 (only crustaceans), then cluster 4 (only crustaceans) and cluster 5 (fish and 
crustaceans). As we moved to larger individuals, clusters 3 and 4 decreased and cluster 2 
(only crustaceans) increased. Thus, the estimated diet of adults (large individuals) 
indicated that they consumed a high proportion of cluster 2, followed by cluster 5, which 
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was highest at intermediate fish lengths. During summer, the diet of juveniles was 
dominated by cluster 4, which decreased with fish length at the same time that there was 
an increase in cluster 2. Moreover, cluster 5 showed lower proportions for all fish lengths, 
but the same pattern as in winter was maintained. Cluster 1 (only fish) was mostly absent 
in the juvenile’s diet and increased with the prey’s size. 

Chapter 2.3. Small pelagic fish fitness relates to local environmental conditions and 
trophic variables 

This chapter investigated the variations in the fitness of two small pelagic fishes, the 
European anchovy and the European sardine, combining the use of body condition and 
reproduction indices during a full year and considering spatial and seasonal factors within 
an area of the Northwestern Mediterranean Sea. In this chapter, we also investigated 
which environmental variables and trophic information could explain the observed 
changes in these fitness indicators. 

The two small pelagic fish species showed spatial and seasonal variations in fitness at 
local scales. Results showed spatial and seasonal variations, in terms of body condition 
(Kn), fat accumulation and reproductive periods. However, a clear latitudinal gradient was 
generally not observed. For anchovy, maximum gonadosomatic index (GSI) values were 
recorded from May to September, with a peak in July and a shorter reproduction period 
in the northern part of the study area. Lower seasonal variation in Kn and mean fat content 
was observed compared to sardine. For sardines, higher GSI values occurred from 
October to February/March and variation in mean fat content and Kn was more marked 
than in anchovy. Kn peaked from March to September/October, showing an increased 
accumulation of fat reserves during the spring-summer before the reproduction, followed 
by a sharp decline in autumn and winter. Mean fat content values were generally higher, 
and maintained for a longer period, in the middle part of the study area and lowest in the 
southern part. 

Related to the stable isotopes results (a proxy of the trophic ecology), δ13C and δ15N 
values showed seasonal variations for both species with some differences between areas. 
δ13C values for anchovy showed similar values during summer and autumn, decreasing 
in winter and with another decrease in spring. This pattern was mostly consistent across 
the three sites. Within seasons a positive latitudinal trend (from north to south) could be 
noticed. δ15N also presented similar spatial and seasonal differences in the three areas. In 
this case, there were resembling values for summer and autumn, followed by a decrease 
in winter and an increase in spring. A slighter but positive, latitudinal variation was also 
observed from north to south. For sardines, seasonal variation was also found in δ13C and 
δ15N. Nevertheless, in the case of δ13C, seasonal changes seemed to be more site-specific 
with no clear latitudinal trends. In the case of δ15N, values presented a very similar 
seasonal pattern and latitudinal trend that in the case of anchovy. 

GAMs explained between 44.6% and 75.5% of the variance of condition and reproduction 
indices of both small pelagic fish. Changes were mostly explained by environmental 
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variables (mainly salinity, then Chl-a), while spatial and seasonal factors were also 
important. Anchovy’s models for all three indices, included concurrent variables, whereas 
lagged-variables were selected for sardines’ models. Trophic variables also contributed, 
suggesting that variations in prey abundance, composition and quality can impact their 
fitness. In fact, trophic variables were more important in anchovy models than for 
sardines. 

Chapter 2.4. Effects of seasonality on the structure and functioning of a 
Mediterranean Sea ecosystem 

This chapter analyzed the effect of the seasonal dynamics on the ecosystem structure and 
functioning of an area of the Northwestern Mediterranean Sea (the Ebro Delta shelf). 
Three ecosystem models, one representative of summer, one of winter and an annual 
average, were developed using the Ecopath with Ecosim (EwE) tool. We compared 
indicators related to functional groups, and ecological properties of the ecosystem (i.e. 
ecosystem structure, flow and connectance, and biomass-based and trophic-based 
ecological indicators) to explore the differences derived from the modelling strategies.  

Overall, the flow diagrams showed that although the three models were topologically 
similar, there were some distinctions for some functional groups. Statistical differences 
between the three models were found for most of the indicators. 

The summer model presented the highest values of total transfer efficiency and the winter 
model the lowest, but there were variations in the main sources of energy being 
transferred from lower to higher trophic levels in each model. Transfer efficiency coming 
from primary producers was higher in the summer and annual model, but the opposite 
occurred for the transfer efficiency coming from the detritus, with higher values in winter. 
Finn’s Cycling Index showed the lowest values in winter and the highest in summer. 

Related to the indicators of consumption, production and respiration, in general, the 
winter model showed significantly higher values than those from the summer model. 
However, the indicator of total biomass/total throughput presented the opposite pattern, 
with higher values in summer than in winter. In most cases, the annual model showed 
medium values, significantly different from the summer model but not always from the 
winter model. 

Related to the biomass-based ecological indicators, total biomass values were greater in 
winter than in summer, which is consistent with higher production in the winter season. 
However, consumers’ biomass (i.e. commercial biomass, fish biomass, invertebrates’ 
biomass, demersal biomass, pelagic biomass, and predatory biomass) was higher in the 
summer model. On the other hand, invertebrates/fish biomass and demersal/pelagic 
biomass showed an opposite pattern, with higher values in winter than in summer. 
Concerning the biodiversity indexes (Shannon and Kempton’s Q), there were lower 
values in winter than in summer, with the annual model showing varying results for each 
index. 
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For most of the trophic-based ecological indicators, a similar pattern to biomass and 
biodiversity indicators was observed, with intermediate values in the annual model, 
highest values in summer and lowest in winter. 

Finally, when focusing on the indicators per functional group, for the keystone index, 
some groups were shared by the three models, as is the case of rays and benthopelagic 
cephalopods, whereas others were specific to each model. Gelatinous species also 
occupied relatively high keystone positions in the three models.  
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The overall objective of this thesis is to broaden the knowledge of the functioning of the 
marine ecosystem from the Northwestern Mediterranean Sea, incorporating the 
importance of seasonality in key ecological processes. The summary of the discussions 
of the results obtained along the different chapters (sections 2.1. to 2.4.) is divided into 
four main axes, capturing seasonality at different ecological levels and with different 
methodologies: spatial distribution, body condition and fitness, trophic ecology, and 
ecosystem structure and functioning. 

3.1. Spatial distribution 
Although the vast majority of spatiotemporal studies tend to focus on inter-annual 
changes, the effect of seasonal variations has been previously considered. For example, 
Gaertner (2000) analyzed seasonality in the distribution of demersal assemblages in the 
Western Mediterranean Sea, Vilas et al., 2020 looked into the seasonal variations of 
biodiversity patterns of a demersal community also in that area, and Damalas et al. (2010) 
and Katsanevakis et al. (2009) investigated the seasonal abundance, distribution and 
habitat use of non-commercial and commercial demersal fish in the eastern side of the 
basin. Some studies found seasonal variations, whereas others discuss rather seasonal 
stability.  

In Chapter 2.1., we identified seasonal patterns and drivers of the biomass distribution 
for eight demersal species of commercial interest, including fish, cephalopods and 
crustaceans. The results revealed species-specific patterns in the species distribution, 
which changed from winter to summer.  

Cephalopods are fast-growing species with short life cycles, which translates into strong 
links with seasonal environmental fluctuations. Strong seasonal patterns in fishing 
catches had already been described in this area, but with differing spatial results (Pertierra 
and Sanchez, 2005). Regarding crustaceans, Abelló in 1986 already reported seasonal 
changes in the abundance of spottail mantis squillid (Squilla mantis). Its spatial 
distribution has generally been related to wide continental shelves and areas with river 
runoffs, such as the Ebro river Delta (Abelló and Martín, 1993), this matching especially 
the winter distribution map of our results. However, as part of their reproductive strategy, 
during summer, females perform burrowing behaviour (Abelló and Martín, 1993). This 
means that the results found in summer for this species should be handled with caution as 
they could be masked by an underestimation of its abundance during the sampling 
oceanographic survey. The other crustacean species analyzed in this work, the harbour 
crab (Liocarcinus depurator), also shows a preference for areas influenced by river run-
off and muddy substrates (Rufino, 2004). 

Regarding fish species, previous research for the genus Lophius sp. found seasons to have 
significant effects on its distribution and abundance in the Eastern Mediterranean Sea 
(Maravelias and Papaconstantinou, 2003). Seasonal onshore-offshore movements for this 
genus had been related to thermal conditions, prey availability, feeding activities or 
spawning (Yoneda et al., 2001; Fariña et al., 2008). Disparities found here between the 
spatial distribution of the two anglerfish species [European anglerfish (Lophius 
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budegassa) and anglerfish (Lophius piscatorius)] could be related to preventing resources 
competition (López et al., 2016). The case of red mullet (Mullus barbatus) moving closer 
to the coast during summer can be related to their spawning time. Mullets are generally 
late spring/early summer spawners and show a strong seasonality on the onset and 
duration of spawning (Kokokiris et al., 2014). 

In the case of European hake (Merluccius merluccius), previous studies had already 
described seasonal changes in its spatial distribution (Demestre and Sánchez, 1998; 
Paradinas et al., 2015; Sion et al., 2019). Some reported the species to be in deeper and 
cooler waters (offshore) during summer (Maravelias et al., 2006), matching the summer 
results of Chapter 2.1. The distribution of biomass found in shallower depths closer to 
the Ebro Delta during winter might correspond to a reproduction/nursery area (Demestre 
and Sánchez, 1998; Paradinas et al., 2015; Garofalo et al., 2018). In Chapter 2.2. we also 
detected spatial segregation between winter and summer in the posterior mean weight 
values. The posterior mean weight was used here as a proxy of size and age class, with 
high mean weight values referring to larger individuals (adults) and lower values to 
smaller individuals (juveniles). Therefore, the distribution maps indirectly represent the 
areas where more adults or juveniles are present. Aggregation of adults southward of the 
Ebro Delta, around the time of the species spawning peak (autumn and winter (Maynou 
et al., 2003)) might again reflect a potential spawning area. During summer, high mean 
weight values were recorded further north of the study area, maybe looking for colder 
temperatures. 

Seasonal changes in species distribution can be related to environmental factors as they 
are known to affect the spatial patterns and local occurrences of demersal and pelagic 
species (Katsanevakis et al., 2009; Muñoz et al., 2013). Herein (Chapter 2.1.), the main 
drivers of spatial distribution were bathymetry, temperature (either surface SST or SBT), 
and in certain cases the fishing effort. Previous studies already identified the role of these 
drivers, particularly depth and temperature, in species distributions in the Mediterranean 
Sea (Demestre et al., 2000; Katsanevakis et al., 2009; Damalas et al., 2010; Pennino et 
al., 2013; Navarro et al., 2015; Vilas et al., 2020). In particular, depth has often been 
related to demersal species, which tend to aggregate along a bathymetric range that 
gathers their preferred environmental conditions. This was also highlighted in Chapter 
2.2., where temperature and depth were included in the species distribution models for 
European hake. The results of this work showed that adults were related to deeper areas 
and lower bottom temperatures, matching previously described environmental 
preferences (Demestre and Sánchez, 1998; Maravelias et al., 2006; Katsanevakis et al., 
2009; Sion et al., 2019). Moreover, the strength of the impact of some environmental 
variables has been reported to vary seasonally. As an example, in the Aegean Sea, they 
found that the influence of environmental factors on the abundance of demersal fish seem 
to be intensified during summer and autumn (Katsanevakis et al., 2009) and the effect of 
temperature in the distribution of European hake was more pronounced during months of 
thermal stratification (Yalçın and Gurbet, 2016). In fact, in Chapter 2.1. the estimated 
coefficients of the temperature variables were higher in the summer than in the winter 
models (with one exception). This is important considering the projected increase in 
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temperature derived from climate models (Bopp et al., 2013) and the predicted potential 
intensification of winter and summer seasons (IPCC, 2021). 

Seasonal fishing effort was also a recurrent variable in the results of Chapter 2.1., 
highlighting its role in species distribution patterns. Correlation between fishing activity 
and species’ spatial-temporal distribution was already identified in previous research on 
the Mediterranean Sea (Coll et al., 2016). Negative correlation, as seen in the case of red 
mullet and horned octopus, can be related to the disturbances caused by bottom trawling 
on species biomass, abundance, community assemblages and on the seafloor (Navarro et 
al., 2015; Coll et al., 2016; Navarro et al., 2016). However, fishing effort was positively 
correlated to biomass in some cases (e.g. in the case of hake, anglerfish, squid and harbour 
crab) and may be related to the fact that fishing can reduce predators and competitors and 
thus be beneficial for certain organisms (Coll et al., 2013b, 2016). In fact, previous studies 
on cephalopods discuss a positive response to intense harvesting due to the removal of 
predators and competitors (Doubleday et al., 2016; Keller et al., 2017). Nevertheless, it is 
sometimes challenging to discern the cause-effect of this variable. The anthropogenic 
variable of fishing effort included in Chapter 2.1. should be treated with caution. It may 
be that the seasonal fishing effort is driving the distribution of the species or, the fact that 
species are distributed in a certain area determines the presence or absence of the fishing 
activity there. Therefore, a positive relationship with fishing may illustrate the preference 
of fishing activities for those areas with larger biomass, rather than a positive effect of 
fishing itself on the biomass of the species. 

Aside from the environmental and anthropogenic variables, including biotic components 
to species distribution analysis also brings insights into species’ spatial structure. The 
spatial distributions and abundance of potential prey can be used as indirect proxies of 
trophic behaviour in species’ spatial occurrence (Navarro et al., 2016). This was 
illustrated in Chapter 2.2., where the distribution of some European hake main prey, also 
helped to explain its spatial distribution in the study area. Our results suggest that 
European hake’s juveniles in winter were associated with areas of low abundance of 
relatively large fish prey. The size of these individuals could potentially outbound the 
mouth-gape limitations of the predators, and thus juveniles would mostly be feeding on 
small crustaceans, as previously mentioned (Mellon-Duval et al., 2017). Contrastingly, in 
summer, juveniles were correlated with smaller and more abundant fish prey, which could 
mean a potential capacity to also ingest available small fish, in addition to crustaceans. 
These results were complemented with the use of stable isotopic analysis (SIA) and 
mixing models (MixSiar), presented in Chapter 2.2. and are further discussed in the sub-
section “Trophic ecology” of the discussion. 

3.2. Body condition and fitness 
Seasonal energy dynamics (in terms of body condition, energy and reproduction period) 
were investigated in Chapter 2.3. for small pelagic fish species, providing information 
about the environmental and trophic factors that drive it.  
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A relatively low variability in fat content and body condition (Kn) values throughout the 
year were found for European anchovy (Engraulis encrasicolus), while European sardine 
(Sardina pilchardus) presented higher values and greater seasonal variations. These 
results are in line with their contrasting breeding strategies. Sardines are considered 
capital breeders, as they accumulate energy during the spring-summer season before the 
reproduction, while anchovy uses the energy directly for reproduction, presenting mainly 
an income breeder strategy (Albo-Puigserver et al., 2017, 2020). For anchovy, the low-
fat reserves and body condition values (Kn) (especially during the end of the reproduction 
period) suggest a relatively poor condition. This was more noticeable in the northern part 
of the study area, which also showed lower GSI values and shorter reproduction. On the 
other hand, sardines presented a relatively good condition (Kn). In the central area of the 
study, individuals presented higher GSI and fat content values were also higher and lasted 
longer, than in the other two areas (Tarragona and L'Escala, adjacent to the Ebro and 
Rhône rivers, respectively). We could hypothesize a certain correlation between these 
results and their proximity to local rivers, as riverine inputs can be relevant for the 
population dynamics of small pelagic fish (Lloret et al., 2004; Salat et al., 2011; Feuilloley 
et al., 2020). Therefore, we could suggest that the areas with higher river influence may 
correspond to areas with lower quality of food and lower energy availability. This might 
be counterintuitive, as we could have expected a higher influence of river discharges to 
translate into higher food availability. However, there has been a decrease in runoff 
(Lloret et al., 2004) and transportation of nutrients (Feuilloley et al., 2020) in these rivers, 
which could affect the plankton community and, ultimately, small pelagic fish 
populations. 

Spatial and seasonal factors were playing an important role in explaining the observation 
in fitness indices as they appear in all the models (in combination or alone) for both 
species. Furthermore, environmental variables partially explained the variability in 
sardine and anchovy fitness (condition, fat content and reproduction). Previous research 
had already highlighted the relevance of the environmental factors to SPF, in terms of 
landings, abundance, biomass, recruitment success and condition traits in the 
Mediterranean Sea (Quattrocchi and Maynou, 2017; Pennino et al., 2020b; Fernández-
Corredor et al., 2021) and other nearby areas (Caballero-Huertas et al., 2022). And recent 
research presented season-specific explanatory environmental variables for the suitability 
of European sardine spawning areas in the Atlantic Ocean and Mediterranean and Black 
Seas (Lima et al., 2022). In our study, the relevant environmental drivers were salinity 
and SST in the case of anchovy, and Chl-a and salinity for sardines. Interestingly, and in 
line with its capital breeder behaviour, time-lagged variables were only selected for 
sardine models. Sardine GSI was impacted by lag-Chl-a, as observed in previous studies 
(Ganias, 2009; Fernández-Corredor et al., 2021), indicating that its reproduction success 
partially depends on the abundance of Chl-a nine months before. The relevance of Chl-a 
reinforces the idea that recent declines in body condition and other life-history traits for 
this species could be driven by bottom-up changes (Van Beveren et al., 2014; Brosset et 
al., 2015, 2016). 
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The onset of spawning in anchovy is mainly regulated by temperature, with the start of 
reproduction matching the increase in temperatures (end of spring, beginning of summer) 
(Palomera, 1992; Basilone et al., 2006; Palomera et al., 2007). GAMs results showed a 
mostly positive effect of SST on anchovy’s GSI. Taking this into account, together with 
the general increasing trend in temperature in the Mediterranean Sea (MedEEC, 2019; 
MedECC, 2020; IPCC, 2021) we could expect an early onset in reproduction, similar to 
what has been detected in the Northwest of Spain (Bay of Biscay) (Erauskin-Extramiana 
et al., 2019). Different rates of phenological changes in prey-predator (such as early 
reproduction) can result in a mismatch between the early hatched larvae and their prey, 
impairing recruitment success (match-mismatch hypothesis, Cushing’s 1990) (Checkley 
et al., 2017). However, evaluating the long-term effects under scenarios of climate change 
was beyond the scope of this thesis. 

A recent experimental study highlights the impact of seasonal availability of food on the 
growth, reproduction and energy reserves of one SPF (i.e. sardine) (Beauvieux et al., 
2022). Herein, in Chapter 2.3., isotopic data, as a proxy of species food consumption, 
contributed to explaining the variance in the condition, fat content and reproductive 
indices of this species, suggesting that variations in prey abundance, composition and 
quality can impact their fitness. This also supports the bottom-up theory proposed as a 
driver of the population changes recorded in the last decades (Van Beveren et al., 2014; 
Brosset et al., 2016; Saraux et al., 2019). The direction of the effect of the trophic 
measurements on the response variables was sometimes unexpected, suggesting indirect 
links between body condition and trophic position, as it has been proposed for another 
species of the area (Rueda et al., 2019) (in that case for a demersal species). These authors 
discuss that isotopic values may not necessarily be a representation of energetic value 
intakes and thus, feeding on higher trophic positions might not always mean feeding on 
higher nutritional value prey (or vice versa). In this line, variations in river discharge 
reported in this area joined with other anthropogenic impacts (Lloret et al., 2004; Ludwig 
et al., 2009) may have affected the quality of the plankton and resulted in SPF consuming 
larger concentrations of “junk-food” (Österblom et al., 2008). Nevertheless, further 
studies should complement stable isotopes analysis of consumers with the energetic value 
and nutritional quality of their prey, with a seasonal resolution, to properly understand 
how fluctuations in consumed prey may affect an individual's condition and SPF 
population (Chen, 2019). 

Trophic variables contributed to explaining the variability of the indices, mostly in the 
case of anchovy (Albo-Puigserver et al., 2019; Bachiller et al., 2020). This difference 
between both species can be due to their corresponding preying abilities, which are related 
to the morphology of their feeding apparatus. In this line, adult sardines have a higher 
number of gill rakers and thus, a greater filter-feeding capability, allowing them to feed 
on a wider range of prey sizes (Van der Lingen et al., 2009; Costalago and Palomera, 
2014). If exposed to food variations or constraints, sardines might more easily adapt by 
relying on filter-feeding to maintain their intake (Chen et al., 2021). Whereas, as anchovy 
relies mainly on one feeding mode (particulate-feeding), their health might be more 
conditioned to their diet. Another possibility is that sardines are more affected by time-
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lagged trophic factors rather than by concurrent ones (as was the case for the 
environmental variables). In fact, a recent experimental study on sardines found that food 
resources during summer affected growth and energy reserves and limited the size and 
body condition at the end of the reproductive period (in winter) (Beauvieux et al., 2022). 

3.3. Trophic ecology 
In this thesis, the interplay of seasonality and trophic ecology was explored in the 
demersal European hake in Chapter 2.2. and in two small pelagic fish species (European 
sardine and European anchovy) in Chapter 2.3.  

Regarding European hake, results showed that although diet variations were more marked 
between adults and juveniles, there were also differences between seasons. Focusing first 
on ontogenetic variations alone (without the seasonal component), δ15N values showed a 
positive trend with body size and differences between adults and juveniles. This is 
indicative of ontogenetic variations in diet, with the lower values recorded for juveniles 
suggesting consumption of lower-trophic level organisms. These results are mostly in 
agreement with past research, where the diet of juveniles is dominated by crustaceans and 
individuals switch to a more piscivorous diet as they increase in size (Bozzano et al., 
1997; Cartes et al., 2004, 2009; D’Iglio et al., 2022; Ferraton et al., 2007). Ontogenetic 
dietary shifts are common for many gadiformes in the Western Mediterranean Sea 
(García-Rodríguez et al., 2021b). The results of the isotopic mixing models (MixSiar) 
(Stock and Semmens, 2016) also corroborate this previous trophic information, with 
greater consumption of the prey groups occupying the higher trophic positions (clusters 
1, 5 and 2) with predator’s size. This change in hake’s diet has been related to increased 
mobility (Mellon-Duval et al., 2017), increased mouth dimensions (Karpouzi and 
Stergiou, 2003) and retinal changes that improve their vision (Bozzano and Catalán, 
2002). All these physiological changes help to detect prey from larger distances and in 
more turbid waters and also permit the ingestion of larger prey (Modica et al. 2013). 

The general ontogenetic trend of diet variation was maintained in both seasons. 
Nevertheless, some seasonal differences occurred. Seasonal variations in the diet of this 
species were already recorded in previous studies for the Western Mediterranean Sea 
(Mellon-Duval et al., 2017) and outside (Velasco and Olaso, 1998; Gül et al., 2023). 
Variations in the values of δ13C and δ15N suggested a possible distinction between the 
trophic habits of adults and juveniles over winter and summer. Moreover, the isotopic 
niches presented low overlap, suggesting niche differentiation between seasons and 
stages, also supported by the results of the mixing model. Focusing on the adults, the 
isotopic results suggested seasonal variations in diet, with more consumption of lower 
trophic organisms during summer than winter. This could be partly related to the species 
distribution models presented in Chapter 2.2. as during summer, adults were correlated 
with areas of small-size crustaceans. It can also be related to the outputs of the MixSiar 
model, as lower proportions of cluster 5 (which combined fish and crustaceans and 
occupied a high trophic position compared to the other clusters) occurred in summer 
compared to winter. At the same time, this partly contrasts with some of our 
interpretations of the species distribution model (SDM) for juveniles. The lower 
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proportion of cluster 5 in summer also applies to individuals below 25 cm (considered as 
juveniles), whereas, from the SDM we suggested that juveniles of European hake during 
summer may have a more piscivorous diet as they correlated with smaller size fish. In 
this line, SIA ellipses also suggested that juveniles in summer were feeding on prey 
sources of slightly higher trophic levels, as they presented higher δ15N values than winter-
juveniles (Navarro et al., 2011). However, rather than an increase in piscivorous diet 
during summer, this observation could be the result of juveniles feeding more on cluster 
4 (which occupied a slightly higher isotopic position) than cluster 3 at that time of the 
year. 

It is essential to point out that combining different methodological approaches, in this 
case, SDM and SIA, can help to better understand the trophic (seasonal and ontogenetic) 
dynamics of marine predators. Moreover, without the use of the isotopic mixing models, 
understanding the diet for the intermediate sizes of European hake was not feasible, and 
it was indeed in this size range where the highest consumption of cluster 5 (formed of 
small crustaceans and fish) occurred. 

Trophic ecology for the pelagic compartment was covered in Chapter 2.3., with seasonal 
and spatial variations observed for the two small pelagic fish analyzed (anchovy and 
sardine). Both species are mostly planktivorous, but present some seasonal differences in 
their diet (Costalago et al., 2012; Pethybridge et al., 2014; Albo-Puigserver et al., 2019; 
Chen et al., 2021). Sardines have been reported to feed on diatoms especially during 
winter and to have a preference for cladocerans during summer (Costalago and Palomera, 
2014; Albo-Puigserver et al., 2016). This is in line with some of the results found in this 
chapter. On one side, diatoms, like other phytoplankton (and small-sized plankton) are 
generally less energetic and occupy lower trophic positions in the food-web than medium-
sized zooplanktonic prey (Barroeta et al., 2017; Chen, 2019; Chen et al., 2019). Thus, 
higher consumption of diatoms during winter could partly explain the lower δ15N values 
recorded at this time of the year. On the other hand, cladocerans tend to be δ13C depleted. 
A preference for them during summer could explain the low δ13C values recorded during 
this season in individuals from L’Escala and Tarragona. 

Although not always significant, a latitudinal trend was found in the spatial variations in 
δ15N for both species, which could suggest the consumption of higher trophic organisms 
in the southern area. These findings are in line with Bachiller et al. (2020), where 
latitudinal variation in δ15N was also recorded (but in that case, for the entire peninsula 
coast instead of just for the Catalan coast). As we could not control for potential baseline 
effects, some spatial and temporal changes registered for δ15N might derive from natural 
baseline variations in the stable isotope values (Graham et al., 2010; Lorrain et al., 2015). 
However, Rueda et al. (2019) analyzed the spatial variations in baseline values in the 
Western Mediterranean Sea with no significant differences found in δ15N along the 
latitudinal coast of the Iberian Peninsula (whereas some differences existed between the 
Balearic waters and the peninsular coast). Moreover, our study included a small range of 
latitudes. Thus, we considered that the latitudinal variation should not be playing a major 
role in our results. Nevertheless, a posterior study using the technique of compound-
specific stable isotopes analysis of amino acids (CSIA-AA) (Popp et al., 2007) in sardine 
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individuals of the same area suggests that some of the isotopic variability was indeed 
derived from baseline variations (Giménez et al., 2023). Further research, especially in 
sardine, is needed in this aspect and combining the use of this new methodology.  

Aside from the seasonal variations found in trophic ecology in the demersal (European 
hake Chapter 2.2.) and pelagic (sardine and anchovy Chapter 2.3.) habitats, variables 
related to trophic ecology were also included as explanatory variables in the spatial 
distribution models and the analysis of body condition of this chapters; linking together 
three of the four main axes of this Ph.D. In both of these analyses, considering trophic 
ecology variables added relevant information on the ecology and dynamics of the species. 
This highlights the importance of considering species interactions and trophic ecology, 
on top of environmental and anthropogenic variables, in ecological studies. 

3.4. Ecosystem structure and functioning 
Seasonality at the ecosystem level was covered in Chapter 2.4., where we developed 
three ecosystem models for an area of the Northwestern Mediterranean Sea (the Ebro 
Delta continental shelf) using the Ecopath with Ecosim (EwE) tool. One of the models 
was representative of the ecosystem during the winter season, another during the summer 
and the third is an annual average. Several ecological indicators were analyzed to compare 
the changes derived from three modelling strategies in terms of structure, functioning and 
ecological roles of key species. The three EwE models showed distinct variations in many 
outputs and ecosystem indicators, highlighting the relevance of seasonality at the 
ecosystem level in this area. 

Compared to the summer values, the winter model presented higher production indices, 
higher flow to detritus, and higher total system throughput, likely due to the effect of the 
mixing of the water column at that time of year. This suggests a more productive system 
in winter with larger biomass from low trophic level functional groups (Estrada, 1985; 
Salat et al., 2002). This is consistent with a lower total transfer efficiency and Finn’s 
cycling index, which demonstrate lower energy limitation at this time of the year (Odum, 
1969; Finn, 1976). In contrast, the summer and annual models show higher Finn’s cycling 
index and a higher transfer efficiency from primary producers pointing out that the system 
is more limited by primary producers than by detritus, as reported in previous research 
(García-Rodríguez et al., 2021a). This is probably in line with the establishment of the 
thermocline in summer, which results in fewer nutrients in the top layers, and hence, 
higher “demand” of the food web for nutrient recycling (Estrada, 1985). 

While total biomass was higher in winter, in agreement with higher production, larger 
levels of consumers’ biomass (i.e. fish, invertebrates, commercial, pelagic, demersal and 
predatory) were detected in summer, matching with the reproduction and recruitment 
period of many species in this area (Palomera, 1992; Tsikliras et al., 2010). Past research 
also detected higher richness and diversity in demersal invertebrates in summer 
(DeLaHoz et al., 2018), as well as in the biomass of some demersal species (such as 
fishes, cephalopods and crustaceans) (Vilas et al., 2020; Lloret-Lloret et al., 2021). The 
summer model also showed higher values of trophic-based and biodiversity indicators, 
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which could reflect the rebuilding of consumers’ biomass. These observations are in 
agreement with general patterns of large biodiversity indicators in warmer water 
temperatures (Tittensor et al., 2010). 

Results of the EwE models also highlighted changes in indicators at the functional group 
level. The keystone index displayed species-specific variations between the three models, 
with some common observations. Benthopelagic cephalopods and rays occupied high 
positions in the three models, highlighting the relevance of these FG for the functioning 
of the ecosystem (Valls et al., 2015). Elasmobranchs had already been identified in the 
past as a good ecological indicator to monitor the recovery of the marine ecosystem (Coll 
et al., 2013b). 

Cephalopods are fast-growing and certain species have a positive response to intense 
harvesting (by removing predators and/or competitors) and to increasing temperatures 
(Doubleday et al., 2016; Keller et al., 2016, 2017). In fact, this group has been increasing 
with time in several areas of the Western Mediterranean and has been ranked as “winner” 
in this region (Veloy et al., 2022). Other EwE models had also identified cephalopods as 
top keystone species in this and close by regions (e.g. Gulf of Cadiz) (Bănaru et al., 2013; 
Coll et al., 2013a; Torres et al., 2013; Corrales et al., 2015b; García-Rodríguez et al., 
2021a). As they occupy key positions in the food web, this means that changes in their 
biomass, trophic position, and/or community composition may result in large effects at 
the whole ecosystem level. 

Overall, our marine ecosystem winter model showed larger values for those indicators 
related to primary production and low trophic levels (such as production, consumption, 
respiration and flow to detritus). The summer model showed larger values for those 
indicators related to higher trophic levels, due to favouring conditions for reproduction 
and recruitment of organisms in the summer (such as biomass of commercial species, fish 
biomass, and flow to detritus of consumers). In general, we recorded differences between 
the three models for trophic-based, biomass-based and system indicators, as well as at the 
FG level. These variations were small in numbers but in most cases statistically 
significant.  

As described in the previous sections of this thesis, as well as in previously published 
work, seasonal changes have been recorded in the same (or very close by) ecosystem 
related to trophic ecology (Chapter 2.2. and 2.3.), body condition (Chapter 2.3.), species 
distribution (Chapter 2.1.) and abundance, and community composition, for the demersal 
and pelagic compartment (Albo-Puigserver et al., 2016, 2017; Barroeta et al., 2017; 
DeLaHoz et al., 2018; Vilas et al., 2020; Albo-Puigserver et al., 2020; Lloret-Lloret et al., 
2021). The results of Chapter 2.4. highlight the importance of the ecological mechanisms 
linked to the physical and oceanographic changes of the water column and the 
establishment of the thermocline with impacts on the primary production and specific 
species dynamics. Our results feature that these variations can be perceived at the 
ecosystem level, affecting key traits of system structure and functioning. Knowing this, 
some ecosystem differences may be masked when building a single annual model. 
Therefore, having a better seasonal coverage of the ecological data that serves as input 
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information for ecosystem models (i.e. biomass, diets, etc.) can be beneficial for the 
ecological knowledge of the area of interest, as previously pointed out by some authors 
(Bănaru et al., 2013). 

3.5. Managing marine living resources considering 
seasonal and spatial dynamics 
Marine systems are dynamic in time and space, therefore, the analysis of different 
ecological processes, such as distribution, condition, trophic ecology and ecosystem 
traits, should also include a temporal and spatial resolution to offer better insights. 
Including seasonal data can improve the accuracy of our understanding of population 
dynamics, community variations, ecosystem structure and energy flow. This kind of 
information can be used for better understanding the dynamics of marine resources and 
ecosystems, fundamental to adopting an ecosystem-based management approach (Pikitch 
et al., 2004; Link, 2011). 

Moreover, understanding species’ seasonal-spatial distributions is essential to fully 
understand population dynamics and accordingly adjust management action. A recent 
study in the Western Mediterranean Sea assessed the possibility of spatiotemporal (year-
to-year resolution) dynamics of priority management areas. The authors identified two 
patterns of priority areas varying temporally with years (Paradinas et al., 2022). If this is 
the case at an annual scale, for species whose distributions present important intra-annual 
changes, we might also need to adjust protected/restricted areas and fishing catches/areas 
seasonally to aim for a more sustainable use of the resources. However, this should be 
further explored, as in some cases it has been discussed that seasonal management of 
fisheries (such as seasonal closures) is less effective when considering multi-specific 
fisheries (as is the case of most trawl fisheries in the Western Mediterranean Sea). This 
is due to the difficulty of adjusting the closure for many target species. A study carried 
out in some harbours of the Western Mediterranean found that closure on certain days of 
the week rather than long seasonal periods was more effective, in terms of economics and 
effort reduction (Samy-Kamal et al., 2015a, 2015b). 

Seasonal cycles recur every year, thus relatively regular and predictable changes can be 
estimated to occur if there is sufficient time-series information. With the increasing 
climate change and anthropogenic impacts, significant changes in the environment are 
expected to occur, not only on annual trends but at the seasonal level. Indeed, the last 
Intergovernmental Panel on Climate Change (IPCC) report informs that when moving 
towards a warmer climate, there will be an intensification of wet and dry weather and 
climate events and seasons (IPCC, 2021). The authors mention that warming patterns 
show distinct seasonal characteristics and spatial variation according to latitude. Some 
models predict a reduction in the amplitude of the temperature cycle in inland regions of 
high latitudes, with strong warming in winter compared to summer. Whereas, an 
amplification of the temperature cycle is projected in the tropics and mid-latitude with 
stronger warming in summer than winter (IPCC, 2021). Considering the high 
vulnerability of the Mediterranean Sea (Giorgi, 2006) and the recorded warming trends 
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(about 0.03 ºC/year for the western basin (Nykjaer, 2009; Pastor et al., 2020)) that are 
larger than the global ocean averages (Skliris et al., 2012), some of the future projected 
changes might be intensified in this area. A recent analysis of sea surface temperature 
(SST) trends in the Mediterranean Sea emphasized that changes are not only observed in 
the mean annual trend but also in the amplitude of the seasonal cycle, with a positive and 
negative trend of the seasonal component (Pisano et al., 2020). These authors showed that 
when considering the total SST trend in the seasonal component, SST presents an 
increased trend in summer (0.056+-0.003 ºC/year) and a lower increase in winter (0.029+-
0.003ºC/ year). These results are similar to previous findings in this area (Nykjaer, 2009; 
López García and Camarasa Belmonte, 2011; Skliris et al., 2012), and where an advance 
of summer onset and an increase in summer length has been suggested (López García and 
Camarasa Belmonte, 2011). On the other hand, IPCC (2014) indicated that winter 
warming of coastal SST will increase at twice the rate of summer warming, and these 
seasonal variations could result in different impacts on fish communities (Clark et al., 
2020). 

Moreover, the warming of water temperature and the changes in salinity is expected to 
strengthen the stratification of the upper water column, decreasing the efficiency of the 
wind-induced mixing, reducing the nutrient supply to the euphotic layer and affecting the 
productivity (Bindoff et al., 2019; Vargas-Yáñez et al., 2022). A study in the Gulf of 
Cadiz did not detect any changes up to date but does not discard potential future variations 
(Vargas-Yáñez et al., 2022). In this line, changes in deep-water formation could also 
occur with large-scale implications at the regional and global levels. A recent study 
predicted that under RCP (Representative Concentration Pathway) 8.5 scenario, the deep 
water formation occurring in the Northwestern Mediterranean Sea (Gulf of Lion) will 
probably collapse by 2040-2050 with impacts in the overturning circulation and even in 
the heat and salinity exchange with the Atlantic (Berrocal et al., 2022). 

These changes in cyclical patterns can result in unexpected changes in species dynamics 
and phenological mismatch. A good understanding and insight into the seasonal dynamics 
of marine species and ecosystem structure are necessary to better predict and prepare for 
these changes. Having large-scale surveys covering other times of the year would 
generate a large amount of seasonally resolved data, that could also be included in stock 
assessment and other analyses for management purposes. This is already a frequent 
procedure in other oceanic areas (Maureaud et al. 2020), such as the North Sea (ICES 
IBTS, (ICES, 2022)), where standardized surveys are carried out twice every year, 
generating a large amount of data with seasonal resolution. 

3.6. Data gaps, limitations and future perspective 
The different research analyses carried out in the framework of this Ph.D. thesis provide 
valuable ecological information. However, there have also been some restrictions and 
limitations. Some of them emphasize data gaps and areas of research that require further 
attention in this field of ecology. 
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This thesis was focused on the Northwestern Mediterranean Sea and therefore seasonality 
on a larger scale and other areas was only briefly discussed in the introduction. 
Nevertheless, one of the future objectives is to expand the literature review presented in 
the introduction to other areas of the Mediterranean Sea (northern and central), as well as 
to other areas outside the basin, to identify available knowledge and data gaps. 

In Chapter 2.4. a great effort was done to collect catchabilities factors to correct the 
biomass data from scientific campaigns; nevertheless, in most cases information from the 
same area was unavailable. We encourage more studies to use the available data (and 
generate new data) to calculate catchability factors for the Mediterranean Sea for some of 
the most common fishing and surveying gear. This type of information can be very 
beneficial to construct more accurate models and better biomass estimates. 

Although the importance of seasonality is acknowledged in ecology, the need for 
empirical data throughout the year poses a great difficulty. Unfortunately, the main data 
used in this thesis only covers one year and it is not possible to prove the repeatability of 
the seasonal patterns observed in the various analyses. It is also essential to keep in mind 
that the data presented here are from a specific area and results cannot be extrapolated to 
other areas as the impacts/strength of seasonality changes from one latitude to another 
and could interact with the specific local/regional aspects of each site. Therefore, the 
availability of data with a seasonal resolution over several years is necessary to have a 
better picture of seasonality and better predict potential changes. Ideally, more 
oceanographic surveys are needed to aim for more homogenous data in time and space. 
However, most of the time this is unfeasible due to the high investment required in time, 
labor, and money, as well as the availability of oceanographic vessels. Therefore, further 
exploitation of the available and emerging technologies and techniques to both, gather 
and handle data (e.g. tracking devices, underwater and surface drones, autonomous 
underwater vehicles (AUV), remotely operated vehicle (ROV), unscrewed surface 
vehicle (USC), and techniques such as machine learning and environmental DNA) can 
help to consider data with seasonal resolution (Das et al., 2015). Another example is the 
emerging field of iEcology which encourages the collection and analysis of digital data 
(data generated online by society) for scientific and ecological purposes (Jarić et al., 
2020). This type of data is freely available, is economically effective and can present a 
great diversity of spatial and temporal resolution. Nevertheless, it is also tight to many 
constraints as it depends on demographic, socio-cultural and economic aspects, and is not 
yet a viable method for large-scale, global analysis, or information at ecosystem level. 
Combining all these new types of emerging data with other more conventional and 
standardized methodologies could help to further include the aspect of seasonality in 
marine ecology. 

Overall, the results found here highlight the relevance of seasonality in different 
ecological processes. They encourage us to rethink the monitoring strategies and account 
for, and exploit, the wide range of technologies to overcome data gaps in terms of seasonal 
resolution of marine datasets.
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The main conclusions derived from this Ph.D. thesis are: 

1) There were clear variations in the spatial distributions of all the species analysed
in this study, including fish, cephalopods, and crustaceans, between winter and
summer, and were due to a species-specific combination of drivers for each
season.

2) In most cases, the temperature variables (SST and SBT) showed a negative
relationship with biomass distribution. Considering the future projection of
increasing temperatures caused by human-induced climate change, this aspect is
of especial relevance and should be further investigated.

3) Although the fishing effort showed mixed effects on the different species, it was
identified in different models as an important variable.

4) Bathymetry was also a relevant driver in species biomass distribution, specifically
in winter. This variable is important for demersal species, which tend to aggregate
along a bathymetric range that gathers their preferential environmental conditions.

5) Seasonal differences were observed in the spatial distribution of European hake,
a highly commercial species in the study area. Adults showed a preference for
colder temperatures and deeper waters. In addition, prey-related variables also
provided valuable information, which points towards the need to consider the
ecological context of species when predicting their spatial distributions.

6) The feeding behaviour of European hake showed clear seasonal differences.
Seasonality can affect prey availability and thus predators’ diet. Results showed
that, despite diet variations being more distinct between stages, differences
between seasons should not be disregarded.

7) Juveniles of European hake showed a crustaceans-dominated diet and switched to
a more piscivorous diet as they reached larger body sizes. They fed mainly on
lower trophic organisms with a seasonal variation in prey groups. Overall, in
summer they presented higher δ15N values and feed more on slightly higher
trophic level organisms, while in winter, they have a higher consumption of the
prey group composed of a mixture of crustacean and fish.

8) Adults of European hake presented a more diversified diet with a certain degree
of seasonal differences. In summer, they presented higher consumption of
crustaceans, while in winter they showed higher consumption of the prey group
formed by a mixture of crustaceans and fish.

9) The two small pelagic fish species (i.e., sardine and anchovy) investigated showed
spatial and seasonal variations in fitness indexes at local scales. The changes were
mostly explained by environmental variables, though spatial and seasonal factors
were also important. Moreover, trophic variables contributed to explaining
observations, highlighting the impact that changes in plankton phenology may
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have on small pelagic fish and the need to consider the trophic interactions of the 
species when predicting their spatial dynamics. 

10) Concurrent environmental variables were relevant for anchovy, while sardine was
related to changes in variables lagged in time, emphasizing the importance of the
accumulation of resources before reproduction for this species.

11) Trophic variables seemed more important for anchovies than sardines. This could
be related to the morphological capabilities and specific feeding behaviour of each
species, or rather, to a lack of data lagged in time for this variable.

12) Overall, results underlined the potential vulnerability of small pelagic fish to local
spatial and inter-annual variations in seasonal environmental conditions. The
impact of river discharges (e.g., variation in discharge, water quality and other
anthropogenic factors that may have impacted the quality of plankton) should be
further investigated, considering a seasonal perspective.

13) The structure of the three marine ecosystem representations (investigating
summer, winter and annual models) showed similarities, with specific differences
in functional groups placement and flows.

14) There were differences between the indicators extracted from the three ecosystem
models (summer, winter and annual) when comparing properties of functional
groups and ecosystem structural and functional traits. This highlights that seasonal
changes at the species and community level can have an impact at the ecosystem
level.

15) The marine ecosystem winter model showed larger values for those indicators
related to higher levels of primary production and the domination of low trophic
level dynamics (such as overall production, consumption, respiration and flow to
detritus). The summer model showed larger values for those indicators related to
higher trophic levels (such as biomass of commercial species, fish biomass, and
flow to detritus of consumers).

16) Some groups identified as keystone species were shared by the three ecosystem
representations, as is the case of rays and benthopelagic cephalopods, whereas
others were specific to each model.

17) The keystone role of cephalopods should be further explored. These species are
fast-growing and can have a positive response to intense harvesting. Therefore,
by occupying key positions in the food web, changes in their biomass, trophic
level, and/or community composition can be translated into large effects at the
whole ecosystem level.

18) Overall, the results of this thesis emphasize the need for additional information of
marine ecosystems with seasonal resolution and points towards the need of
complementary monitoring programs.
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19) Further seasonal and spatial information, considering ontogeny, of biological and
ecological traits (e.g. distribution, biomass, fitness, trophic ecology) of marine
species is necessary to continue advancing on the understanding of species'
ecological roles, spatial-temporal population dynamics, as well as food-web
structure and functioning of marine ecosystems.

20) Information about the seasonal dynamics of marine populations could be relevant
for proactive and adaptive management and conservation of natural resources, as
well as to better predict future projections of species and ecosystems under
scenarios of environmental change.
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Supplementary materials – Introduction 
We searched for the words “seasonality”, AND “Mediterranean Sea” in the Scopus 
Database (www.scopus.com). Focusing only on the following subject areas: 
“Agricultural and Biological Sciences”, “Earth and Planetary Sciences”, “Environmental 
Science”, “Biochemistry”, “Genetics and Molecular Biology” and “Multidisciplinary”. 
We also restricted the search to the years 2013-2022 to have a better representation of 
recent research.  

The first search gave us a total of 2056 publications. As our objective was to consider 
seasonality in the marine environment and only in the Mediterranean Sea, we excluded 
those papers that focused on: 1) terrestrial realm; 2) freshwater; 3) outside the 
Mediterranean Sea, 4) laboratory experiments; 5) historic studies (anything before the 
Anthropocene (around the 1950s) was considered “historic”), and 7) social (e.g. 
manufacture, tourism, engineering, etc.) (Figure 1).  

After this first screening, 790 papers were discarded (Figure 1). It is interesting to note 
that about half of them were excluded because they focused on atmospheric 
climate/weather and/or emissions and more than 100 were related to the terrestrial 
domain. This already gives some perspective on how seasonality on land, and related to 
weather and atmospheric patterns, is generally widely studied. From the 1266 papers left, 
those outside the Western Mediterranean Sea were also disregarded. The limits of the 
Western basin were determined based on FAO sub-division (GFCM 2009) (Figure 2). 
This resulted in 673 papers: 114 considering the entire Mediterranean, 517 only the 
Western Mediterranean, 39 covering the Western and central basin, and 3 of the Western 
and eastern part. Finally, from those 673 articles, 50 were also excluded as they did not 
cover seasonality. A study was considered to cover seasonality when sampling was done 
in more than one season, time series for models included seasonal cycles, and/or results 
were presented or discussed in terms of seasonal (at last more than one season) and/or 
monthly comparison. 
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Figure 1. Graphical representation of the procedure followed for the systematic review. 
Bold numbers in parentheses refer to the number of papers discarded or maintained at 
each level of the screening process. From 2056 papers, 623 were kept for a more extensive 
review. 
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Figure 2. Number of studies per area of the Mediterranean Sea. Those represented in 
blue were kept for further screening. 

The remaining 623 studies were kept for further screening. Articles were classified based 
on their general topic: 1) “Physical oceanography” (including physical and geological 
oceanography, ocean dynamics, hydrology, geomorphology and ocean-atmospheres 
interactions), 2) “Biogeochemical oceanography”, 3) “Ecology”, 4) “Fisheries”, and 5) 
“Others” (which included mainly ambient contaminants, such as litter, microplastics, 
trace metals, pharmaceuticals, surfactants, faecal inputs, etc. and very few covered 
socioecological or bio-economical models and eDNA).  

Only studies covering “Ecology” were further screened and categorized based on the 
level(s) of biological organization(s) that were the main focus of the study. The levels of 
biological organizations were as follows: 1) “Microbial, bacterial, parasites and virus” 2) 
“Benthic primary producers” 3) “Phytoplankton”, 4) “Zooplankton”, 5) “Other 
invertebrates” 6) “Echinoderms”, 7) “Molluscs”, 8) “Crustaceans”, 9) “Cephalopods”, 
10) “Fish”, 11) “Elasmobranchs”, 11) “Marine mammals”, 12) “Seabirds”, 13) “Turtles”, 
and 15) “Community level” (see Figure 1). The studies covering higher trophic 
organisms (where “higher trophic” was considered those groups at a higher trophic 
position than zooplankton; represented in green in the diagram of Figure 1), were also 
further classified based on the aspects covered: 1) Spatial component, 2) Trophic ecology, 
3) Physiological/ Biometrical indexes, 4) Occurrence and abundance (including biomass, 
species richness, species assemblages, community structure etc.), 5) Contaminants, 
parasites, microbes, disease and pathogens, 6) Related to environmental variables, 7) 
Ecosystem model and 8) Others. It is worth mentioning that Physical parameters, 
Biogeochemical and Ecology & primary producers and primary consumers 
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(phytoplankton, zooplankton and bacterial) are in general highly intertwined subjects and 
categorizing into one of the groups was not always a straightforward choice. Studies were 
considered “Biochemical oceanography” when only focusing on phytoplankton biomass, 
bloom and productions rather than on any ecological aspects (such as community 
structure and variations, etc.). In these latter cases, generally, the studies focused on 
chlorophyll variations and/ or biogeochemical models. If studies focused or presented 
data on phytoplankton/zooplankton species assemblages and variations, they were also 
classified as “Ecology” and into their corresponding biological organization (i.e. 
bacterial, phytoplankton, zooplankton). It is worth mentioning that many of these studies 
despite not focusing directly on “Physical parameters or Biogeochemical Oceanography” 
also included measurement of hydrological, biogeochemical and/or physical properties of 
the area and looked at correlations with these factors.  

Each article could cover more than a single topic, level of biological organization, and/or 
aspect thus, the numbers presented in some of the figures and graphs (in the Introduction, 
section 1.3.2.) will sum up to more than the number of papers included in the second part 
of the review (623 papers). 
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Supplementary materials – Chapter 2.1. 

 

 

Fig S1. Delaunay triangulation mesh for the study region (Northwestern Mediterranean 
Sea) generated with INLA (Integrated Nested Laplace Approximation), blue line 
represents the border for the studied area. 
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Figure S2. Spatial distribution maps for each species in winter and summer. The size of 
the green dots represents the amount of biomass (kg/km2) on each location. 
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Table S1. Min, max, mean, median, 1st quantil, 3rd quantil, average, total values and 
standard deviation (SD) of estimated biomass (kg/km2), of all the species in each season. 

 WINTER 

Species min max mean median 1st qu 3rdqu Total Average SD 

Merluccius 
merluccius 0 33.38 12.01 9.46 3.99 19.57 444.36 13.07 10.16 

Lophius 
budegassa 0 148.51 27.88 17.53 6.92 36.04 1031.69 32.24 31.52 

Lophius 
piscatorius 0 302.51 10.70 0 0 2.69 396.04 28.29 79.12 

Mullus 
barbats 0 127.29 16.73 3.65 0.34 19.83 618.87 20.63 31.53 

Illex 
coindetii 0 50.32 16.60 13.72 8.28 23.57 614.02 18.06 11.82 

Eledone 
cirrhosa 0 89.36 30.62 29.95 12.77 26.95 1132.96 34.33 23.30 

Squilla 
mantis 0 112.81 6.68 0 0 1.96 247.30 15.46 30.70 

Liocarcinus 
depurator 0 25.43 1.83 0.36 0 1.34 67.64 2.60 5.13 

 

 

 SUMMER 

Species min max mean median 1st qu 3rd 
qu Total Average SD 

Merluccius 
merluccius 0 273.38 31.08 18.91 5.85 34.25 1398.78 34.97 46.03 

Lophius 
budegassa 0 286.50 33.02 15.04 3.36 43.40 1485.69 41.27 51.54 

Lophius 
piscatorius 0 3302.02 77.60 0 0 1.97 3492.04 218.25 822.51 

Mullus 
barbats 0 144.48 14.13 5.82 0 15.92 635.81 22.71 29.72 

Illex 
coindetii 0 202.05 48.10 26.86 8.31 72.62 2164.57 58.50 53.43 

Eledone 
cirrhosa 0 121.73 18.42 8.28 0.87 23.60 828.68 23.02 26.89 

Squilla 
mantis 0 1.59 0.22 0 0 0.47 10.01 0.67 0.41 

Liocarcinus 
depurator 0 54.84 4.72 1.62 0.216 5.05 212.52 5.59 10.72 



Supplementary materials Chapter 2.1. 

212 

Table S2. Shapiro test (with p-values) and Kolgomorov-Smirnov test (with p-values) of 
biomass for each species on each season. (* pointing significant values, p-values<0.01). 

  WINTER SUMMER 

 Species Shapiro 
test p- value Kolmogorov-

Smirnov test p-value Shapiro 
test p-value Kolmogorov-

Smirnov test p-value 

Merluccius 
merluccius 0.89 <0.01* 0.84 <0.01* 0.61 <0.01* 0.82 <0.01* 

Lophius 
budegassa 0.78 0.01* 0.84 <0.01* 0.64 <0.01* 0.77 <0.01* 

Lophius 
piscatorius 0.21 <0.01* 0.50 <0.01* 0.14 <0.01* 0.50 <0.01* 

Mullus 
barbatus 0.62 <0.01* 0.61 <0.01* 0.58 <0.01* 0.55 <0.01* 

Eledone 
cirrhosa 0.93 0.02* 0.86 <0.01* 0.82 0.01* 0.80 <0.01* 

Illex coindetii 0.94 0.06 0.86 <0.01* 0.73 <0.01* 0.67 <0.01* 

Squilla 
mantis 0.35 <0.01* 0.50 <0.01* 0.64 <0.01* 0.50 <0.01* 

Liocarcinus 
depurator 0.44 <0.01* 0.50 <0.01* 0.46 <0.01* 0.50 <0.01* 

 

 

Table S3. Optimal ranges of minimum, maximum, preferred minimum and preferred 
maximum for bathymetry (m) temperature (ºC) salinity (PSU) and primary production 
(mgC/m²/day) from Aquamaps (Kaschner et al. 2013) for the eight species included in 
this study. 

 Bathymetry 
(m) 

Temperature 
(ºC) 

Salinity 
(PSU) 

Primary Production 
(mgC/m²/day) 

Species min 
pref 
min 

(10th) 

pref 
max 
(90th) 

max min 
pref 
min 

(10th) 

pref 
max 
(90th) 

max min 
pref 
min 

(10th) 

pref 
max 
(90th) 

max min 
pref 
min 

(10th) 

pref 
max 
(90th) 

max 

Merluccius 
merluccius 

30.0 70.0 400.0 1075.0 2.39 9.65 19.23 22.50 17.75 33.36 37.50 39.31 306 441 1507 3781 

Lophius 
budegassa 

70.0 100.0 500.0 1013.0 2.11 10.41 19.21 27.59 6.65 35.00 37.81 39.31 306 410 1194 3781 

Lophius 
piscatorius 

20.0 144.0 446.0 1000.0 -1.54 9.98 27.58 31.78 6.46 33.40 37.43 39.10 0 452 1635 3830 

Mullus 
barbatus 

10.0 100.0 300.0 328.0 13.31 17.63 20.69 24.35 17.57 36.52 38.08 39.00 176.5 380 785 1777 

Illex 
coindetii 

0.0 100.0 600.0 1000.0 0.67 12.49 27.68 31.88 5.61 33.69 37.61 39.31 192 353 1433 3894 

Eledone 
cirrhosa 

0.0 50.0 300.0 770.0 5.40 9.62 19.25 21.21 5.40 34.16 37.57 38.90 315 412 1466 2154.5 

Squilla 
mantis 

0.0 42.0 120.0 367.0 14.34 21.00 27.66 31.86 29.54 33.04 39.00 39.50 306 332 2174 3894 

Licarcinus 
depurator 

5.0 91.0 326.0 800.0 -1.80 9.69 19.53 29.85 18.55 33.43 38.04 39.73 309 409 1654 2420 
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Table S4. Minimum, maximum, mean and median values for the environmental 
variables; SSS (Sea Surface Salinity, in PSU), SST (Sea Surface Temperature, in ºC), 
SBT (Sea Bottom Temperature, in ºC), Chl-a (Primary productivity, in mg/m3) and 
bathymetry (in meters) as well as, for the anthropogenic variable of seasonal fishing 
effort. The values were calculated from the CTD data collected during two oceanographic 
surveys in winter and summer, with the exception of bathymetry data that was obtained 
from EMODnet bathymetry. 

 WINTER SUMMER 

 min max mean median min max mean median 

SSS 
(PSU) 37.19 38.21 38.02 38.06 37.18 38.13 37.66 37.59 

SST 
(°C) 11.76 12.95 12.56 12.59 21.32 24.99 23.41 23.43 

SBT 
(°C) 12.13 12.94 12.56 12.56 13.47 18.26 14.41 14.19 

Chl-a 
(mg/m3) 0.33 1.012 0.66 0.66 0.015 0.4536 0.1737 0.1673 

Seasonal 
Fishing 
effort 

5.31 231.15 41.73 19.44 6.91 339.62 53.12 25.93 

Bathymetry 
(m) 0 2160.10 768.30 678.30  

 

Table S5. Summary of the anthropogenic and environmental drivers that have been 
recorded to affect the selected species distribution in previous literature. 

Spps Variables affecting distribution Location and time Authors Type of data 

M
er

lu
cc

iu
s m

er
lu

cc
iu

s 

-Depth and bottom type. 
-Wide bathymetric distribution range. 

NW Mediterranean 
Quarterly sampling in 

1991 
(Demestre et al., 2000) Abundance and 

biomass 

- Higher abundance during fall in the 
Mediterranean. 
-Density peak at the lower and 
continental shelf. 

Eastern Mediterranean 
(Seasonal sampling 

1991-1996) 
(Katsanevakis et al., 2009) Abundance 

-Preferred distribution: 160 m, SBT of 
16ºC. 
-Cooler waters than Mullets. 
-Normally not found in waters shallower 
than 70 m. 
-Very cold bottoms have less than 
average hake abundance. 
-Juveniles and adult’s occurrence 
probability is higher at deeper waters (0-
270 m and up to 750 m). 

Aegan Sea 
(1996-1997) (Maravelias et al., 2006) Abundance 

-Wide bathymetric and geographic 
distribution throughout the year. 
-Between 20 to 500 m (highest at 101-
200m). 
-Seasonal variation in density (being 
higher in winter). 

Aegan and Ionian sea (Maravelias & 
Papaconstantinou 2006) 

Abundance and 
biomass 

-Recruits have preference for soft 
bottoms. 
-Adults prefer deeper and harder 
bottoms. 

South-central 
Mediterranean Sea 
(lab experiment) 

(Garofalo et al., 2018) Abundance and 
occurrence 

Lo
ph

iu
s 

bu
de

ga
ss

a -Associated with muddy bottoms. NW Mediterranean (Demestre et al., 2000) Abundance and 
biomass 

-Depth, season and longitude affect 
species distribution. 

North-eastern 
Mediterranean 

(Maravelias & 
Papaconstantinou 2003) 

Abundance and 
biomass 
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-Larger individuals found in deeper 
waters 

-Found on intermediate depths. 
Aegan and Ionian Sea 

(April to January-
every 3 months) 

(Maravelias & 
Papaconstantinou 2006) 

Abundance and 
biomass 

-Density peak at intermediate depths on 
the continental shelf (peak at 155m). Eastern Mediterranean (Katsanevakis et al., 2009) Abundance 

-Wide bathymetric distribution. 
Mediterranean Sea. 

(Spring summer trawls 
1994-1999- MEDITS) 

(Ungaro et al., 2002) Biomass and 
abundance 

-Wide bathymetric range (from 15 to 757 
but greater between 100 to 500m). 
-Sexual segregation by depth. 

Western 
Mediterranean Sea 

(May-June 1994-2002- 
MEDITS) 

(García-Rodríguez et al., 
2005) Abundance 

-Seasonal onshore-offshore movements 
in response to thermal conditions, prey 
availability or spawning (also for other 
Lophius spp.). 

 (Fariña et al., 2008)  

-Bathymetry: 150-300 m 
-Sea Bottom Temperature: 17.5-18.5 ºC 
-Sea Bottom Salinity: 37-38 PSU 
-Bathymetry was the main predictor of 
population distribution. 

Mediterranean Sea, 
Spain, Italy and 

Greece (MEDITS 
2066-2015) 

(Barcala et al., 2019) 
Occurrence 

abundance and 
biomass 

Lo
ph

iu
s p

isc
at

or
iu

s 

- Higher frequency of occurrence on 
shelf bottoms than on slope bottoms. 
-Wide bathymetric distribution. 

Mediterranean Sea. 
(Spring summer trawls 
1994-1999- MEDITS) 

(Ungaro et al., 2002) 
Biomass and 
abundance 

-Vertical movement recorded in the 
northeast Atlantic.  (Fariña et al., 2008)  

-From 15 to 730 m, preference above 250 
m. 
-Recruits closer to the Ebro river. 
-Adults and juveniles further north. 

Western 
Mediterranean 

(MEDITS sampling) 
(Paradinas et al., 2018) Abundance and 

occurrence 

-Bathymetry: 200-400 m 
-Sea Bottom Temperature: 17.5-18.5 ºC 
-Sea Bottom Salinity: 36.5-37.5 PSU 
-SBT and salinity were the most 
important predictors for population 
distribution (bathymetry also relevant). 

Mediterranean Sea, 
Spain, Italy and 

Greece (MEDITS 
2006-2015) 

(Barcala et al., 2019) 
Occurrence, 

abundance and 
biomass  

M
ul

lu
s b

ar
ba

tu
s 

-Depth by itself is not a significant factor. 
Catalano-Levantine 

coast 
(García-Rodríguez et al., 

2011) 
Biomass and 

presence 
-Negatively influenced by salinity and 
temperature. 
-Greater abundance on soft bottoms. 

Aegan and Ionian Sea (Maravelias & 
Papaconstantinou 2006) 

Abundance and 
biomass 

-Found in shallow waters (less than 
100m). 
-Abundance decreases with depth. 
-Found on warmer bottom waters. 

Aegan Sea (Maravelias et al., 2006) Abundance 

-Bottom temperature and depth are 
significant covariates. 
-Abundance increases with increasing 
bottom temperature. 

NW Mediterranean-
Ebro delta 

 
(Abelló & Martín 1993) Abundance 

-Found in the same fishing grounds as 
Squilla mantis (meaning shallow, wide 
continental shelf and soft bottoms) and 
also show seasonality (seasonal target). 

All Mediterranean 
(Annual sampling 

1994-2000) 
(Tserpes et al., 2002) Abundance and 

biomass 

-Biomass decreases with depth (more 
evident below 200 m). 

All Mediterranean 
(Annual sampling 

1994-2015) 
(Tserpes et al., 2019) Abundance and 

biomass 

-Sand and muddy bottoms. 
-Preference for wide shelf and turbid 
bottoms. 
-Depths between 50-200m. 

Iberian Mediterranean 
(Spring 1994-1998) (Lombarte et al., 2000) Abundance 

Shallow shelfs NW Mediterranean (Demestre et al., 2000) 
Abundance and 

biomass 
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-Found from 39 to 350 m on 
temperatures between 14.2 and 24.2 C 
and salinities of 38.13-39.76). 
-Continental shelf (shallow and 
intermediate depths). 
-Seasonal-depth related movements 
-Fish size increases with depth. Smaller 
individuals found in shallower and 
warmer waters. 
-Abundance in the mid-shelf increases 
during spring (May to August) indicating 
a movement towards deeper waters. 

Cretan shelf (Summer, 
winter and spring 

1988-1991 

(Machias & Labropoulou 
2002) 

Abundance and 
biomass 

-Decreasing population density with 
depth. 
-Population density increases with 
temperature. 
-Preference for sediments with a high 
percentage of sand and shallow waters. 

Eastern Mediterranean 
(Seasonal sampling 

1991-1996) 
(Katsanevakis et al., 2009) Abundance 

 

-NPUE decreases with length 
-Median length increases with depth 
(larger individuals in deeper waters). 
-Preference for muddy bottoms. 

Iberian Mediterranean 
(GSA06) (MEDITS) (Paradinas et al., 2020) 

Occurrence, 
median length 

and NPUE 

E
le

do
ne

 c
ir

rh
os

a 

-Chl-a (negative effect). 
-Positive correlation with depth. 
-Positive correlation with SST (in some 
areas of the study). 

Alboran Sea 
(MEDITs data) (Puerta et al., 2015) 

Abundance and 
presence-
absence 

-Associated with environmental process 
(productivity, hydrography and climate) 
as well as, population density. 
-Preference for warmer waters. 
-Associated with food availability and 
Chl-a variations derived from river 
inputs. 

Entire coast of the 
Mediterranean 

Peninsula 
(MEDITS) 

(Puerta et al., 2014) Abundance 

-Found on waters shallower than 200 m Balearic Sea (Quetglas et al., 2000) Biomass 

Il
le

x 
co

in
de

tii
 

-Chl-a (negative effect). 
-Higher occurrence near the Ebro river 
delta. 
-Depth (positive effect). 
-SST (negative effect). 
Prey density (negative effect). 

Alboran 
(MEDITS) (Puerta et al., 2015) 

Abundance and 
presence-
absence 

-Associated with environmental process 
(productivity, hydrography and climate) 
as well as well as, population density. 
-Preference for cooler waters. 

Entire Mediterranean 
Peninsula (Puerta et al., 2014) Abundance 

-Found between 100 to 600 m Balearic Sea (Quetglas et al., 2000) Biomass 

Sq
ui

lla
 m

an
tis

 

- Maximum abundances in shallow 
waters (less than 60m). 
-Preference for muddy bottoms. 
-Very abundant in areas with river run 
off and wide continental shelf. 
-Catches have a marked seasonality, 
being higher in winter. 

NW Mediterranean-
Ebro delta 

(monthly catches 
1981-1991) 

(Abelló & Martín 1993) Abundance 

-Maximum abundances at shallow waters 
(shallow than 50m). 
-Prefer bottoms with fine sand and sandy 
mud where burrowing can occur (river 
run off). 
-The seasonal variation in catches is 
attributed to its reproductive and 
burrowing behaviour. 
-Higher catches in summer due to the 
incorporation of recruits. Catches 
decrease when females are incubating 
their eggs. 

Tunisian waters. 
(January 2005 to 
December 2005) 

(Mili et al., 2013) Abundance 
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-Shallow waters. 
-Muddy bottoms. 
-Seasonal catch due to the burrowing 
behaviour of females. 
-Higher activity at night. 

Mediterranean Sea. (Maynou et al., 2005) Abundance 
Li

oc
ar

ci
nu

s d
ep

ur
at

or
 

-Highest abundance on shallow, muddy 
continental shelfs, at depths of 50 to 
100m. 
-Declines with depth. 
-Preference for continental shelf and 
upper slope, especially wide shelfs with 
muddy bottoms. 
-More abundant in the area around Ebro 
river delta and Alboran Sea. 
A strong seasonality of catches has been 
found and is attributed to recruitment to 
fisheries. 

Mediterranean coast of 
Iberian Peninsula. 

(Rufino 2004, Rufino et al., 
2005) 

Abundance 

- Higher abundance in shelf bottoms. 
-More homogenously distributed during 
autumn. 

Adriatic Sea  
(Spring and autumn 
hauls, 1991 -1995) 

(Ungaro et al., 2000) Abundance and 
biomass 
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Figure S1. Spatial distribution maps for Merluccius merluccius in winter (A) and summer 
(B). The size of the red dots represents the amount of mean weight (kg/n) on each location. 
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Figure S2. Spatial distribution of the potential prey abundances (in n/km2) (A), (B), (C), 
(D) and mean weights (in kg/n) (E), (F), (G), (H) for fish and crustaceans in winter and 
summer. Spatial distributions of the topological and environmental variables are 
represented in maps: (I) and (J) for sea bottom temperature of winter and summer, 
respectively (SBT, in ºC) and (K) for bathymetry (in m). Raster maps were generated in 
QGIS software with a 0.1 x 0.1 degree spatial resolution. In large Figure (A) both seasons 
share a common scale, whereas in large Figure (B) each variable has an individual scale 
to show the range and within season spatial variability. 
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Figure S3. Hierarchical cluster dendogram illustrating isotopic signature aggregation 
(δ13C and δ15N) of the different potential sources contributing to European hake’s diet. 
The Y-axis represents the unitless measure of linkage similarity, with linkages being more 
dissimilar at the top. The cluster analysis breaks into five main clusters; In brown, Cluster 
1: Cepola macrophthalma, Boops boops, Spicara maena, Spicara smaris, Argentina 
sphyraena, Trisopterus minutus, Lepidopus caudatus, Sardina pilchardus, Maurolicus 
muelleri, Gadiculus argenteus and Micromesistius poutassou; in green, Cluster 2: 
Chlorotocus crassicornis, Nematoscelis megalops and Phronima sedentaria; in blue, 
Cluster 3:, Vibilia armata; in violet, Cluster 4: Anchialina agilis and Meganyctiphanes 
norvegica and in aquamarine, Cluster 5: Engraulis encrasicolus, Plesionika 
heterocarpus, Sardinella aurita and Solenocera membranacea. 
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Figure S4. Simulated mixing polygon. Consumers (European hake) are represented by 
the black dots and potential prey sources by the coloured dots: in brown, Cluster 1, in 
green Cluster 2, in blue Cluster 3, in violet Cluster 4 and in aquamarine Cluster 5. 
(error bars showing confidences intervals). The black lines represent each 10% 
probability level. 
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Figure S5. Linear regressions of isotopic signatures (δ13C and δ15N) of European hake 
data vs individuals’ length (in centimetres, cm). Vertical dotted line represents the 
division between juveniles (< 25 cm) cm and adults (>25 cm). 

 

Figure S6. Response curves of European hake (in mean weight estimates) to the 
explanatory variables in winter (Model 1 and 2) and summer models (Model 3 and 4). 
Variables acronyms are: SBT (Sea Bottom Temperature, ºC), bathymetry in meters (m) 
and “Fish” and “Crustaceans” abundance and mean weight are in in n/km2 and kg/n, 
respectively. 
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Figure S7. MixSIAR model results showing estimated diet proportions of each potential 
prey cluster (1, 2, 3, 4 and 5) (median, 95% CI) contributing to European hake diet, as a 
function of length (in cm) for each season (A: winter and B: summer). Cluster 1: Cepola 
macrophthalma, Boops boops, Spicara maena, Spicara smaris, Argentina sphyraena, 
Trisopterus minutus, Lepidopus caudatus, Sardina pilchardus, Maurolicus muelleri, 
Gadiculus argenteus and Micromesistius poutassou, Cluster 2: Chlorotocus 
crassicornis, Nematoscelis megalops and Phronima sedentaria, Cluster 3: Vibilia 
armata, Cluster 4: Anchialina agilis and Meganyctiphanes norvegica and Cluster 5: 
Engraulis encrasicolus, Plesionika heterocarpus, Sardinella aurita and Solenocera 
membranacea. 
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Figure S8. Correlation matrix of explicative continuous variables used in the Bayesian 
species distribution models (B-SDM) for Model 1, Model 2, Model 3 and Model 4. 
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Table S1. Summary of the body lengths (in cm) of the individuals of European hake 
collected for stable isotope analysis in winter and summer and divided by adults and 
juveniles. It includes the mean, the median, the standard deviation (SD), the minimum 
(Min) and the maximum (Max). It also includes the number of individuals sampled on 
each category (n). 

 

 Winter  Summer 
Stage Adult Juvenile  Adult Juvenile 

n 27 28  13 35 

Mean 33.03 14.86  31.64 15.66 
Media 32.20 14.25  30.50 15.20 

SD 6.64 4.42  4.90 5.03 
Min 25.10 9.20  26.30 7.30 
Max 50.20 22.20  44.50 24.50 
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Table S2. Summary table of the papers analysing stomach content analysis for European 
hake in the Western Mediterranean Sea. “%W” stands for percentage of weight and 
“%IRI” for percentage of index of relative importance. “Y” stands for “Yes” and “N” for 
“No”. These two columns describe if the stomach content data in the paper was presented 
in “%W” or /and “%IRI”. 

Published 
research 

paper 

Area of 
study 

Time of 
the year 
when the 
data was 
collected 

Stage of 
individuals 

analsed 

%
W 

%I
RI 

Main preys detected on the stomach content 
analysis/ General observations 

(Ferraton et 
al., 2007) 

Gulf of 
Lion 

MEDITS 
sampling 

(Spring-
Summer) 

 

Juvenile 

(5 to 19 cm) 
Y Y 

 

-Crustaceans predominate on individuals from 5-9 
cm (99.4% IRI) and 10-14 cm (78.4% IRI). On the 

smaller individuals, euphasiids and mysids 
predominate with 52.6% IRI and 33.2% IRI, 

respectively. For the larger individuals, is the other 
way around; mysids represent a 38.5% IRI and 

euphaisiids a 17.9% IRI. 

-Natantias also have a high percentage with 9% for 
size class 1 (5-9 cm) and 15.2% for size class 2 (10-

14 cm). 

-Diet changes for size class 3 (15 to 19 cm) where 
there is a shift to teleost ingestion with a 92% IRI 

(teleost diet is only 0.6% and 21.5% for size class 1 
and 2). For size class 3 crustaceans only represent a 
7.9% and with the highest values being for Natantia 

with a 3.7%. 

(Bozzano et 
al., 2005) 

Catalan 
shelf 

One year 
monthly 

data 
Juvenile Y Y 

*Note that for this paper, they differentiate between 
European hake captured with pelagic net and with 

bottom trawl. 

- In pelagic net: Osteichthyes represent the main 
percentage of their diet with Gadiculus argenteus 

represening a 4.13% IRI and Maurolicus muelleria 
20.17% IRI. The second highest diet group is 

crustacean decapoda with 23.91 % IRI. 

- In bottom trawl: crustacean decapoda dominate the 
diet with a 59.06% IRI, followed by Osteichthyes 

with a 30.66% IRI. 

-In general, there is a more diversified diet for 
benthic hake and a more specialized diet for pelagic 

hake. 

(Cartes et 
al., 2009) 

Baleari
c 

August-
September 

/ 
November/
February/ 
April/June 

Recruits (less 
than 18 cm)/ 

post-recruits ( 
18 to 21.9 cm)/ 
adults >= 22 cm 

Y N 

-Authors show that stomach fullness had seasonal 
fluctuations at 150-250 m depth. 

-Site and individuals size also influenced stomach 
fullness. 

-Among recruits, euphasiids were the dominant prey 
in number with Nyctiphanes couchii dominanting in 

individuals from the southern area and 
Meganyctiphanes norvegica in the Northwestern 
area. Mysids were also important and Maurolicus 

muellerii. 

-For post recruits, large euphasiids, Norvegica and 
mesopelagic Maurolicus muelleri were the most 

important preys in number but also Myctophidae and 
Argentinidae were important. 

- For adults, fish were the main prey and 
Myctophidae and Argentinidae were dominant. 
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-Together with some Sparidae and Peidopus 
caudatus, in the South area, decapodes crustacean 

were also important for adults. 

(Bozzano et 
al., 1997) 

Port de 
la Selva 

Monthly 
data 

From 8 cm to 
65 cm Y Y 

- Pisces dominate the diet with 60 % IRI, being the 
unidentified Osteichthys the highest percentage 

(44% IRI). Followed by Sardina pilchardus (3.0% 
IRI). Euphasiiacea were the second most important 

diet group with a 29.8% IRI. 

-In spring euphasiids were found in large quantities 
in hake stomachs. Whereas fish preys were greater in 

summer. 

-Individuals smaller than 14 cm feed mainly on 
mysids all year round except in spring when they eat 

euphasiids too. 

-For hake between 14.5 and 39.5cm they fed mainly 
on fish; More specifically, gobid for hake between 
14.5 and 24.5 cm and small pelagic fish for hakes 

between 25 and 39.5 cm. Largest fish feed in winter 
in S. membranacea and sardine and in spring and 

summer on C. rubsecens (and S. pilchardus in 
autumn). 

(Mellon-
Duval et al., 

2017) 
GoL Spring-

Autumn 
From 5 to 74 

cm Y N 

-MixSIAR output. 

-SCA: Results by size classes (5-6 cm) (7-14 cm) 
(15-24 cm) (25-39 cm) (40-49 cm) (50-74 cm) For 

size class 1 and 2 crustaceans dominate the diet with 
a 94.5% W and 16.6% W respectively. 

-In Class 1, amphipoda dominate with a 71.9%W 
followed by Sidicae (6.2%), Natantia (5.5%) and 

Plesionkia sp. (4.8%). 

-In class 2, Natantia dominate with (3.5%) followed 
by Pleasionka sp. (3%) Amphipod (1.9%) and 

Processidea (1.3%). In class 2 crustaceans diet is 
more diversified. In class 2 fish are more important 

than crustaceans with 82.1 % W. The highest 
percentage corresponding to pelagic fish (43.6%). 

-In the other class size fish prey dominate all the diet 
representing between 98.1 to 99.2%W. From class 3 

to 5, pelagic fish dominate. In class 5 and 6 the 
demersal fish diet gains importance too. In class 3, 4, 

5 and 6 crustaceans are insignificant in the diet 
contribution, representing less than a 1 % W. 

(Cartes et 
al., 2004) 

Iberian 
Peninsu

la 
 MEDITS 

sampling Y Y 

-At the shelf, feed mainly on small crustaceans 
(mainly euphasiids (47.1%IRI) and mysids 

(17.4%IRI)). 

-Epipelagic fish preys (Sardina pilchardus, Boops 
boops and Merluccius merluccius, were secondary in 

terms of IRI but dominant un terms of weight. 

-On the slope, hake preferred fish, mainly 
Myctophidae (36.5%IRI) and unidentified 

Osteichthyes (31.4%IRI). Here, euphasiids, 
Plesionika heterocarpus and Lipidopus caudatus 

were secondary preys. 
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Table S3. Species of (A) “Fish” and (B) “Crustaceans” included in the preys’ layers for 
the winter and summer species distribution models. The preys included were selected 
based on a literature review and depending on data availability from literature and from 
the ECOTRANS survey. 

(A)                                                  FISH 
Winter Summer 

Aphia minuta Aphia minuta 
Argentina sphyraena Argentina sphyraena 

Boops boops Boops boops 
Capros aper Capros aper 

Cepola macrophthalma Cepola macrophthalma 
Ceratoscopelus maderensis Ceratoscopelus maderensis 
Chlorophthalmus agassizi Conger conger 

Conger conger Crystallogobius linearis 
Deltentosteus quadrimaculatus Deltentosteus quadrimaculatus 

Engraulis encrasicolus Engraulis encrasicolus 
Epigonus denticulatus Epigonus denticulatus 
Gadiculus argenteus Gadiculus argenteus 

Gobiidae Gadiculus argenteus 
Gobius niger Gobius niger 

Helicolenus dactylopterus Helicolenus dactylopterus 
Lepidopus caudatus Lepidopus caudatus 

Lepidotrigla cavillone Lepidotrigla cavillone 
Lesueurigobius friesii Lesueurigobius friesii 
Maurolicus muelleri Micromesistius poutassou 

Merluccius merluccius Mullus barbatus 
Micromesistius poutassou Mullus surmuletus 

Mullus barbatus Notoscopelus elongatus 
Mullus surmuletus Phycis blennoides 

Myctophidae Sardina pilchardus 
Notoscopelus bolini Sardinella aurita 
Phycis blennoides Scomber scombrus 

Phycis phycis Spicara maena 
Sardina pilchardus Spicara smaris 

Scomber colias Sprattus sprattus 
Scomber scombrus Trachurus mediterraneus 

Spicara maena Trachurus picturatus 
Spicara smaris Trachurus trachurus 

Spicara spp. Trisopterus minutus 
Sprattus sprattus  

Trachurus mediterraneus  
Trachurus picturatus  
Trachurus trachurus  
Trisopterus minutus  
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(B)                                            Crustaceans 
Winter Summer 

Alpheus glaber Alpheus glaber 
Brachyura Brachyura 

Chlorotocus crassicornis Chlorotocus crassicornis 

Liocarcinus depurator Isopoda 

Meganyctiphanes norvegica Liocarcinus depurator 
Parapenaeus longirostris Parapennaeus longirostris 

Pasiphaea sivado Pasiphaea sivado 
Plesionika antigai Plesionika antigai 

Plesionika edwardsii Plesionika edwardsii 
Plesionika gigliolii Plesionika gigliolii 

Plesionika heterocarpus Plesionika heterocarpus 
Pontocaris lacazei Pontophilus spinosus 

Pontophilus spinosus Processa canaliculata 
Processa canaliculata Scyllarus spp. 

Solenocera membranacea Solenocera membranacea 
  

 

Table S4. List of the 21 species selected from the literature review and included as 
potential preys’ sources of European hake on the MixSIAR analyses. 

Species included 
Argentina sphyraena 

Boops boops 
Cepola macrophthalma 
Engraulis encrasicolus 
Gadiculus argenteus 
Lepidopus caudatus 
Maurolicus muelleri 

Micromesistius poutassou 
Sardina pilchardus 
Sardinella aurita 
Spicara maena 
Spicara smaris 

Trisopterus minutus 
Anchialina agilis 

Chlorotocus crassicornis 
Meganyctiphanes norvegica 

Plesionika heterocarpus 
Solenocera membranacea 
Nematoscelis megalops 
Phronima sedentaria 

Vibilia armata 
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Table S5. Comparison of the predictive accuracy of the different MixSIAR models. 
Where “LOOic” is the approximate leave-one-out-cross-validation with its associated 
stander error (SE), dLOOic is the difference between each model and the model with 
the lowest values of LOOIc and “Weight” is the weight assigned to each of the models 
built and can be read as the probability of being the best model. DIC: Deviance 
Information criterion. 

Model LOOic Se(LOOic) dLOOic SE(dLOOic) Weight DIC 
Length + Season 190 29.8 0 NA 1 204.48 

Length 242.8 23 52.8 13.7 0 251.96 
Season + Stage 319.3 22.4 129.3 20.6 0 336.04 

Stage 333.8 23.4 143.8 22.8 0 335.20 
Season 481.8 23.2 291.8 33.4 0 488.80 

Null 508.2 19.1 318.2 31.9 0 508.90 
 

Table S6. Mean weight data of European hake for both seasons (winter and summer) 
with the geographical position (coordinates X and Y) used for the B-SDMs. 

Y X 
mean  

weight 
(kg/n) 

Season 

41.1101 1.5564 0.0419 Summer 
40.2423 0.5727 0.0208 Summer 
40.1587 0.7423 0.0166 Summer 
40.0301 0.8711 0.0135 Summer 
40.3878 0.5582 0.0095 Summer 
40.3231 0.7831 0.0318 Summer 
40.2475 1.0294 0.0422 Summer 
40.4466 0.7024 0.0112 Summer 
40.3364 0.9971 0.0257 Summer 
40.9169 1.1833 0.0348 Summer 
40.8267 1.0311 0.0347 Summer 
40.7400 1.0752 0.0279 Summer 
40.4019 0.5678 0 Summer 
40.4217 0.7867 0.0256 Summer 
40.1069 0.2817 0.0145 Summer 
40.4989 0.9442 0.0255 Summer 
40.5725 1.0885 0.0291 Summer 
40.5783 0.8743 0 Summer 
40.8573 1.1192 0 Summer 
40.9163 1.0367 0.0466 Summer 
39.9192 0.1344 0.0198 Summer 
41.1048 1.4133 0.0332 Summer 
41.1446 1.6842 0.0266 Summer 
41.1900 1.8900 0 Summer 
41.1459 1.9002 0.074 Summer 
40.0243 0.8640 0.0241 Summer 
40.0256 0.5686 0.0144 Summer 
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39.9867 0.3492 0.0258 Summer 
39.9051 0.4838 0.0195 Summer 
40.2620 0.4748 0.0124 Summer 
40.2468 1.1696 0.017 Summer 
40.2918 1.2277 0.0155 Summer 
40.7108 1.2192 0.0291 Summer 
40.8942 1.2936 0.0267 Summer 
40.0586 1.0033 0.0254 Summer 
40.4178 1.2515 0.0139 Summer 
40.5548 1.3467 0.0517 Summer 
41.0179 1.3740 0.0212 Summer 
40.2222 1.2438 0 Summer 
41.0103 1.5594 0.218 Summer 
40.7242 1.3728 0.0149 Summer 
40.9405 1.4341 0.1032 Summer 
40.9953 1.4152 0.0277 Summer 
41.0726 1.7820 0.0002 Summer 
41.1133 2.0034 0.3043 Summer 
41.1833 2.0187 0.193 Winter 
40.9219 1.1800 0.0437 Winter 
40.9107 1.0355 0.0477 Winter 
40.8392 1.1234 0.0343 Winter 
40.7505 1.0839 0.0133 Winter 
40.8093 1.0308 0.037 Winter 
41.1857 1.8858 0 Winter 
40.4948 0.9145 0.0695 Winter 
40.3992 0.5667 0.276 Winter 
40.1720 0.7524 0.0412 Winter 
40.2795 0.4963 0.231 Winter 
40.4458 0.6891 0.2261 Winter 
40.3278 0.7847 0.0673 Winter 
40.2388 1.0256 0.0088 Winter 
41.1483 1.9096 0 Winter 
40.4304 0.7874 0.0413 Winter 
40.3350 0.9938 0.0283 Winter 
40.5800 0.8683 0.0555 Winter 
40.5817 1.0775 0.0226 Winter 
40.8578 1.1370 0 Winter 
41.1448 1.7018 0.0315 Winter 
41.1117 1.5636 0.006 Winter 
41.1028 1.4199 0.0219 Winter 
40.8958 1.2922 0.0133 Winter 
40.7356 1.2190 0.0801 Winter 
40.5728 1.3496 0.0368 Winter 
40.4297 1.2576 0.0177 Winter 
40.0633 1.0072 0.0172 Winter 
40.2491 1.1753 0.0256 Winter 
40.2925 1.2293 0.02 Winter 



Supplementary materials Chapter 2.2. 

233 

41.0213 1.3787 0.0187 Winter 
40.9962 1.4173 0.0708 Winter 
40.9308 1.4228 0.048 Winter 
40.7262 1.3729 0.2213 Winter 
40.2387 1.2521 0.036 Winter 
41.0698 1.7623 0.0512 Winter 
41.0119 1.5656 0.1946 Winter 
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Figure S1. Boxplots of the seasonal variation of GSI, mean fat content and Kn indexes 
for European anchovy (A, B and C) and European sardine (D, E and F) for the three areas 
(L’Escala, Barcelona and Tarragona). 
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Table S1. (A) Summary of the data collection, per month and year, for each species and area. 
“X” corresponds to months sampled, and the not sampled months are classified in “Closure” 
that stands for periods of fishing closure and “Commercial unavailability” for periods that there 
was low or not fishing catch of the target species and sampling was not possible. (B) Total 
number of samples collected within each area for each species. Values in braquets correspond 
to the number of individuals subsamples for the isotopic analyses. 

 (A)  

  Barcelona  L’Escala  Tarragona 
Year Month Sardine Anchovy  Sardine Anchovy  Sardine Anchovy 

2018 

July X X  X X  Commercial unavailability X 

August X X  X X  Commercial unavailability X 

September X X  X X  X X 

October X X  X X  X X 

November X Closure  Closure Closure  X X 

December X Closure  X X  X X 

2019 

January X X  X X  Closure Closure 

February X X  X X  X X 

March X X  X X  X X 

April X X  X X  X X 

May X X  X X  X X 

June X X  X X  X X 

July       X  

August       X  

                                                    (B) 

 ANCHOVY SARDINE 
L’Escala 440 (35) 440 (37) 

Barcelona 400 (39) 480 (40) 
Tarragona 440 (40) 440 (40) 

Total 1280 (114) 1360 (117) 
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Table S2. Summary of length (in cm), weight (in grams), relative condition index, Kn, and fat content values for (A) European anchovy and 
(B) European sardine by area (Barcelona, L’Escala and Tarragona) and season. n: number of samples, sd: standard deviation, min: minimum 
values and max: maximum values. 

(A) ANCHOVY 
Area L’Escala Barcelona Tarragona 

Season Winter Spring Summer Autumn Winter Spring Summer Autumn Winter Spring Summer Autumn 
n 120 120 120 80 120 120 120 40 80 120 120 120 
             

Length (cm)             
mean 12.31 12.64 12.00 10.96 13.33 12.71 13.01 12.66 11.97 11.73 13.02 12.41 

median 12.50 12.75 12.00 10.95 13.50 12.60 13.20 12.85 11.95 11.70 13.00 12.80 
sd 1.65 1.25 0.88 1.89 1.22 1.06 1.48 2.17 1.26 1.23 1.30 1.75 

min 8.40 9.70 8.70 7.30 10.30 10.50 9.00 8.30 9.70 9.10 8.20 7.50 
max 15.20 15.40 13.90 15.30 15.70 15.00 16.00 16.10 14.30 14.60 15.90 15.60 

Weight (gr)             
mean 12.22 14.15 10.89 8.32 15.31 13.51 13.96 12.78 11.25 11.14 14.41 12.00 

median 12.19 14.03 10.78 7.41 15.36 12.98 13.61 12.42 10.31 10.52 14.06 12.10 
sd 4.44 4.23 2.45 4.46 4.71 3.46 4.81 6.40 3.60 3.81 4.75 4.33 

min 3.38 5.29 4.18 2.13 5.90 7.17 4.18 3.06 5.59 4.67 3.50 2.60 
max 21.14 26.60 16.96 21.12 24.84 22.41 24.46 24.12 18.66 20.99 25.61 22.20 
Kn             

mean 1.01 1.07 0.99 0.94 1.00 1.02 0.96 0.92 1.03 1.06 1.00 0.97 
median 1.02 1.08 1.00 0.94 0.98 1.03 0.96 0.92 1.02 1.05 0.98 0.97 

sd 0.06 0.06 0.05 0.07 0.09 0.05 0.06 0.04 0.05 0.05 0.08 0.06 
min 0.87 0.78 0.88 0.69 0.74 0.89 0.85 0.82 0.93 0.94 0.73 0.84 
max 1.23 1.27 1.11 1.22 1.23 1.15 1.12 1.04 1.13 1.19 1.25 1.16 

Fat content             
mean 6.82 7.99 6.63 7.66 8.49 7.87 6.82 7.56 6.58 8.14 6.24 6.21 

median 6.80 7.30 5.95 7.20 7.70 7.55 6.55 7.25 6.50 7.80 6.50 6.10 
sd 1.50 2.49 2.76 2.35 2.70 2.24 2.20 1.09 1.90 1.62 1.01 1.91 
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min 4.10 4.10 3.80 4.30 4.60 4.20 3.80 5.40 3.60 4.40 4.20 3.70 
max 12.80 19.10 19.90 17.60 15.80 16.50 19.70 9.80 11.30 12.90 8.10 16.70 

             
  

(B) SARDINE 
Area L’Escala Barcelona Tarragona 

Season Winter Spring Summer Autumn Winter Spring Summer Autumn Winter Spring Summer Autumn 
n 120 120 120 80 120 120 120 120 80 120 120 120 
             

Length (cm)             
mean 13.13 13.76 13.91 11.76 13.72 14.40 15.32 14.58 12.47 12.87 13.86 13.09 

median 13.30 13.75 13.95 11.40 13.60 14.40 15.30 14.60 12.40 12.90 13.90 13.25 
sd 1.18 1.02 0.92 1.66 1.57 1.00 1.55 1.83 0.88 0.96 1.15 1.41 

min 10.40 11.40 12.20 9.30 9.90 12.50 9.40 10.20 10.70 11.20 10.90 10.30 
max 15.70 15.90 15.80 15.90 18.30 16.80 18.50 18.60 15.20 16.50 16.00 16.00 

Weight (gr)             
mean 17.33 21.98 22.12 11.58 19.51 24.76 29.45 23.64 13.89 16.97 21.28 16.76 

median 17.21 21.61 21.59 10.17 18.47 23.49 29.54 22.32 12.93 15.98 20.85 16.64 
sd 5.19 5.00 4.41 5.822 7.17 5.73 8.46 9.45 3.43 4.46 5.87 5.94 

min 7.40 10.92 13.58 3.96 6.28 15.28 5.24 6.50 8.21 10.38 8.30 6.69 
max 30.80 34.72 33.16 25.74 42.70 40.43 51.04 48.26 28.04 41.09 32.68 32.83 
Kn             

mean 0.98 1.10 1.07 0.91 0.94 1.06 1.01 0.92 0.96 1.06 1.03 0.95 
median 0.97 1.10 1.06 0.91 0.91 1.07 1.01 0.91 0.97 1.06 1.02 0.95 

sd 0.10 0.06 0.08 0.06 0.11 0.05 0.06 0.06 0.07 0.06 0.06 0.05 
min 0.76 0.94 0.88 0.76 0.72 0.90 0.82 0.80 0.82 0.90 0.82 0.82 
max 1.32 1.26 1.28 1.09 1.14 1.19 1.17 1.12 1.09 1.21 1.20 1.06 

Fat content             
mean 7.067 11.908 14.80 6.71 7.83 14.49 16.83 9.17 7.10 9.98 10.29 7.13 

median 6.80 12.00 15.35 7.00 7.30 15.00 17.00 7.15 6.60 9.50 10.60 6.90 
sd 1.70 3.30 2.51 1.77 1.94 2.85 2.04 4.22 1.76 3.20 3.34 1.36 
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min 4.60 5.90 5.00 3.80 4.30 5.90 8.60 4.40 4.60 4.00 4.10 4.40 
max 12.8 19.1 20.7 11.3 15.9 20.7 21.8 20.3 12.4 18.8 17.9 12 

 

Table S3. Summary of gonadosomatic index (GSI) for (A) European anchovy and (B) European sardine by area (L’Escala, Barcelona, and 
Tarragona) and season. 

(A) ANCHVOY 
Port L’Escala Barcelona Tarragona 

Season Winter Spring Summer Autumn Winter Spring Summer Autumn Winter Spring Summer Autumn 
n 67 40 78 35 73 69 58 21 39 41 62 67 

mean 0.304 2.019 1.802 0.149 0.475 1.793 2.406 0.589 0.409 1.654 2.396 0.298 
median 0.274 2.296 1.088 0.153 0.47 1.778 2.430 0.459 0.406 1.518 2.366 0.224 

sd 0.179 1.175 1.592 0.105 0.176 0.977 1.238 0.429 0.235 1.011 1.200 0.235 
min 0.022 0.191 0.027 0.00 0.071 0.274 0.000 0.133 0.048 0.020 0.323 0.000 
max 0.949 4.310 4.808 0.481 0.900 4.685 6.854 1.533 0.901 3.567 4.945 1.420 

  
  

(B) SARDINE 
Port L’Escala Barcelona Tarragona 

Season Winter Spring Summer Autumn Winter Spring Summer Autumn Winter Spring Summer Autumn 
n 42 65 77 30 48 73 58 65 38 48 63 65 

mean 2.433 0.369 0.418 1.303 2.565 0.329 0.585 2.574 1.262 0.661 0.32 1.869 
median 1.794 0.370 0.407 0.954 1.492 0.327 0.546 2.469 0.853 0.328 0.339 1.891 

sd 2.040 0.161 0.148 1.211 2.575 0.096 0.240 1.744 1.02 1.222 0.167 1.508 
min 0.277 0.049 0.015 0.00 0.181 0.124 0.222 0.015 0.274 0.022 0.009 0.000 
max 7.753 1.195 0.843 4.238 8.827 0.678 1.172 8.449 4.3 5.915 0.66 6.662 
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Table S4 Summary of (A) PERMANOVA analysis and (B) pairwise analysis of the body condition indices (Kn, fat content and GSI 
(Gonadosomatic index)) by area and season for European sardine and European anchovy. Marked significant values with (*) for p<0.05 and 
(**) for p<0.01. 

(A) 

  Anchovy  Sardine 
  Pseudo-F P-value  Pseudo-F P-value 

Kn 
Area 35.01 0.0001**  27.82 0.0001** 

Season 138.42 0.0001**  297.66 0.0001** 
Area*Season 3.55 0.0016**  9.70 0.0001** 

Fat content 
Area 19.17 0.0001**  138.93 0.0001** 

Season 32.19 0.0001**  446.85 0.0001** 
Area*Season 10.82 0.0001**  22.33 0.0001** 

GSI 
Area 18.77 0.0001**  6.57 0.0001** 

Season 138.15 0.0001**  100.62 0.0001** 
Area*Season 5.21 0.0001**  6.62 0.0001** 

 

(B) 

 Anchovy   Sardine  
 Area*Season  Area*Season t p-value  Area*Season  Area*Season t p-value 

K
n 

Barcelona Summer 

vs 

L’Escala Summer 4.70 0.0001**  Barcelona Summer 

vs 

L’Escala Summer 7.54 0.0001** 
Barcelona Summer Tarragona Summer 3.94 0.0002**  Barcelona Summer Tarragona Summer 2.59 0.0091** 
L’Escala Summer Tarragona Summer 0.21 0.8372  L’Escala Summer Tarragona Summer 5.04 0.0001** 
Barcelona Autumn L’Escala Autumn 1.18 0.2439  Barcelona Autumn L’Escala Autumn 0.53 0.6011 
Barcelona Autumn Tarragona Autumn 4.31 0.0001**  Barcelona Autumn Tarragona Autumn 5.24 0.0001** 
L’Escala Autumn Tarragona Autumn 3.18 0.0013**  L’Escala Autumn Tarragona Autumn 5.20 0.0001** 
Barcelona Winter L’Escala Winter 1.01 0.3128  Barcelona Winter L’Escala Winter 3.40 0.0008** 
Barcelona Winter Tarragona Winter 3.12 0.0026**  Barcelona Winter Tarragona Winter 1.79 0.0698 
L’Escala Winter Tarragona Winter 3.07 0.0037  L’Escala Winter Tarragona Winter 1.72 0.0867 
Barcelona Spring L’Escala Spring 7.19 0.0001**  Barcelona Spring L’Escala Spring 5.42 0.0001** 
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Barcelona Spring Tarragona Spring 5.81 0.0001**  Barcelona Spring Tarragona Spring 0.66 0.5038 
L’Escala Spring Tarragona Spring 1.74 0.0754  L’Escala Spring Tarragona Spring 5.31 0.0001** 

               
Barcelona Summer 

vs 

Barcelona Autumn 3.32 0.0017**  Barcelona Summer 

vs 

Barcelona Autumn 11.62 0.0001** 
Barcelona Summer Barcelona Winter 3.89 0.0003**  Barcelona Summer Barcelona Winter 6.19 0.0001** 
Barcelona Summer Barcelona Spring 8.43 0.0001**  Barcelona Summer Barcelona Spring 8.45 0.0001** 
Barcelona Autumn Barcelona Winter 4.84 0.0001**  Barcelona Autumn Barcelona Winter 1.66 0.0965 
Barcelona Autumn Barcelona Spring 10.35 0.0001**  Barcelona Autumn Barcelona Spring 20.98 0.0001** 
Barcelona Winter Barcelona Spring 2.17 0.0291  Barcelona Winter Barcelona Spring 11.51 0.0001** 
L’Escala Summer L’Escala Autumn 6.04 0.0001**  L’Escala Summer L’Escala Autumn 15.85 0.0001** 
L’Escala Summer L’Escala Winter 2.42 0.0183  L’Escala Summer L’Escala Winter 7.76 0.0001** 
L’Escala Summer L’Escala Spring 11.46 0.0001**  L’Escala Summer L’Escala Spring 3.25 0.0013** 
L’Escala Autumn L’Escala Winter 7.34 0.0001**  L’Escala Autumn L’Escala Winter 5.57 0.0001** 
L’Escala Autumn L’Escala Spring 14.05 0.0001**  L’Escala Autumn L’Escala Spring 21.51 0.0001** 
L’Escala Winter L’Escala Spring 8.15 0.0001**  L’Escala Winter L’Escala Spring 10.86 0.0001** 
Tarragona Summer Tarragona Autumn 2.61 0.0097**  Tarragona Summer Tarragona Autumn 9.54 0.0001** 
Tarragona Summer Tarragona Winter 4.34 0.0002**  Tarragona Summer Tarragona Winter 7.22 0.0001** 
Tarragona Summer Tarragona Spring 7.64 0.0001**  Tarragona Summer Tarragona Spring 4.09 0.0001** 
Tarragona Autumn Tarragona Winter 7.94 0.0001**  Tarragona Autumn Tarragona Winter 0.53 0.6059 
Tarragona Autumn Tarragona Spring 11.90 0.0001**  Tarragona Autumn Tarragona Spring 14.20 0.0001** 
Tarragona Winter Tarragona Spring 3.89 0.0001**  Tarragona Winter Tarragona Spring 10.97 0.0001** 

                

Fa
t c

on
te

nt
 

Barcelona Summer 

vs 

L’Escala Summer 1.30 0.1859  Barcelona Summer 

vs 

L’Escala Summer 6.09 0.0001** 
Barcelona Summer Tarragona Summer 2.11 0.0336  Barcelona Summer Tarragona Summer 14.69 0.0001** 
L’Escala Summer Tarragona Summer 0.69 0.5055  L’Escala Summer Tarragona Summer 10.26 0.0001** 
Barcelona Autumn L’Escala Autumn 0.57 0.5755  Barcelona Autumn L’Escala Autumn 4.55 0.0001** 
Barcelona Autumn Tarragona Autumn 5.15 0.0001**  Barcelona Autumn Tarragona Autumn 4.17 0.0002** 
L’Escala Autumn Tarragona Autumn 5.23 0.0001**  L’Escala Autumn Tarragona Autumn 2.45 0.0140* 
Barcelona Winter L’Escala Winter 5.68 0.0001**  Barcelona Winter L’Escala Winter 3.34 0.0007** 
Barcelona Winter Tarragona Winter 5.59 0.0001**  Barcelona Winter Tarragona Winter 2.84 0.0049** 
L’Escala Winter Tarragona Winter 1.56 0.1193  L’Escala Winter Tarragona Winter 0.09 0.9629 
Barcelona Spring L’Escala Spring 0.28 0.8201  Barcelona Spring L’Escala Spring 6.48 0.0001** 
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Barcelona Spring Tarragona Spring 1.73 0.0834  Barcelona Spring Tarragona Spring 11.14 0.0001** 
L’Escala Spring Tarragona Spring 1.41 0.1596  L’Escala Spring Tarragona Spring 4.63 0.0001** 

               
Barcelona Summer 

vs 

Barcelona Autumn 3.19 0.0016**  Barcelona Summer 

vs 

Barcelona Autumn 16.79 0.0001** 
Barcelona Summer Barcelona Winter 5.73 0.0001**  Barcelona Summer Barcelona Winter 30.91 0.0001** 
Barcelona Summer Barcelona Spring 4.29 0.0001**  Barcelona Summer Barcelona Spring 6.93 0.0001** 
Barcelona Autumn Barcelona Winter 1.64 0.0989  Barcelona Autumn Barcelona Winter 2.19 0.0255* 
Barcelona Autumn Barcelona Spring 0.50 0.6349  Barcelona Autumn Barcelona Spring 12.07 0.0001** 
Barcelona Winter Barcelona Spring 1.75 0.0795  Barcelona Winter Barcelona Spring 20.97 0.0001** 
L’Escala Summer L’Escala Autumn 3.48 0.0004**  L’Escala Summer L’Escala Autumn 23.31 0.0001** 
L’Escala Summer L’Escala Winter 1.81 0.0746  L’Escala Summer L’Escala Winter 26.72 0.0001** 
L’Escala Summer L’Escala Spring 4.68 0.0001**  L’Escala Summer L’Escala Spring 7.36 0.0001** 
L’Escala Autumn L’Escala Winter 2.84 0.0035**  L’Escala Autumn L’Escala Winter 1.72 0.0888 
L’Escala Autumn L’Escala Spring 0.96 0.3465  L’Escala Autumn L’Escala Spring 13.60 0.0001** 
L’Escala Winter L’Escala Spring 4.22 0.0001**  L’Escala Winter L’Escala Spring 15.08 0.0001** 
Tarragona Summer Tarragona Autumn 0.93 0.3504  Tarragona Summer Tarragona Autumn 8.46 0.0001** 
Tarragona Summer Tarragona Winter 0.86 0.3936  Tarragona Summer Tarragona Winter 7.11 0.0001** 
Tarragona Summer Tarragona Spring 9.57 0.0001**  Tarragona Summer Tarragona Spring 0.54 0.5967 
Tarragona Autumn Tarragona Winter 1.34 0.1819  Tarragona Autumn Tarragona Winter 0.60 0.5494 
Tarragona Autumn Tarragona Spring 9.50 0.0001**  Tarragona Autumn Tarragona Spring 8.86 0.0001** 
Tarragona Winter Tarragona Spring 6.68 0.0001**  Tarragona Winter Tarragona Spring 7.45 0.0001** 

                

G
SI

 

Barcelona Summer 

vs 

L’Escala Summer 3.85 0.0001**  Barcelona Summer 

vs 

L’Escala Summer 3.93 0.0001** 
Barcelona Summer Tarragona Summer 0.62 0.7753  Barcelona Summer Tarragona Summer 5.44 0.0001** 
L’Escala Summer Tarragona Summer 4.16 0.0001**  L’Escala Summer Tarragona Summer 3.37 0.0001** 
Barcelona Autumn L’Escala Autumn 3.17 0.0001**  Barcelona Autumn L’Escala Autumn 3.12 0.0002** 
Barcelona Autumn Tarragona Autumn 2.70 0.0018**  Barcelona Autumn Tarragona Autumn 2.43 0.0060** 
L’Escala Autumn Tarragona Autumn 2.38 0.0041**  L’Escala Autumn Tarragona Autumn 1.19 0.2096 
Barcelona Winter L’Escala Winter 5.56 0.0001**  Barcelona Winter L’Escala Winter 1.41 0.1542 
Barcelona Winter Tarragona Winter 2.61 0.0083**  Barcelona Winter Tarragona Winter 1.82 0.0613 
L’Escala Winter Tarragona Winter 1.75 0.0693  L’Escala Winter Tarragona Winter 2.86 0.0036** 
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Barcelona Spring L’Escala Spring 0.72 0.4874  Barcelona Spring L’Escala Spring 1.18 0.2340 
Barcelona Spring Tarragona Spring 1.28 0.1869  Barcelona Spring Tarragona Spring 1.92 0.0240* 
L’Escala Spring Tarragona Spring 1.00 0.3324  L’Escala Spring Tarragona Spring 1.36 0.1533 

               
Barcelona Summer 

vs 

Barcelona Autumn 6.73 0.0001**  Barcelona Summer 

vs 

Barcelona Autumn 9.75 0.0001** 
Barcelona Summer Barcelona Winter 12.99 0.0001**  Barcelona Summer Barcelona Winter 5.13 0.0001** 
Barcelona Summer Barcelona Spring 2.56 0.0033**  Barcelona Summer Barcelona Spring 8.37 0.0001** 
Barcelona Autumn Barcelona Winter 1.01 0.3072  Barcelona Autumn Barcelona Winter 2.34 0.0154* 
Barcelona Autumn Barcelona Spring 6.49 0.0001**  Barcelona Autumn Barcelona Spring 15.37 0.0001** 
Barcelona Winter Barcelona Spring 12.51 0.0001**  Barcelona Winter Barcelona Spring 8.69 0.0001** 
L’Escala Summer L’Escala Autumn 5.89 0.0001**  L’Escala Summer L’Escala Autumn 4.56 0.0001** 
L’Escala Summer L’Escala Winter 7.10 0.0001**  L’Escala Summer L’Escala Winter 10.45 0.0001** 
L’Escala Summer L’Escala Spring 2.19 0.0246*  L’Escala Summer L’Escala Spring 1.78 0.0590 
L’Escala Autumn L’Escala Winter 3.33 0.0001**  L’Escala Autumn L’Escala Winter 2.21 0.0075** 
L’Escala Autumn L’Escala Spring 7.30 0.0001**  L’Escala Autumn L’Escala Spring 4.78 0.0001** 
L’Escala Winter L’Escala Spring 10.93 0.0001**  L’Escala Winter L’Escala Spring 10.74 0.0001** 
Tarragona Summer Tarragona Autumn 13.23 0.0001**  Tarragona Summer Tarragona Autumn 7.09 0.0001** 
Tarragona Summer Tarragona Winter 11.63 0.0001**  Tarragona Summer Tarragona Winter 6.61 0.0001** 
Tarragona Summer Tarragona Spring 2.83 0.0018**  Tarragona Summer Tarragona Spring 1.18 0.2368 
Tarragona Autumn Tarragona Winter 1.94 0.0312*  Tarragona Autumn Tarragona Winter 1.60 0.0818 
Tarragona Autumn Tarragona Spring 7.71 0.0001**  Tarragona Autumn Tarragona Spring 5.45 0.0001** 
Tarragona Winter Tarragona Spring 6.08 0.0001**  Tarragona Winter Tarragona Spring 5.08 0.0001** 
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Table S5. Summary table of δ13C and δ15N stable values of European sardine and European anchovy for each area and season. n: number of 
samples, sd: standard deviation, min: minimum values and max: maximum values. 

Species Area-Season n δ13C (‰)  δ15N (‰) 
   mean sd min max  mean sd min max 

Anchovy 

L’Escala-Summer 10 -19.27 0.21 -19.54 -18.86  7.64 0.41 7.14 8.31 
L’Escala-Autumn 6 -19.27 0.27 -19.55 -18.95  7.64 0.50 7.12 8.47 
L’Escala-Winter 9 -19.48 0.33 -19.89 -18.95  7.04 0.55 6.30 7.87 
L’Escala-Spring 10 -19.78 0.16 -19.95 -19.45  7.49 0.59 6.64 8.35 

Barcelona-Summer 10 -18.90 0.24 -19.20 -18.59  8.05 0.47 7.02 8.62 
Barcelona-Autumn 9 -18.96 0.20 -19.31 -18.67  8.09 0.39 7.46 8.58 
Barcelona-Winter 10 -19.38 0.18 -19.67 -19.14  7.36 0.37 6.89 8.11 
Barcelona-Spring 10 -19.41 0.11 -19.59 -19.23  8.19 0.29 7.65 8.53 

Tarragona-Summer 10 -19.02 0.16 -19.34 -18.80  8.29 0.60 7.18 8.93 
Tarragona-Autumn 10 -18.88 0.25 -19.49 -18.66  8.01 0.48 7.30 8.59 
Tarragona-Winter 10 -19.12 0.19 -19.33 -18.69  7.80 0.16 7.58 8.02 
Tarragona-Spring 10 -19.33 0.22 -19.60 -18.97  7.99 0.31 7.60 8.48 

            

Sardine 

L’Escala-Summer 10 -19.86 0.27 -20.13 -19.24  7.95 0.19 7.67 8.19 
L’Escala-Autumn 7 -19.16 0.30 -19.63 -18.77  8.05 0.54 7.22 8.76 
L’Escala-Winter 10 -19.69 0.50 -20.13 -18.69  6.79 0.20 6.49 7.08 
L’Escala-Spring 10 -19.98 0.38 -20.50 -19.33  7.97 0.99 6.87 10.51 

Barcelona-Summer 10 -19.56 0.63 -20.27 -18.61  8.34 0.55 7.47 9.11 
Barcelona-Autumn 10 -19.46 0.19 -19.85 -19.20  8.06 0.58 7.45 9.23 
Barcelona-Winter 10 -19.39 0.23 -19.73 -19.07  7.99 0.33 7.32 8.42 
Barcelona-Spring 10 -19.49 0.69 -20.40 -18.48  8.58 0.55 7.28 9.14 

Tarragona-Summer 10 -19.61 0.24 -19.96 -19.15  8.85 0.31 8.25 9.20 
Tarragona-Autumn 10 -19.33 0.30 -20.01 -19.00  8.65 0.56 7.52 9.22 
Tarragona-Winter 10 -19.18 0.22 -19.48 -18.82  8.20 0.40 7.38 8.57 
Tarragona-Spring 10 -19.87 0.36 -20.46 -19.40  9.27 0.31 8.75 9.89 
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Table S6. Summary of (A) PERMANOVA analysis for European sardine and European anchovy for δ13C and δ15N by area and season and (B) pairwise 
analysis for δ13C and δ15N values of only European sardine. Marked in bold the significant values and with (*) for p<0.05 and (**) for p<0.01. 

(A) 

  Anchovy  Sardine 
  Pseudo-F P-value  Pseudo-F P-value 

δ13C (‰) 
Area 28.31 0.00**  2.79 0.07 

Season 31.46 0.00**  8.54 0.00** 
Area*Season 1.76 0.12  2.55 0.02* 

δ15N (‰) 
Area 16.82 0.00**  41.13 0.00** 

Season 10.69 0.00**  19.34 0.00** 
Area*Season 1.19 0.32  2.59 0.02* 

 

(B) 

SARDINE 
    δ13C (‰)     δ15N (‰) 

Area Season  Area Season t p-value   Area Season  Area Season t p-value 
                

Barcelona Summer 

vs 

L’Escala Summer 1.37 0.19   Barcelona Summer 

vs 

L’Escala Summer 2.08 0.05 
Barcelona Summer Tarragona Summer 0.25 0.81   Barcelona Summer Tarragona Summer 2.57 0.02* 
L’Escala Summer Tarragona Summer 2.13 0.05   L’Escala Summer Tarragona Summer 7.78 0.00** 

Barcelona Autumn L’Escala Autumn 2.55 0.02*   Barcelona Autumn L’Escala Autumn 0.03 0.98 
Barcelona Autumn Tarragona Autumn 1.15 0.27   Barcelona Autumn Tarragona Autumn 2.29 0.04* 
L’Escala Autumn Tarragona Autumn 1.15 0.28   L’Escala Autumn Tarragona Autumn 2.19 0.05* 

Barcelona Winter L’Escala Winter 1.75 0.10   Barcelona Winter L’Escala Winter 9.82 0.00** 
Barcelona Winter Tarragona Winter 2.03 0.06   Barcelona Winter Tarragona Winter 1.28 0.22 
L’Escala Winter Tarragona Winter 2.96 0.01*   L’Escala Winter Tarragona Winter 10.02 0.00** 
Barcelona Spring L’Escala Spring 1.97 0.07   Barcelona Spring L’Escala Spring 1.69 0.11 
Barcelona Spring Tarragona Spring 1.54 0.15   Barcelona Spring Tarragona Spring 3.48 0.00** 
L’Escala Spring Tarragona Spring 0.67 0.50   L’Escala Spring Tarragona Spring 3.96 0.00** 
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Barcelona Summer 

vs 

Barcelona Autumn 0.48 0.65   Barcelona Summer 

vs 

Barcelona Autumn 1.09 0.29 
Barcelona Summer Barcelona Winter 0.81 0.43   Barcelona Summer Barcelona Winter 1.72 0.10 
Barcelona Summer Barcelona Spring 0.24 0.82   Barcelona Summer Barcelona Spring 0.97 0.34 
Barcelona Autumn Barcelona Winter 0.77 0.45   Barcelona Autumn Barcelona Winter 0.34 0.75 
Barcelona Autumn Barcelona Spring 0.13 0.90   Barcelona Autumn Barcelona Spring 2.04 0.06 
Barcelona Winter Barcelona Spring 0.45 0.66   Barcelona Winter Barcelona Spring 2.89 0.01* 
L’Escala Summer L’Escala Autumn 5.08 0.00*   L’Escala Summer L’Escala Autumn 0.54 0.60 
L’Escala Summer L’Escala Winter 0.93 0.38   L’Escala Summer L’Escala Winter 13.48 0.00** 
L’Escala Summer L’Escala Spring 0.83 0.43   L’Escala Summer L’Escala Spring 0.05 0.99 
L’Escala Autumn L’Escala Winter 2.52 0.03*   L’Escala Autumn L’Escala Winter 6.87 0.00** 
L’Escala Autumn L’Escala Spring 4.81 0.00**   L’Escala Autumn L’Escala Spring 0.20 0.87 
L’Escala Winter L’Escala Spring 1.46 0.17   L’Escala Winter L’Escala Spring 3.70 0.00** 

Tarragona Summer Tarragona Autumn 2.32 0.04*   Tarragona Summer Tarragona Autumn 1.02 0.33 
Tarragona Summer Tarragona Winter 4.16 0.00**   Tarragona Summer Tarragona Winter 4.10 0.00** 
Tarragona Summer Tarragona Spring 1.84 0.08   Tarragona Summer Tarragona Spring 3.01 0.01* 
Tarragona Autumn Tarragona Winter 1.26 0.23   Tarragona Autumn Tarragona Winter 2.07 0.05 
Tarragona Autumn Tarragona Spring 3.61 0.00**   Tarragona Autumn Tarragona Spring 3.09 0.00** 
Tarragona Winter Tarragona Spring 5.13 0.00**   Tarragona Winter Tarragona Spring 6.78 0.00** 
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Table S7. Summary of the significant GAMs tried for each species ((A) anchovy and (B) 
sardine) and body index (Kn, mean fat contentand GSI). %DV represents the percentage 
of explained deviance, R2 the proportion of the variance explained by the model and AIC, 
the Akaike Information Criterion. Models are ordered based on %DV, from higher to 
lower value for each index. Models marked in bold are the finals best-to-fit models 
selected for each specie sand index and presented in further detail in Table 1 of the 
manuscript. 

(A) 

ANCHOVY 
Body index modelled Variables inlcuded %DV R2 AIC 

Kn 

Salinity + Season + Area 62.1 0.592 -347.0540 
δ15N + Salinity + Season 61.5 0.589 -347.0532 

δ15N + lag-SST + lag-Salinity 55.7 0.545 -339.1565 
δ15N + lag-Chla+ lag-Salinity + Area 54.3 0.516 -328.9712 

δ15N + lag-Chla + lag-Salinity 51.4 0.493 -328.5278 
lag-SST + lag-Salinity 50.6 0.497 -328.922 

δ15N + Season 49.8 0.479 -322.9912 
lag-SST 49 0.477 -383.6934 

δ13C + Salinity 48.7 0.47 -321.1818 
lag-Chla + lag-Salinity 46.3 0.445 -316.3425 

Season 45.9 0.444 -316.686 
SST + Salinity 39.2 0.368 -300.8866 

lag-Chla 35.6 0.343 -298.3976 
Salinity 33.7 0.305 -292.4182 

lag-Salinity 25.7 0.238 -281.2169 
δ13C 25.6 0.244 -283.1906 
SST 18.6 0.178 -274.3964 
δ15N 12.3 0.115 -265.9656 
Chla 11.1 0.097 -263.0502 

     

Fat content 

δ13C + Salinity + Area 44.6 0.411 462.0855 
Salinity + Area 40.2 0.375 467.1887 

lag-Chla + lag-Salinity + Season + Area 40.1 0.351 474.9963 
SST + Salinity + Season 36.8 0.331 476.2923 

Chla + Salinity 33.3 0.309 477.6054 
lag-SST +lag-Salinity + Season 28.1 0.245 489.2002 

Salinity 27.3 0.26 483.6405 
lag-Chla+ lag-Salinity 26.3 0.241 487.8838 

Season + Area 24.4 0.209 494.1608 
lag-SST 23.5 0.218 490.4649 
lag-Chla 18.6 0.174 495.8318 
Season 16.5 0.142 501.4864 

SST 16.44 0.056 510.4765 
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Chla 12.5 0.110 504.6074 
lag-Salinity 11.3 0.0918 507.6075 

Area 7.72 0.0606 510.9033 
δ13C 3.56 0.027 513.0187 
δ15N 2.63 0.0176 515.0187 

     

GSI (log) 

δ15N + δ13C + SST + Season 74.4 0.72 187.7351 
δ15N + lag-Chla + lag-Salinity 71.1 0.692 195.3561 

SST + Season 69.1 0.676 199.6914 
δ13C + Salinity + Season + Area 68.0 0.654 210.6936 

Salinity + Season + Area 65.8 0.636 214.6195 
δ13C + Season + Area 63.8 0.614 221.3142 

lag-Chla + lag_Salinity 62.5 0.614 217.608 
Season + Area 59.7 0.578 229.6839 

δ15N + δ13C + Lag_SST + lag-Salinity 57.0 0.539 241.8543 
Season 53.2 0.519 242.5836 

lag-SST + lag-Salinity 46.4 0.452 256.6935 
lag-SST 43.6 0.42 263.462 

δ15N + δ13C + SST 37.2 0.336 282.061 
δ15N + δ13C + Chla 22.2 0.196 301.3012 

SST 16.6 0.159 303.817 
δ15N + δ13C 16.4 0.144 307.7141 
lag-Salinity 13.0 0.109 311.7682 

lag-Chla 11.1 0.431 260.638 
Chla 9.22 0.084 313.4407 

Salinity 5.35 0.049 318.1628 
Area 4.98 0.0325 320.3015 
δ15N 4.78 0.0392 318.8432 

 

(B) 

SARDINE 

Body index modelled Variables inlcuded %DV R2 AIC 

Kn 

lag-Chla + lag-Salinity + Area 57.8 0.553 -320.4741 
lag-Salinity + Season + Area 57.0 0.538 -315.7566 

lag-SST + lag-Salinity + Season 56.1 0.53 -319.9912 
Chla + Salinity + Season + Area 51.7 0.482 -302.2801 

δ13C + lag-Salinity 50.6 0.484 -305.4094 
lag-Chla+ lag-Salinity 50.0 0.483 -306.2248 
SST + Season + Area 49.1 0.463 -298.5042 

lag-Chla 47.6 0.462 -302.9164 
Season + Area 46.5 0.441 -295.9969 

lag-Salinity 44.2 0.427 -295.0622 
Season 43.6 0.421 -293.7842 
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lag-SST 34.7 0.336 -278.7611 
δ15N + SST + Salinity 30.2 0.261 -261.8054 
δ15N + Chla + Salinity 25.6 0.221 -257.1185 

SST + Salinity 23.9 0.207 -255.2884 
Chla + Salinity 18.9 0.168 -251.46 

SST 17.3 0.152 -249.2968 
δ13C 9.14 0.0764 -240.236 
Chla 8.47 0.0767 -241.1333 
Area 4.51 0.0284 -234.1794 

     

Fat content 

lag-SST + lag-Salinity + Season + Area 76.7 0.748 512.9123 
δ15N + δ13C + lag-Chla + Season 75.5 0.737 516.7588 

lag-Chla + Season + Area 74.4 0.726 522.4181 
δ15N + Chla + Salinity + Season + Area 73.9 0.712 529.7318 

Chla + Salinity+ Season + Area 71.6 0.692 536.0001 
 δ15N + SST + Salinity+ Area 71.6 0.695 512.9909? 

δ15N + Season + Area 69.6 0.68 538.189 
Season + Area 67.9 0.665 452.5769 

δ15N + δ13C + SST + Salinity 67.6 0.658 545.7729 
SST+ Salinity + Area 66.7 0.652 546.8688 

Season 60.0 0.589 564.3746 
SST 58.4 0.574 568.5653 

δ13C + Chla + Salinity 58.3 0.561 574.9084 
SST + Salinity 58.1 0.57 569.7293 
Chla + Salinity 53.2 0.516 584.5453 

δ15N + lag-Chla + lag-Salinity 48.6 0.455 600.7308 
Chla 47.1 0.463 594.7848 

lag-Chla+ lag-Salinity 43.6 0.412 608.053 
δ15N + dC + lag -SST + lag-Salinity 37.4 0.7338 623.3482 

lag-Salinity 29.2 0.268 632.8549 
lag-Chla 21.6 0.21 639.0599 

δ13C 20.7 0.193 642.3498 
lag-SST 12.9 0.107 655.0307 

lag-Salinity 9.42 0.0864 656.0057 
     

GSI(log) 

lag-Chla + Season + Area 67.1 0.65 208.5684 
lag-Salinity+ Season 65.9 0.641 210.7147 

δ15N + lag-Salinity + Season + Area 65.3 0.628 216.8076 
Chla + Season 64.3 0.627 214.3084 

δ15N + Season + Area 63.7 0.614 219.9807 
lag-Chla+ lag-Salinity 59.5 0.588 223.0428 

Season 59.5 0.584 225.1149 
δ15N + δ13C + lag-Salinity 56.2 0.537 241.0124 

lag-Chla 54.4 0.54 235.0737 
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SST+ Salinity + Area 52.5 0.496 251.4585 
lag-Salinity 46.6 0.452 257.4746 

SST + Salinity 45.1 0.427 264.4123 
Chla + Salinity 39.4 0.374 273.88324 

SST 29.4 0.276 289.9312 
lag-SST 28.2 0.274 288.896 

Chla 15.9 0.149 307.5482 
Salinity 8.12 0.066 318.7675 
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Supplementary materials - Chapter 2.4. 
Table S1. Species composition by Functional Group (FG) used to develop the three models of the 
Northwestern Mediterranean Sea. 
a denotes species that were only present in winter 
b denotes species that were only present in summer 
 

#FG Funtional group Species compositon 

1. Phytoplankton Phytoplankton 

2 Micro/Mesozooplankton Micro and mesozooplankton 

3 Suprabenthos Cirolana sppb., Isopodab, Phrosina spp. 

4 Gelatinous species Cnidariab, Hydrozoa, Nemertesia antennina, Nemertesia ramosab, Pelagia noctilucab, 
Plumularioidea, Pyrosoma atlanticua,Rhizostoma pulmob, Salpa maximaa 

5 Macrozooplankton Meganyctiphanes norvegicaa 

6 Prorifera/Ascidiacea/Cnid
arians Antoozoa/Bryozoa 

Bryozoaa, Reteporella sppb, Ascidia mentula, Ascidiacea, Botryllus spp. b, Corella 
parallelogrammab, Diazona violacea, Microcosmus spp a, Microcosmus vulgaris, Molgula 
spp., Phallusia mammillata, Polycarpa mamillarisb,Polycarpa spp.a, Porifera, Suberites 
domuncula, Actiniaria, Adamsia palliata, Alcyonium palmatum, Anthozoa, Aulactinia 
verrucosa, Calliactis parasitica, Caryophyllia smithiib, Cavernularia pusilla, Cnidaria, 
Epizoanthus spp., Eunicella sppb., Funiculina quadrangularis, Hormathia alba, 
Leptogorgiaa, Pennatula phospphoreaa, Pennatula rubraa, Pennatula spp.a, 
Pennatulacea/Pennatulidae, Pteroeides griseum, Veretillum cynomoriuma 

7 Worms Aphrodita aculeataa, Aphrodita spp. b, Echuira (spp1)b, Echuira (spp2)b, Hyalinoecia spp. b, 
Polychaetab, Pontobdella muricata, Sabellidab, Sipuncula, Sternasppis scutataa 

8 Gastropoda/Bivalvia 

Aporrhais pesppelecani, Aporrhais serresianus, Armina neapolitanaa, Armina tigrina, 
Berthella sppa, Bivetiella cancellatab, Bolinus brandaris, Calliostoma granulatum, 
Cerithium vulgatumb, Acanthodoris pilosab, Cadlinidaeb, Geitodoris pusaeb, Coralliophila 
sofiaeb, Cymbulia peronii, Diodora graecab, Doriopsilla areolatab, Doris pseudoargusb, 
Baptodoris cinnabarinab, Doris stictab, Doris spp. a, Epitonium clathrusb, Eusppira fusca, 
Felimare villafrancab, Galeodea echinophora, Galeodea rugosa, Galeodea spp. a, 
Gastropteron rubrum, Hadriania craticulatab, Hexaplex trunculusb, Kaloplocamus 
ramosusb, Lamellaria persppicuab, Monoplex corrugatusb, Muricidaea, Nudibranchiab, 
Opisthobranchia, Philine monterosatib, Philine quadripartitab,Pleurobranchaea meckeli, 
Scaphander lignarius, Tethys fimbriab, Trophonopsis muricatab, Turritella communisb, 
Turritella spp., Umbraculum umbraculumb, Xenophora crisppaa, Acanthocardia echinata, 
Acanthocardia paucicostatab, Acanthocardia spp. a, Aequipecten opercularisb, Anadara 
diluviia, Anadara gibbosab, Antalis dentalisb, Astarte fusca, Astarte sulcatab, Atrina 
fragilisa, Glossus humanus, Mimachlamys variab, Mytilus galloprovincialisb , Nucula 
nucleusb, Ostrea edulisb, Pecten jacobaeusb, Pectinidaea, Pteria hirundo, Scalpellum spp., 
Tellina spp. a, Thracia convexab, Venus casina, Venus nuxb, Venus verrucosaa 

9 Echinodermata 

Anseropoda placenta, Antedon mediterranea, Astropecten aranciacus, Astropecten 
bisppinosusb, Astropecten irregularis, Astropecten sppinulosusa, Brissopsis lyrifera, 
Cidaris cidarisa, Echinaster sepositus, Echinus melo, Echinus spp. a, Holothuria forskalib, 
Holothuria impatiensa, Holothuria mammataa, Holothuroideab, Leptometra celtica, 
Leptopentacta elongata, Leptopentacta tergestina, Leptopentacta spp. b, Luidia sarsiib, 
Ocnus planci, Ophiothrix quinquemaculatab, Ophiura ophiurab, Ophiura spp. b, Ophiurida, 
Phyllophorus urnab, Psammechinus microtuberculatusb, Sppatangus purpureus, Stichopus 
regalis, Tethyaster subinermibs, Astrosppartus mediterraneusa, Ova canaliferusb, 
Gracilechinus acutus 

10 Harbour crab Liocarcinus depurator 

11 Norway lobster Nephrops norvegicus 

12 Sppottail mantis squillid Squilla mantis 

13 Deep-water rose shrimp Parapenaeus longirostris 
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14 Other shrimp-like 
Crustaceans 

Alpheus glaber, Chlorotocus crassicornis, Eusergestes arcticus, Ligur ensiferusb, 
Melicertus kerathurusa, Pasiphaea sivado, Plesionika antigai, Plesionika edwardsii, 
Plesionika gigliolii, Plesionika heterocarpus, Processa canaliculata, Sergia robustab, 
Solenocera membranacea 

16 Horned octopus Eledone cirrhosa 

17 Broadtail shortfin squid Illex coindetii 

18 Squids Loligo forbesii, Loligo vulgaris 

19 Benthic Cephalopods 

Alloteuthis media, Alloteuthis subulata, Callistoctopus macropusb, Eledone moschata, 
Macrotritopus defilippib, Neorossia carolib, Octopus salutiia, Octopus vulgaris, Rossia 
macrosoma, Scaeurgus unicirrhus, Sepia elegans, Sepia officinalisa, Sepia orbignyana, 
Sepietta oweniana, Sepiola affinisb 

20 Benthopelagic 
Cephalopods Abralia veranyib, Todaropsis eblanae 

15 Other Crab-like/ Lobster-
like Crustaceans 

Aegaeon cataphractus, Aegaeon spp. b, Brachyura, Dardanus arrosor, Dromia personatab, 
Dromia spp. a, Ethusa mascaroneb, Geryon longipesa, Goneplax rhomboides, Inachus 
communissimusb, Inachus spp., Inachus thoracicusb, Macropipus tuberculatus, Macropodia 
longipes, Macropodia spp. b, Medoripe lanata, Monodaeus couchiib, Munida intermedia, 
Munida rutllanti, Munida spp. b, Munida tenuimanab, Paguridaeb, Paguristes eremitab, 
Paguristes spp. b, Pagurus alatus, Pagurus cuanensisb, Pagurus excavatus, Pagurus 
prideaux, Pagurus spp. a, Palinurus elephasa, Pilumnus villosissimusb, Pisa armatab, Pisidia 
longicornisa, Pisinaeb, Polycheles typhlopsa, Pontophilus sppinosus, Aegaeon lacazei, 
Scyllarus spp. b 

21 European conger Conger conger 

22 European hake Merluccius merluccius 

23 Stripped red mullet Mullus surmuletus 

24 Red mullet Mullus barbatus 

25 Poor cod Trisopterus minutus 

26 White anglerfish Lophius piscatorius 

27 Black anglerfish Lophius budegassa 

28 Blue whiting Micromesistius poutassou 

29 Horse mackerel Trachurus mediterraneus, Trachurus picturatus, Trachurus trachurus 

30 Mackerel Scomber coliasa, Scomber scombrus 

31 European anchovy Engraulis encrasicolus 

32 European sardine Sardina pilchardus 

33 Round sardinella Sardinella auritab 

34 European sppratt Spprattus spprattus 

35 Flatfish 

Arnoglossus imperialis, Arnoglossus laterna, Arnoglossus rueppelii, Arnoglossus thori, 
Citharus linguatula, Lepidorhombus boscii, Lepidorhombus whiffiagonis, Microchirus 
variegatus, Scophthalmus rhombusb, Solea senegalensisb, Solea solea, Symphurus 
nigrescens 

36 Demersal Fish-small 

Anthias anthias, Aphia minuta, Blennius ocellaris, Callionymus maculatus, Callionymus 
pusillusb, Callionymus reticulatusb, Callionymus rissob, Carapus acus, Chelidonichthys 
cuculus, Chelidonichthys lastovizab, Chelidonichthys lucerna, Chelidonichthys obscurus, 
Crystallogobius linearisb, Deltentosteus quadrimaculatus, Diplodus annularis, 
Gaidropsarus biscayensis, Gobiidaea, Gobius niger, Helicolenus dactylopterus, 
Lepidotrigla cavillone, Lesueurigobius friesii, Lesueurigobius sueriib, Ophidion barbatumb, 
Peristedion cataphractum, Scorpaena notata, Serranus cabrilla, Serranus hepatus, 
Synchiropus phaeton, Synodus saurusb, Trigla lyra, Scorpaena loppeia 

37 Demersal Fish-medium 

Apterichtus anguiformisb, Cepola macrophthalma, Chelon ramadab, Coelorinchus 
caelorhincus, Dentex dentexb, Dicentrarchus labraxa, Diplodus puntazzob, Diplodus 
sargusb, Diplodus vulgaris, Echelus myrus, Eutrigla gurnardus, Molva dypterygia, 
Pagellus acarne, Pagellus bogaraveo, Pagellus erythrinus, Pagrus pagrus, Phycis 
blennoides, Phycis phycisa, Pomadasys incisusb, Scorpaena elongata, Scorpaena porcus, 
Scorpaena scrofa, Spparus auratab, Sppondyliosoma cantharus, Trachinus araneusb, 
Trachinus draco, Umbrina canariensisb, Umbrina cirrosaa, Umbrina ronchusa, 
Uranoscopus scaber 
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38 Benthopelagic Fish 
Argentina spphyraena, Capros aper, Chlorophthalmus agassizia, Epigonus denticulatus, 
Gadiculus argenteus, Lepidopus caudatus, Macroramphosus scolopax, Sppicara sppa., 
Sppicara smaris, Sppicara maena, Zeus faber 

39 Mesopelagic Fish 
Argyropelecus hemigymnusa, Ceratoscopelus maderensis, Maurolicus muelleria, 
Myctophidaea, Notoscopelus bolinia, Notoscopelus elongatusb, Stomias boab, Vinciguerria 
poweriaeb 

40 Other pelagic Fish Boops boops, Spphyraena spphyraena 

41 Rays Raja asterias, Raja clavata, Raja polystigma 

42 Small-sppotted catshark Scyliorhinus canicula 

43 Blackmouth catshark Galeus melastomus 

44 Common eagle ray Myliobatis aquilab 

45 Marbled electric ray Torpedo marmoratab 

46 Atlantic Bonito Sarda sarda 

47 Large pelagic fish Xiphias gladius, Thunnus thynnus 

48 Loggerhead turtles Caretta caretta 

49 Gulls and terns Larus audouinii, Larus michahellis, Larus fuscus, Larus genei, Larus ridibundus, Sterna 
hirundo, Sterna sandvicensis 

50 Shearwaters Calonectris diomedea, Puffinus mauretanicus 

51 Dolphins Tursiops truncatus, Stenella coeruleoalba, Delphinus delphis 

52 Fin whales Balaenoptera physalus 

53 Detritus  

54 Discards  

Input data 

Biomass  

Most biomass estimates (as tonnes/km2) were obtained from two fishery independent 
experimental trawl surveys carried out in 2013 (ECOTRANS project CTM2011-26333, 
2012–20141, Spanish Government): winter (22 February-8 March) and summer (2–17 
July). The ECOTRANS surveys were performed following MEDITS trawling protocols 
(Bertrand et al., 2002) and a total of 82 hauls were conducted, 37 in winter and 45 in 
summer (Figure 1). Microplankton and mesozooplankton samples were also obtained 
from each station at approximately 100 m depth using a CalVET net (25 cm diameter, 
fitted with 53 µm meshes) and a WP2 (58 cm diameter, with 200 µm mesh size), 
respectively (see Barroeta et al., 2017 for more information on plankton data collection).  

For each winter and summer EwE model, data from the corresponding survey was used 
as input parameters, whereas for the annual model, averages of biomass were calculated 
by averaging, per species, the data from the two ECOTRANS surveys.  

Afterwards, data from the scientific surveys was corrected using a catchability factor (q) 
obtained from the literature or estimated from stock assessment data of our study area in 
2013 (Fraser et al., 2007; Fiorentino et al., 2013; STECF, 2021), as done in previous 
published models (Ricci et al., 2019). Species-specific q where used when available 
within each FG, otherwise species where classified based on species body shape and 
behaviour and a common catchability factor was used (i.e. roundfish, dogfish, flatfish and 
skate, following Fraser et al, 2007). For certain species, estimated q factors were 
calculated based on the data derived from independent stock assessment for the 
Geographical Sub-Areas (GSA) of the Northwestern Mediterranean Sea (GSA 06) 
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(STECF, 2021) (see sections below for more information on the catchabilities factors 
tested). 

For those species that were not captured during ECOTRANS survey, external data to 
calculate biomasses was used. This is the case for the functional groups: (47) Large 
pelagic fish, (48) Loggerhead turtle, (51) Dolphins and (52) Fin whales. Data was 
obtained from surveys and stock assessments of various sources, summarized in (Piroddi 
et al., 2015, 2017). These data were used for the three models as no seasonal data was 
available. Finally, for (49) Gulls and terns and (50) Shearwaters, biomass data came from 
a historical compilation (Coll, 2006), which provided some seasonal resolution. In the 
case of FG (3) Suprabenthos, (5) Macrozooplankton and (7) Worms, the biomass 
estimates from the ECOTRANS survey were very small and we did not consider them as 
a good representation of the ecosystem, therefore, data from a published model was used 
as input biomass for the annual model (Coll et al., 2006) and values were estimated for 
summer and winter models. 

Biomass data for FG (1) Phytoplankton was estimated from the Copernicus 
Mediterranean Sea biogeochemistry datasets MEDSEA_MULTIYEAR_BGC_006_008 
(med-ogs-pft-rean-m for Chl-a ( 
https://doi.org/10.25423/cmcc/medsea_multiyear_bgc_006_008_medbfm3) (Cossarini 
et al., 2021)). These products correspond to monthly data for the year 2013 and were 
downloaded per depth layers and then vertically integrated to account for the entire water 
column. Values of February 2013 were used for the winter model, values of July 2013 for 
the summer model and the average of both was used for the annual model (see Figure 1B 
of the manuscript for the monthly vertical profiles of Chl-a for this area and year). Net 
Primary Production (NPP) values to calculate productivity were extracted from Lazzari 
et. al, 2012, corresponding to the Western Mediterranean Sea, with monthly resolution 
and also vertically integrated (Lazzari et al., 2012). Moreover, biomass of detritus was 
estimated using Pauly et al., (1993) empirical equation (Pauly et al., 1993):  

 

where D is detritus biomass (in gC/m2), PP is primary production (gC/m2yr) and E is 
depth of the euphotic layer (i.e., averaged to 100 m). 

P/B, and Q/B values were mostly estimated by applying empirical equations using length-
weight relationship and growth data (Pauly, 1980; Pauly et al., 1990; Christensen and 
Pauly, 1992; Arce, 2006) see also Table S3 for more information on specific values and 
references used for theses estimations), otherwise were taken from published literature 
and corrected by temperature following Opitz (1996). For FGs with more than one 
species, parameter for the FGs were obtained by calculating the weighted averaged values 
of P/B and Q/B based on the percentages of biomass that each species represents in the 
group. When applying the empirical equations or when correcting following Opitz, the 
temperatures used for each modelled varied: For the winter model we used 12.56ºC, for 
the summer model we used 18.9ºC and for the annual model a 15.75 ºC value was used 

https://doi.org/10.25423/cmcc/medsea_multiyear_bgc_006_008_medbfm3
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(based on in situ values recorded during the ECOTRANS survey in 2013 of sea surface 
temperature and sea bottom temperature). 

Catchabilities 

Catchabilities (for fish species) 

We used catchability coefficients (sometimes also referred to “gear efficiencies 
estimates/factors”) to correct biomass estimates from ECOTRANS survey and have a 
better representation of the absolute biomass values (in tonnes/km2) for the input 
parameters of EwE. 

Catchability factors from different published sources were tested (Figure S1 (A)) and for 
this study we used method 3): 

1) From Walker et al., 2017 (Walker et al., 2017) 

2) From Fraser et al., 2007 (Fraser et al., 2007) 

3) Complementing Fraser et al., 2007 with Fiorentino et al., 2013 for pelagic species 
(Fiorentino et al., 2013); 

In all the cases, the catchability factor (or gear efficiency factor) was applied as follows: 

  

1) Values from Walker et al., 2017: In this work, gear efficiencies were estimated for 75 
species and seven habitat-based groups. For those species that match the species in our 
model, species-specific values were used. For the other cases, species were classified in 
one of the seven groups determined by Walker et al., 2017 (i.e. 1- predominantly buried 
in sediment; 2- on or near the seabed-anguilliform or fusiform; 3-predominantly on the 
seabed- flat; 4-predominantly close to the seabed, but not on it; 5- midwater species with 
some seabed association; 6- pelagic; and 7-predominantly on the seabed- lumpiform) and 
the group value was applied. As we did not have any stanza group, we did not consider 
individual size based catchabilities factors, instead, a mean value considering all sizes 
was calculated. In addition, as Walker et al., 2017 calculated catchabilities for different 
types of gears, some of these different coefficients were also tested (Otter trawl (OT), 
beam trawl and Grand Overture Vertical (GOV), one commercial gear and two survey 
gear, respectively). The gear that most resembles the gear in our sampling (and was also 
the one used by Fraser et al., 2007) is the GOV, which is also a demersal, non-commercial 
sampling gear. These results are presented in Figure S1 (B) but have not been included in 
Table S2, for simplicity. Moreover, for those species where species-specific values were 
available for another species of the same genus, the same values were used for them too 
(e. g. species-specific value of Mullus surmuletus was also used for Mullus barbatus). 
2) Values from Fraser et al., 2007: They present a method for estimating catchability 
coefficients for 1 cm size classes of fish species. We used the values and relationships 
provided in the paper to calculate a single mean catchability value per species (for all the 
species in their paper). Then, species were allocated in one of the four groups (1-
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roundfish, 2-flatfish, 3-dogfish and 4-skates/rays) presented by them and the mean group 
value was calculated. When available, species-specific coefficients were used, for the 
other cases, the group value was used instead. Moreover, for those species where species-
specific values were available for another species of the same genus, the same values 
were used for them, too (e. g. species-specific value of Mullus surmuletus was also used 
for Mullus barbatus). 

3) In this case, we complemented the values calculated from Fraser et al., 2007 with those 
from Fiorentino et al., 2013. The latter only for pelagic species. Fiorentino et al., 2013 
provide catchabilities factors (q) for sardine (Sardina pilchardus) and anchovy (Engraulis 
encrasicolus). They calculated these values by comparing estimates from MEDITS 
survey (bottom trawling) (Bertrand et al., 2002) with those from MEDIAS (MEDIAS, 
2008, 2022) (acoustic survey). We compared the corrected biomass estimates calculated 
using these coefficients, with the values of MEDIAS for the year 2013 for our study area 
(GSA06). The close similarities between both results proved the good fit of these 
coefficients. As no data was available for the other pelagic species, we calculated a mean 
value between the catchabilities factor of sardine and anchovy (sardine: q=0.01, anchovy: 
q= 0.016, mean value= 0.0135) and considered that an estimated q for correcting the other 
pelagic species in our model (i.e. Trachurus, mediterraneus, Trachurus picturatus, 
Trachurus trachurus, Scomber colias, Scomber scombrus, Sardinella aurita, Sprattus 
sprattus, Boops boops and Sphyraena sphyraena).  
Moreover, for two demersal commercial species q values were estimated based on stock 
assessment data for the year 2013 in our study area (STECF, 2021) (i.e., Merluccuis 
merluccius, q=0.077 and Mullus baratus q= 0.1784). 
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Figure S1. Biomass values for fish functional groups. Different colored lines represent 
the values of biomass calculated using the different catchabilities factors. (A) includes 
the catchabilities factors of Walker et al., 2017, Fraser et al., 2007, Fraser et al., 2007 with 
Fiorentino et al., 2013. (B) In addition to these values, it also contains those calculated 
with the factors of Walker et al., 2017 for other gears: beam trawl, otter trawl  
(OT) and grand overture vertical (GOV). 

Catchabilities (for invertebrate species) 

For invertebrates’ species we also used catchability coefficients (q) to correct biomass 
estimates from ECOTRANS survey and have a better representation of the absolute 
biomass values (in tonnes/km2) for the input parameters of EwE. 

Catchabilities values for Parapennaeus longirostris and Nephrops norvegicus were 
estimated from stock assessment data for our study area in 2013 (STECF, 2021). 
Catchabilities factors were estimated as follows: 
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We obtained q = 0.077 for Parapennaeus longirostris and q = 0.1 for Nephrops 
norvegicus. Considering the absence of species-specific information for the other 
crustacean species, these values were used as estimates for the other invertebrate’s 
crustacean’s species. The q value of red shrimp was applied to all the natantids-like 
crustacens and the q value of Norway lobster to the reptantid-like crustaceans. For the 
functional group “worms” a reptantid-like behaviour was assumed and thus, q = 0.1. 

For cephalopods a general catchability value of q = 0.2 was applied, based on Gascuel 
and co-authors (Gascuel et al., 2007). 

For those invertebrates with low to non-mobility (e.g. Prorifera, Ascidiacea, Cnidarians 
anthozoa, Bryozoan, Gastropoda and Bivalvia) data was not corrected for catchability as 
it was assumed that everything on the seafloor is captured by the net during the survey. 

For the invertebrates inhabiting predominantly the water column (e.g. gelatinous 
plankton) the biomass captured in the net was assumed to only represent a proportion of 
the entire water column (~1.88% as the mean vertical net opening was 2.18 and mean 
depth ~115.7m). Based on this, an estimated value for the entire water column was 
calculated (assuming even distribution throughout depths). 
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Table S2. Different catchability factors for each fish species. 

  Based on Walker et al., 2017 Based on Fraser et al., 2007 

Combination of Fraser 
et al., 2007 and 

Fiorentino et al 2013 for 
pelagic species 

FG Species  groups factor  groups factor factor 

21 Conger conger  on or near the seabed - anguilliform 
or fusiform 0.222  Roundfish 0.156 0.156 

22 Merluccius merluccius specie-specific value predominantly close to the seabed, but 
not on it 0.317 specie-specific value Roundfish 0.077 0.077 

23 Mullus surmuletus specie-specific value predominantly close to the seabed, but 
not on it 0.125 specie-specific value Roundfish 0.178 0.178 

24 Mullus barbatus specie-specific value predominantly close to the seabed, but 
not on it 0.125 specie-specific value 

for the same genus Roundfish 0.178 0.178 

25 Trisopterus minutus specie-specific value predominantly close to the seabed, but 
not on it 0.059  Roundfish 0.156 0.156 

26 Lophius piscatorius specie-specific value predominantly on the seabed - 
lumpiform. 0.079 specie-specific value Roundfish 0.124 0.124 

27 Lophius budegassa specie-specific value predominantly on the seabed - 
lumpiform. 0.551 specie-specific value 

for the same genus Roundfish 0.124 0.124 

28 Micromesistius 
poutassou specie-specific value midwater species with some seabed 

association 0.427  Roundfish 0.156 0.156 

29 Trachurus 
mediterraneus 

specie-specific value for the 
same genus pelagic 0.206  Roundfish 0.156 0.014 

29 Trachurus picturatus specie-specific value for the 
same genus pelagic 0.206  Roundfish 0.156 0.014 

29 Trachurus trachurus specie-specific value pelagic 0.206  Roundfish 0.156 0.014 

30 Scomber colias specie-specific value for the 
same genus pelagic 0.226  Roundfish 0.156 0.014 

30 Scomber scombrus specie-specific value pelagic 0.226  Roundfish 0.156 0.014 

31 Engraulis encrasicolus specie-specific value pelagic 0.241  Roundfish 0.156 0.016 

32 Sardina pilchardus  pelagic 0.229  Roundfish 0.156 0.011 

33 Sardinella aurita  pelagic 0.229  Roundfish 0.156 0.014 

34 Sprattus sprattus specie-specific value pelagic 0.21  Roundfish 0.156 0.014 

35 Arnoglossus imperialis specie-specific value for the 
same genus predominantly on the seabed - flat 0.007 specie-specific value 

for the same genus Flatfish 0.008 0.008 

35 Arnoglossus laterna specie-specific value predominantly on the seabed - flat 0.007 specie-specific value Flatfish 0.008 0.008 

35 Arnoglossus rueppelii specie-specific value for the 
same genus predominantly on the seabed - flat 0.007 specie-specific value 

for the same genus Flatfish 0.008 0.008 

35 Arnoglossus thori specie-specific value for the 
same genus predominantly on the seabed - flat 0.007 specie-specific value 

for the same genus Flatfish 0.008 0.008 

35 Citharus linguatula  predominantly on the seabed - flat 0.299  Flatfish 0.131 0.131 

35 Lepidorhombus boscii specie-specific value for the 
same genus predominantly on the seabed - flat 0.367 specie-specific value 

for the same genus Flatfish 0.064 0.064 

35 Lepidorhombus 
whiffiagonis specie-specific value predominantly on the seabed - flat 0.367 specie-specific value Flatfish 0.064 0.064 

35 Microchirus variegatus specie-specific value predominantly on the seabed - flat 0.002 specie-specific value Flatfish 0.050 0.050 

35 Scophthalmus rhombus specie-specific value predominantly on the seabed - flat 0.071 specie-specific value Flatfish 0.077 0.077 

35 Solea senegalensis specie-specific value for the 
same genus predominantly buried in sediment 0.01  Flatfish 0.131 0.131 

35 Solea solea specie-specific value predominantly buried in sediment 0.01  Flatfish 0.131 0.131 

35 Symphurus nigrescens  predominantly buried in sediment 0.019  Flatfish 0.131 0.131 
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36 Anthias anthias  predominantly close to the seabed, but 
not on it 0.397  Roundfish 0.156 0.156 

36 Aphia minuta  pelagic 0.229  Roundfish 0.156 0.156 

36 Blennius ocellaris  predominantly on the seabed - 
lumpiform. 0.306  Roundfish 0.156 0.156 

36 Callionymus maculatus specie-specific value for the 
same genus 

predominantly on the seabed - 
lumpiform. 0.002 specie-specific value Roundfish 0.094 0.094 

36 Callionymus pusillus specie-specific value for the 
same genus 

predominantly on the seabed - 
lumpiform. 0.002 specie-specific value 

for the same genus Roundfish 0.094 0.094 

36 Callionymus reticulatus specie-specific value predominantly on the seabed - 
lumpiform. 0.002 specie-specific value Roundfish 0.033 0.033 

36 Callionymus risso  predominantly on the seabed - 
lumpiform. 0.306  Roundfish 0.156 0.156 

36 Carapus acus  on or near the seabed - anguilliform 
or fusiform 0.222  Roundfish 0.156 0.156 

36 Chelidonichthys 
cuculus specie-specific value predominantly on the seabed - 

lumpiform. 0.032 specie-specific value 
for the same genus Roundfish 0.159 0.159 

36 Chelidonichthys lastoviza specie-specific value for the 
same genus 

predominantly on the seabed - 
lumpiform. 0.198 specie-specific value 

for the same genus Roundfish 0.159 0.159 

36 Chelidonichthys 
lucerna specie-specific value predominantly on the seabed - 

lumpiform. 0.198 specie-specific value Roundfish 0.159 0.159 

36 Chelidonichthys 
obscurus 

specie-specific value for the 
same genus 

predominantly on the seabed - 
lumpiform. 0.198 specie-specific value 

for the same genus Roundfish 0.159 0.159 

36 Crystallogobius linearis  pelagic 0.229  Roundfish 0.156 0.156 

36 Deltentosteus 
quadrimaculatus  predominantly on the seabed - 

lumpiform. 0.306  Roundfish 0.156 0.156 

36 Diplodus annularis  predominantly close to the seabed, but 
not on it 0.397  Roundfish 0.156 0.156 

36 Gaidropsarus 
biscayensis  predominantly close to the seabed, but 

not on it 0.397  Roundfish 0.156 0.156 

36 Gobiidae  predominantly on the seabed - 
lumpiform. 0.306  Roundfish 0.156 0.156 

36 Gobius niger specie-specific value predominantly on the seabed - 
lumpiform. 0  Roundfish 0.156 0.156 

36 Helicolenus 
dactylopterus specie-specific value predominantly on the seabed - 

lumpiform. 0.623  Roundfish 0.156 0.156 

36 Lepidotrigla cavillone  predominantly on the seabed - 
lumpiform. 0.306  Roundfish 0.156 0.156 

36 Lesueurigobius friesii  predominantly buried in sediment 0.019  Roundfish 0.156 0.156 

36 Lesueurigobius suerii  predominantly buried in sediment 0.019  Roundfish 0.156 0.156 

36 Ophidion barbatum  on or near the seabed - anguilliform 
or fusiform 0.222  Roundfish 0.156 0.156 

36 Peristedion 
cataphractum  predominantly on the seabed - 

lumpiform. 0.306  Roundfish 0.156 0.156 

36 Scorpaena notata  predominantly on the seabed - 
lumpiform. 0.306  Roundfish 0.156 0.156 

36 Serranus cabrilla  predominantly close to the seabed, but 
not on it 0.397  Roundfish 0.156 0.156 

36 Serranus hepatus  predominantly close to the seabed, but 
not on it 0.397  Roundfish 0.156 0.156 

36 Synchiropus phaeton  predominantly on the seabed - 
lumpiform. 0.306  Roundfish 0.156 0.156 

36 Synodus saurus  predominantly on the seabed - 
lumpiform. 0.306  Roundfish 0.156 0.156 

36 Trigla lyra  predominantly on the seabed - 
lumpiform. 0.306  Roundfish 0.156 0.156 

36 Scorpaena loppei  predominantly on the seabed - 
lumpiform. 0.306  Roundfish 0.156 0.156 

37 Apterichtus anguiformis  on or near the seabed - anguilliform 
or fusiform 0.222  Roundfish 0.156 0.156 
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37 Cepola macrophthalma  on or near the seabed - anguilliform 
or fusiform 0.222  Roundfish 0.156 0.156 

37 Chelon ramada  pelagic 0.229  Roundfish 0.156 0.156 

37 Coelorinchus 
caelorhincus  predominantly close to the seabed, but 

not on it 0.397  Roundfish 0.156 0.156 

37 Dentex dentex  predominantly close to the seabed, but 
not on it 0.397  Roundfish 0.156 0.156 

37 Dicentrarchus labrax  midwater species with some seabed 
association 0.255  Roundfish 0.156 0.156 

37 Diplodus puntazzo  predominantly close to the seabed, but 
not on it 0.397  Roundfish 0.156 0.156 

37 Diplodus sargus  predominantly close to the seabed, but 
not on it 0.397  Roundfish 0.156 0.156 

37 Diplodus vulgaris  predominantly close to the seabed, but 
not on it 0.397  Roundfish 0.156 0.156 

37 Echelus myrus  on or near the seabed - anguilliform 
or fusiform 0.222  Roundfish 0.156 0.156 

37 Eutrigla gurnardus specie-specific value predominantly on the seabed - 
lumpiform. 0.625 specie-specific value Roundfish 0.091 0.091 

37 Molva dypterygia  on or near the seabed - anguilliform 
or fusiform 0.222  Roundfish 0.156 0.156 

37 Pagellus acarne  predominantly close to the seabed, but 
not on it 0.397  Roundfish 0.156 0.156 

37 Pagellus bogaraveo  predominantly close to the seabed, but 
not on it 0.397  Roundfish 0.156 0.156 

37 Pagellus erythrinus  predominantly close to the seabed, but 
not on it 0.397  Roundfish 0.156 0.156 

37 Pagrus pagrus  predominantly close to the seabed, but 
not on it 0.397  Roundfish 0.156 0.156 

37 Phycis blennoides  predominantly on the seabed - 
lumpiform. 0.306  Roundfish 0.156 0.156 

37 Phycis phycis  predominantly on the seabed - 
lumpiform. 0.306  Roundfish 0.156 0.156 

37 Pomadasys incisus  predominantly close to the seabed, but 
not on it 0.397  Roundfish 0.156 0.156 

37 Scorpaena elongata  predominantly on the seabed - 
lumpiform. 0.306  Roundfish 0.156 0.156 

37 Scorpaena porcus  predominantly on the seabed - 
lumpiform. 0.306  Roundfish 0.156 0.156 

37 Scorpaena scrofa  predominantly on the seabed - 
lumpiform. 0.306  Roundfish 0.156 0.156 

37 Sparus aurata  predominantly close to the seabed, but 
not on it 0.397  Roundfish 0.156 0.156 

37 Spondyliosoma 
cantharus  predominantly close to the seabed, but 

not on it 0.397  Roundfish 0.156 0.156 

37 Trachinus araneus specie-specific value for the 
same genus predominantly buried in sediment 0.376  Roundfish 0.156 0.156 

37 Trachinus draco specie-specific value predominantly buried in sediment 0.376  Roundfish 0.156 0.156 

37 Umbrina canariensis  predominantly close to the seabed, but 
not on it 0.397  Roundfish 0.156 0.156 

37 Umbrina cirrosa  predominantly close to the seabed, but 
not on it 0.397  Roundfish 0.156 0.156 

37 Umbrina ronchus  predominantly close to the seabed, but 
not on it 0.397  Roundfish 0.156 0.156 

37 Uranoscopus scaber  predominantly on the seabed - 
lumpiform. 0.306  Roundfish 0.156 0.156 

38 Argentina sphyraena  midwater species with some seabed 
association 0.255  Roundfish 0.156 0.156 

38 Capros aper  midwater species with some seabed 
association 0.255  Roundfish 0.156 0.156 

38 Chlorophthalmus 
agassizi  midwater species with some seabed 

association 0.255  Roundfish 0.156 0.156 
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38 Epigonus denticulatus  midwater species with some seabed 
association 0.255  Roundfish 0.156 0.156 

38 Gadiculus argenteus specie-specific value midwater species with some seabed 
association 0.254  Roundfish 0.156 0.156 

38 Lepidopus caudatus  on or near the seabed - anguilliform 
or fusiform 0.222  Roundfish 0.156 0.156 

38 Macroramphosus 
scolopax  midwater species with some seabed 

association 0.255  Roundfish 0.156 0.156 

38 Spicara spp.  midwater species with some seabed 
association 0.255  Roundfish 0.156 0.156 

38 Spicara smaris  midwater species with some seabed 
association 0.255  Roundfish 0.156 0.156 

38 Spicara maena  midwater species with some seabed 
association 0.255  Roundfish 0.156 0.156 

38 Zeus faber specie-specific value predominantly close to the seabed, but 
not on it 0.397  Roundfish 0.156 0.156 

39 Argyropelecus 
hemigymnus  pelagic 0.229  Roundfish 0.156 0.156 

39 Ceratoscopelus 
maderensis  pelagic 0.229  Roundfish 0.156 0.156 

39 Maurolicus muelleri  pelagic 0.229  Roundfish 0.156 0.156 

39 Myctophidae  pelagic 0.229  Roundfish 0.156 0.156 

39 Notoscopelus bolini  pelagic 0.229  Roundfish 0.156 0.156 

39 Notoscopelus elongatus  pelagic 0.229  Roundfish 0.156 0.156 

39 Stomias boa  pelagic 0.229  Roundfish 0.156 0.156 

39 Vinciguerria poweriae  pelagic 0.229  Roundfish 0.156 0.156 

40 Boops boops  pelagic 0.229  Roundfish 0.156 0.014 

40 Sphyraena sphyraena  pelagic 0.229  Roundfish 0.156 0.014 

41 Raja asterias specie-specific value for the 
same genus predominantly on the seabed - flat 0.501  Skate 0.090 0.090 

41 Raja clavata specie-specific value predominantly on the seabed - flat 0.501  Skate 0.090 0.090 

41 Raja polystigma specie-specific value for the 
same genus predominantly on the seabed - flat 0.501  Skate 0.090 0.090 

42 Scyliorhinus canicula specie-specific value predominantly on the seabed - 
lumpiform. 0.705 specie-specific value Dogfish 0.225 0.225 

43 Galeus melastomus  predominantly on the seabed - 
lumpiform. 0.306  Dogfish 0.225 0.225 

44 Myliobatis aquila  midwater species with some seabed 
association 0.255  Skate 0.090 0.090 

44 Torpedo marmorata  predominantly on the seabed - flat 0.299  Skate 0.090 0.090 

 

 

 

 

 



Supplementary materials Chapter 2.4. 

263 

Table S3. Main equations and references used to estimate basic input parameters of the three ecosystem models of the Northwestern Mediterranean Sea. 
Biomass (t·km-2); P/B = production/biomass (year-1); Q/B = consumption/biomass (year-1); P/Q = production/consumption ratio. 

#FG Functional group  Annual Summer Winter Sources and References 
       

1 Phytoplankton Biomass 7.01197 6.23249 7.79144 Chla from Copernicus (MEDSEA_MULTIYEAR_BGC_006_008) 
  P/B 204.96171 175.69214 234.23129 (Lazzari et al., 2012) 
       

2 Micro/Mesozooplankton Biomass 19.10972 12.01890 26.20054 Biomass estimates from the ECOTRANS surveys (Barroeta et al., 2017) 
  P/B 45.82624 51.23669 39.89793 Corrales et al., 2015 corrected following Opitz, 1996 
  Q/B 132.77534 148.45139 115.59886 Corrales et al., 2015 corrected following Opitz, 1996 
       

3 Suprabenthos Biomass 0.61600 0.42007 0.02790 García-Rodríguez et al., 2021 / Corrales et al., 2015 
  P/B 8.64874 9.66985 7.52990 Corrales et al., 2015 corrected following Opitz, 1996 
  Q/B 57.27730 64.03971 49.86762 Corrales et al., 2015 corrected following Opitz, 1996 
       

4 Gelatinous species Biomass 0.24820 0.40780 0.08580 Biomass estimates from the ECOTRANS surveys 
  P/B 14.91276 16.67342 12.98357 Corrales et al., 2015 corrected following Opitz, 1996 
  Q/B 54.26618 60.67308 47.24603 Corrales et al., 2015 corrected following Opitz, 1996 
       

5 Macrozooplankton Biomass 0.62000 0.54000 0.62000 Corrales et al., 2015/ Coll et al., 2006 
  P/B 21.93505 24.52480 19.09742 Corrales et al., 2015 corrected following Opitz, 1996 
  Q/B 54.74861 61.21248 47.66606 Corrales et al., 2015 corrected following Opitz, 1996 
       

6 Prorifera/Ascidiacea/Cnidarians 
Antoozoa/Bryozoa Biomass 0.11153 0.20988 0.01325 Biomass estimates from the ECOTRANS surveys 

  P/B 1.15767 1.29434 1.00790 Garcia-Rodríguez et al., 2021 corrected following Opitz, 1996 
  Q/B 4.45256 4.97825 3.87655 Garcia-Rodríguez et al., 2021 corrected following Opitz, 1996 
       

7 Worms Biomass 12.01000 15.45293 0.06729 Corrales et al., 2015/ Coll et al., 2006 
  P/B 2.97816 3.32977 2.59289 Corrales et al., 2015 corrected following Opitz, 1996 
  Q/B 22.14385 24.75825 19.27921 Corrales et al., 2015 corrected following Opitz, 1996 
       

8 Gastropoda/Bivalvia Biomass 0.02219 0.03501 0.00937 Biomass estimates from the ECOTRANS surveys 
  P/B 1.09895 1.22870 0.95678 Corrales et al., 2015 corrected following Opitz, 1996 
  Q/B 4.49800 5.02906 3.91612 Corrales et al., 2015 corrected following Opitz, 1996 
       

9 Echinodermata Biomass 0.11578 0.14693 0.08463 Biomass estimates from the ECOTRANS surveys 
  P/B 0.26715 0.29869 0.23259 Garcia-Rodríguez et al., 2021 corrected following Opitz, 1996 
  Q/B 3.06113 3.42255 2.66513 Garcia-Rodríguez et al., 2021 corrected following Opitz, 1996 
       

10 Harbour crab Biomass 0.03275 0.04723 0.01828 Biomass estimates from the ECOTRANS surveys 
  P/B 3.45620 3.27867 3.91479 Empirical equation Arce 2006 
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  Q/B 9.88211 11.25588 8.65099 Empirical equation from Pauly, 1990 
       

11 Norway lobster Biomass 0.01060 0.01743 0.00378 Biomass estimates from the ECOTRANS surveys 
  P/B 2.48334 1.64564 6.34825 Empirical equation from Arce, 2006 
  Q/B 7.69720 8.76723 6.73827 Empirical equation from Pauly, 1990 
       

12 Spottail mantis squillid Biomass 0.03453 0.00222 0.06684 Biomass estimates from the ECOTRANS surveys 
  P/B 3.77358 31.10358 2.86413 Empirical equation from Arce, 2006 
  Q/B 4.38366 4.99306 3.83754 Empirical equation from Pauly, 1990 
       

13 Deep-water rose shrimp Biomass 0.00576 0.00367 0.00784 Biomass estimates from the ECOTRANS surveys 
  P/B 1.02358 1.23656 0.92393 Empirical equation from Arce, 2006 
  Q/B 10.77215 12.26965 9.43015 Empirical equation from Pauly, 1990 
       

14 Other Shrimp-like Crustaceans Biomass 0.02345 0.02116 0.02575 Biomass estimates from the ECOTRANS surveys 
  P/B 1.50705 1.06290 1.52985 Empirical equation from Arce, 2006 
  Q/B 13.83062 15.77563 12.08616 Empirical equation from Pauly, 1990 
       

15 Other Crab-like/ Lobster-like 
Crustaceans Biomass 0.03925 0.05812 0.02038 Biomass estimates from the ECOTRANS surveys 

  P/B 2.12097 2.37139 1.84659 Corrales et al., 2015 corrected following Opitz, 1996 
  Q/B 7.76673 8.68370 6.76198 Corrales et al., 2015 corrected following Opitz, 1996 
       

16 Horned octopus Biomass 0.12259 0.09208 0.15310 Biomass estimates from the ECOTRANS surveys 
  P/B 1.83491 2.22918 1.59780 Empirical equation from Arce, 2006 
  Q/B 5.78606 6.59041 5.06522 Empirical equation from Pauly, 1990 
       

17 Broadtail shortfin squid Biomass 0.16174 0.24051 0.08298 Biomass estimates from the ECOTRANS surveys 
  P/B 0.73111 0.62076 1.05096 Empirical equation from Arce, 2006 
  Q/B 6.82479 7.77354 5.97455 Empirical equation from Pauly, 1990 
       

18 Squids Biomass 0.00328 0.00155 0.00500 Biomass estimates from the ECOTRANS surveys 
  P/B 5.76891 10.09899 4.42327 Empirical equation from Arce, 2006 
  Q/B 7.30701 8.46346 6.36310 Empirical equation from Pauly, 1990 
       

19 Benthic Cephalopods Biomass 0.11525 0.13956 0.09093 Biomass estimates from the ECOTRANS surveys 
  P/B 1.58968 1.33267 1.70572 Empirical equation from Arce, 2006 
  Q/B 5.55940 6.27018 4.94001 Empirical equation from Pauly, 1990 
       

20 Benthopelagic Cephalopods Biomass 0.00238 0.00282 0.00193 Biomass estimates from the ECOTRANS surveys 
  P/B 3.56205 3.98260 3.10124 Garcia-Rodríguez et al., 2021 corrected following Opitz, 1996 
  Q/B 10.12957 11.32551 8.81916 Garcia-Rodríguez et al., 2021 corrected following Opitz, 1996 
       

21 European conger Biomass 0.02603 0.04440 0.00767 Biomass estimates from the ECOTRANS surveys 
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   P/B 0.84095 0.58855 2.38145 Z=F+M; M= empirical equation from Pauly, 1980 
   Q/B 3.03938 3.46190 2.66073 Empirical equation from Pauly, 1990 
        

22 European hake Biomass 0.27983 0.40369 0.15597 Biomass estimates from the ECOTRANS surveys 
  P/B 0.82947 0.70186 1.20170 Z=F+M; M= empirical equation from Pauly, 1980 
  Q/B 5.02518 5.72376 4.39914 Empirical equation from Pauly, 1990 
       

23 Stripped red mullet Biomass 0.03006 0.05343 0.00669 Biomass estimates from the ECOTRANS surveys 
  P/B 0.80079 0.65617 2.19500 Z=F+M; M= empirical equation from Pauly, 1980 
  Q/B 6.83845 7.78910 5.98650 Empirical equation from Pauly, 1990 
       

24 Red mullet Biomass 0.08648 0.07920 0.09376 Biomass estimates from the ECOTRANS surveys 
  P/B 1.25111 1.36413 1.14045 Z=F+M; M= empirical equation from Pauly, 1980 
  Q/B 6.72615 7.66120 5.88820 Empirical equation from Pauly, 1990 
       

25 Poor cod Biomass 0.18808 0.26178 0.11439 Biomass estimates from the ECOTRANS surveys 
   P/B 0.99156 0.81039 0.71561 Z=F+M; M= empirical equation from Pauly, 1980 
   Q/B 6.99480 7.96719 6.12338 Empirical equation from Pauly, 1990 
        

26 White anglerfish Biomass 0.35687 0.62722 0.08651 Biomass estimates from the ECOTRANS surveys 
   P/B 0.26756 0.25211 0.48428 Z=F+M; M= empirical equation from Pauly, 1980 
   Q/B 3.28861 3.74578 2.87891 Empirical equation from Pauly, 1990 
        

27 Black anglerfish Biomass 0.24611 0.26685 0.22537 Biomass estimates from the ECOTRANS surveys 
   P/B 0.35927 0.37797 0.33885 Z=F+M; M= empirical equation from Pauly, 1980 
   Q/B 4.12426 4.69760 3.61046 Empirical equation from Pauly, 1990 
        

28 Blue whiting Biomass 0.25777 0.46338 0.05217 Biomass estimates from the ECOTRANS surveys 
   P/B 1.09795 1.15961 1.26108 Z=F+M; M= empirical equation from Pauly, 1980 
   Q/B 7.39284 8.42056 6.47183 Empirical equation from Pauly, 1990 
        

29 Horse Mackerel Biomass 1.88501 2.34468 1.42534 Biomass estimates from the ECOTRANS surveys 
   P/B 0.50420 0.53569 0.47366 Z=F+M; M= empirical equation from Pauly, 1980 
   Q/B 4.94873 5.67133 4.68892 Empirical equation from Pauly, 1990 
        

30 Mackerel Biomass 0.43643 0.49183 0.38104 Biomass estimates from the ECOTRANS surveys 
   P/B 0.72015 0.92227 0.50320 Z=F+M; M= empirical equation from Pauly, 1980 
   Q/B 6.52230 7.65178 5.48873 Empirical equation from Pauly, 1990 
        

31 European anchovy Biomass 0.94491 1.50729 0.38253 Biomass estimates from the ECOTRANS surveys 
   P/B 1.84217 1.63849 2.90741 Z=F+M; M= empirical equation from Pauly, 1980 
   Q/B 13.63411 15.52947 11.93556 Empirical equation from Pauly, 1990 
        

32 European Sardine Biomass 1.27259 2.36134 0.18384 Biomass estimates from the ECOTRANS surveys 
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   P/B 1.02582 0.97677 2.45874 Z=F+M; M= empirical equation from Pauly, 1980 
   Q/B 11.86843 13.51833 10.38985 Empirical equation from Pauly, 1990 
        

33 Round sardinella Biomass 0.12963 0.25926 - Biomass estimates from the ECOTRANS surveys 
   P/B 0.74872 0.74353 0.65186 Z=F+M; M= empirical equation from Pauly, 1980 
   Q/B 10.99026 12.51808 9.56850 Empirical equation from Pauly, 1990 
        

34 European Spratt Biomass 0.12428 0.24283 0.00573 Biomass estimates from the ECOTRANS surveys 
   P/B 1.02393 1.11486 0.92253 Z=F+M; M= empirical equation from Pauly, 1980 
   Q/B 12.84214 14.62740 11.24225 Empirical equation from Pauly, 1990 
        

35 Flatfish Biomass 0.37429 0.61406 0.13453 Biomass estimates from the ECOTRANS surveys 
   P/B 1.23200 1.28266 1.15916 Z=F+M; M= empirical equation from Pauly, 1980 
   Q/B 10.66915 11.54270 8.68881 Empirical equation from Pauly, 1990 
        

36 Demersal Fish-small Biomass 0.19016 0.29193 0.08840 Biomass estimates from the ECOTRANS surveys 
   P/B 0.81012 0.85764 0.87705 Z=F+M; M= empirical equation from Pauly, 1980 
   Q/B 7.96221 9.04130 7.04081 Empirical equation from Pauly, 1990 
        

37 Demersal Fish-medium Biomass 0.33624 0.82350 0.21281 Biomass estimates from the ECOTRANS surveys 
   P/B 0.68697 0.36574 0.75231 Z=F+M; M= empirical equation from Pauly, 1980 
   Q/B 6.53545 4.29222 5.20071 Empirical equation from Pauly, 1990 
        

38 Benthopelagic Fish Biomass 0.26878 0.36384 0.17372 Biomass estimates from the ECOTRANS surveys 
   P/B 0.63546 0.67792 0.59671 Z=F+M; M= empirical equation from Pauly, 1980 
   Q/B 8.52085 9.47702 7.82691 Empirical equation from Pauly, 1990 
        

39 Mesopelagic Fish Biomass 0.00013 0.00013 0.00013 Biomass estimates from the ECOTRANS surveys 
   P/B 1.12905 1.50073 0.79870 Z=F+M; M= empirical equation from Pauly, 1980 
   Q/B 11.66766 12.62015 10.71476 Empirical equation from Pauly, 1990 
        

40 Other pelagic Fish Biomass 0.18833 0.20063 0.17603 Biomass estimates from the ECOTRANS surveys 
   P/B 0.47036 0.47927 0.42659 Z=F+M; M= empirical equation from Pauly, 1980 
   Q/B 7.50453 7.93375 7.10749 Empirical equation from Pauly, 1990 
        
        

41 Rays Biomass 0.09228 0.14867 0.03588 Biomass estimates from the ECOTRANS surveys 
  P/B 0.51925 0.55296 0.51398 Z=F+M; M= empirical equation from Pauly, 1980 
  Q/B 4.79200 5.45815 4.19504 Empirical equation from Pauly, 1990 
       

42 Small-spotted catshark Biomass 0.08724 0.10717 0.06730 Biomass estimates from the ECOTRANS surveys 
  P/B 0.37303 0.40449 0.33849 Z=F+M; M= empirical equation from Pauly, 1980 
  Q/B 6.14512 6.99938 5.37955 Empirical equation from Pauly, 1990 
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43 Blackmouth catshark Biomass 0.00376 0.00175 0.00577 Biomass estimates from the ECOTRANS surveys 
   P/B 0.89548 1.55642 0.66986 Z=F+M; M= empirical equation from Pauly, 1980 
  Q/B 7.76158 8.84057 6.79464 Empirical equation from Pauly, 1990 
       

44 Common eagle ray Biomass 0.04369 0.08738  Biomass estimates from the ECOTRANS surveys 
  P/B 0.26051 0.28195 0.22681 Z=F+M; M= empirical equation from Pauly, 1980 
  Q/B 2.82883 3.22208 3.69980 Empirical equation from Pauly, 1990 
       

45 Marbled electric ray Biomass 0.00955 0.01911  Biomass estimates from the ECOTRANS surveys 
  P/B 0.38039 0.41289 0.33118 Z=F+M; M= empirical equation from Pauly, 1980 
  Q/B 4.24954 4.84030 3.69980 Empirical equation from Pauly, 1990 
       

46 Atlantic Bonito Biomass      
  P/B 0.37554 0.41988 0.32696 Coll et al., 2006 corrected following Opitz, 1996 
  Q/B 4.68141 5.23412 4.07580 Coll et al., 2006 corrected following Opitz, 1996 
       

47 Large pelagic fish Biomass 0.00528 0.00528 0.00528 Piroddi et al., 2015, 2017 
  P/B 0.45915 0.51336 0.39975 Coll et al., 2006 corrected following Opitz, 1996 
  Q/B 1.74824 1.95465 1.52208 Coll et al., 2006 corrected following Opitz, 1996 
       

48 Loggerhead turtles Biomass 0.00262 0.00262 0.00262 Piroddi et al., 2015, 2017 
  P/B 0.16439 0.18380 0.14312 Coll et al., 2006 corrected following Opitz, 1996 
  Q/B 2.72988 3.05219 2.37673 Coll et al., 2006 corrected following Opitz, 1996 
       

49 Gulls and terns Biomass 0.00194 0.00429 0.00216 Coll 2006 
  P/B 4.90304 5.48192 4.26876 Coll et al., 2006 corrected following Opitz, 1996 
  Q/B 78.67224 87.96064 68.49481 Coll et al., 2006 corrected following Opitz, 1996 
       

50 Shearwaters Biomass 0.00006 0.00014 0.00007 Coll 2006  
  P/B 4.90304 5.48192 4.26876 Coll et al., 2006 corrected following Opitz, 1996 
  Q/B 78.67224 87.96064 68.49481 Coll et al., 2006 corrected following Opitz, 1996 
       

51 Dolphins Biomass 0.00445 0.00445 0.00445 Piroddi et al., 2015, 2017 
  P/B 0.07970 0.08911 0.06939 Coll et al., 2006 corrected following Opitz, 1996 
  Q/B 14.49633 16.20783 12.62101 Coll et al., 2006 corrected following Opitz, 1996 
       

52 Fin whales Biomass 0.00385 0.00385 0.00385 Piroddi et al., 2015, 2017 
  P/B 0.04084 0.04566 0.03556 Coll et al., 2006 corrected following Opitz, 1996 
  Q/B 4.42155 4.94358 3.84956 Coll et al., 2006 corrected following Opitz, 1996 
       

53 Detritus Biomass 24.03215 18.26422 29.73341 From the empirical equation of Pauly et al., 1993 
       
       

54 Discards Biomass 0.36157 0.36157 0.36157  
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Table S4. Landings (t·km-2·year-1) by functional group and fleet of the three ecosystem models of the Northwestern Mediterranean Sea. 

#FG Functional groups Trawling Artisanal Purse Seiner Longlines Total 

1 Phytoplankton      

2 Micro/Mesozooplankton      

3 Suprabenthos      

4 Gelatinous species      

5 Macrozooplankton      

6 Prorifera/Ascidiacea/Cnidarians/Bryozoa      

7 Worms      

8 Gastropoda/Bivalvia 0.0065 0.0066 0.0000 0.0004 0.0134 

9 Echinodermata 0.0001 0.0000 0.0000 0.0000 0.0001 

10 Harbour crab 0.0157 0.0000 0.0000 0.0000 0.0157 

11 Norway lobster 0.0187 0.0000 0.0000 0.0000 0.0187 

12 Spottail mantis squillid 0.0503 0.0033 0.0000 0.0001 0.0537 

13 Deep-water rose shrimp 0.0018 0.0000 0.0000 0.0000 0.0018 

14 Other Crustaceas Shrimp-like 0.0061 0.0038 0.0000 0.0003 0.0101 

15 Other Curstaceans-Crab-like 0.0004 0.0002 0.0000 0.0000 0.0006 

16 Horned octopus 0.1203 0.0001 0.0000 0.0001 0.1205 

17 Broadtail shortfin squid 0.0446 0.0001 0.0004 0.0000 0.0451 

18 Squids 0.0103 0.0001 0.0001 0.0000 0.0105 

19 Benthic Cephalopods 0.0339 0.0371 0.0000 0.0027 0.0737 

20 Benthopelagic Cephalopods 0.0000 0.0000 0.0000 0.0000 0.0000 

21 European conger 0.0129 0.0010 0.0000 0.0002 0.0142 

22 European hake 0.1055 0.0123 0.0000 0.0017 0.1194 

23 Stripped red mullet 0.0074 0.0029 0.0000 0.0001 0.0104 

24 Red mullet 0.0407 0.0039 0.0000 0.0001 0.0448 

25 Poor cod 0.0437 0.0005 0.0002 0.0001 0.0444 

26 White anglerfish 0.0339 0.0003 0.0001 0.0000 0.0343 
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27 Black anglerfish 0.0237 0.0006 0.0000 0.0001 0.0245 

28 Blue whiting 0.0158 0.0001 0.0000 0.0000 0.0160 

29 Horse Mackerel 0.0621 0.0025 0.0078 0.0002 0.0725 

30 Mackerel 0.0244 0.0004 0.0019 0.0000 0.0267 

31 European anchovy 0.0141 0.0003 0.6125 0.0000 0.6269 

32 European sardine 0.0139 0.0003 0.2618 0.0001 0.2761 

33 Round sardinella 0.0027 0.0002 0.0109 0.0000 0.0139 

34 European spratt 0.0007 0.0000 0.0000 0.0000 0.0008 

35 Flatfish 0.0293 0.0049 0.0001 0.0004 0.0346 

36 Demersal Fish small 0.0167 0.0017 0.0000 0.0001 0.0186 

37 Demersal Fish medium 0.0842 0.0336 0.0096 0.0016 0.1289 

38 Benthopelagic Fish 0.0059 0.0002 0.0000 0.0000 0.0062 

39 Mesopelagic Fish 0.0000 0.0000 0.0000 0.0000 0.0000 

40 Other pelagic species 0.0134 0.0005 0.0009 0.0001 0.0149 

41 Rays 0.0023 0.0018 0.0000 0.0001 0.0042 

42 Small-spotted catshark 0.0004 0.0000 0.0000 0.0000 0.0005 

43 Blackmouth catshark 0.0014 0.0001 0.0000 0.0002 0.0017 

44 Common eagle ray 0.0001 0.0001 0.0000 0.0000 0.0001 

45 Marbled electric ray 0.0000 0.0001 0.0000 0.0000 0.0001 

46 Atlantic Bonito 0.0003 0.0062 0.0033 0.0012 0.0110 

47 Large pelagic fish 0.0000 0.0002 0.0000 0.0135 0.0137 

48 Loggerhead turtles 0.0000 0.0000 0.0000 0.0000 0.0000 

49 Gulls and terns 0.0000 0.0000 0.0000 0.0000 0.0000 

50 Shearwaters 0.0000 0.0000 0.0000 0.0000 0.0000 

51 Dolphins 0.0000 0.0000 0.0000 0.0000 0.0000 

52 Fin whales 0.0000 0.0000 0.0000 0.0000 0.0000 

53 Detritus 0.0000 0.0000 0.0000 0.0000 0.0000 

54 Discards 0.0000 0.0000 0.0000 0.0000 0.0000 

 Sum 0.8642 0.1259 0.9096 0.0234 1.9230 
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Table S5. Discards (t·km-2·year-1) by functional group and fleet of the three ecosystem models of the Northwestern Mediterranean Sea. 

#FG Functional groups Trawling Artisanal PurseSeiner Longline Total 

1 Phytoplankton      

2 Micro/Mesozooplankton      

3 Suprabenthos      

4 Gelatinous species      

5 Macrozooplankton      

6 Prorifera/Ascidiacea/Cnidarians/Bryozoa      

7 Worms      

8 Gastropoda/Bivalvia 0.0014 0.0006 0.0000 0.0000 0.0020 

9 Echinodermata 0.0000 0.0000 0.0000 0.0000 0.0000 

10 Harbour crab 0.0033 0.0000 0.0000 0.0000 0.0033 

11 Norway lobster 0.0039 0.0000 0.0000 0.0000 0.0039 

12 Spottail mantis shrimp 0.0106 0.0000 0.0000 0.0000 0.0106 

13 Deep-water rose shrimp 0.0004 0.0003 0.0000 0.0000 0.0007 

14 Other Crustaceas Shrimp-like 0.0013 0.0003 0.0000 0.0000 0.0016 

15 Other Curstaceans-Crab-like 0.0001 0.0000 0.0000 0.0000 0.0001 

16 Horned octopus 0.0253 0.0003 0.0000 0.0000 0.0256 

17 Broadtail shortfin squid 0.0094 0.0000 0.0001 0.0000 0.0094 

18 Squids 0.0022 0.0000 0.0000 0.0000 0.0022 

19 Benthic Cephalopods 0.0071 0.0033 0.0000 0.0002 0.0106 

20 Benthopelagic Cephalopods 0.0000 0.0033 0.0000 0.0000 0.0033 

21 European conger 0.0027 0.0001 0.0000 0.0000 0.0028 

22 European hake 0.0222 0.0011 0.0000 0.0001 0.0234 

23 Stripped red mullet 0.0016 0.0003 0.0000 0.0000 0.0018 

24 Red mullet 0.0086 0.0004 0.0000 0.0000 0.0089 

25 Poor cod 0.0092 0.0000 0.0000 0.0000 0.0093 

26 White anglerfish 0.0071 0.0000 0.0000 0.0000 0.0072 
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27 Black anglerfish 0.0050 0.0001 0.0000 0.0000 0.0051 

28 Blue whiting 0.0033 0.0000 0.0000 0.0000 0.0034 

29 Horse Mackerel 0.0130 0.0002 0.0014 0.0000 0.0147 

30 Mackerel 0.0051 0.0000 0.0003 0.0000 0.0055 

31 European anchovy 0.0030 0.0000 0.1103 0.0000 0.1132 

32 European sardine 0.0029 0.0000 0.0471 0.0000 0.0501 

33 Sardinella 0.0006 0.0000 0.0020 0.0000 0.0026 

34 European spratt 0.0002 0.0000 0.0000 0.0000 0.0002 

35 Flatfish 0.0061 0.0004 0.0000 0.0000 0.0066 

36 Demersal Fish small 0.0035 0.0002 0.0000 0.0000 0.0037 

37 Demersal Fish medium 0.0177 0.0030 0.0017 0.0001 0.0225 

38 Benthopelagic Fish 0.0013 0.0000 0.0000 0.0000 0.0013 

39 Mesopelagic Fish 0.0000 0.0000 0.0000 0.0000 0.0000 

40 Other pelagic species 0.0028 0.0000 0.0002 0.0000 0.0030 

41 Rays 0.0005 0.0002 0.0000 0.0000 0.0007 

42 Small-spotted catshark 0.0001 0.0000 0.0000 0.0000 0.0001 

43 Blackmouth catshark 0.0003 0.0000 0.0000 0.0000 0.0003 

44 Common eagle ray 0.0000 0.0000 0.0000 0.0000 0.0000 

45 Marbled electric ray 0.0000 0.0000 0.0000 0.0000 0.0000 

46 Atlantic Bonito 0.0001 0.0006 0.0006 0.0001 0.0013 

47 Large pelagic fish 0.0000 0.0000 0.0000 0.0008 0.0008 

48 Loggerhead turtles 0.0000 0.0000 0.0000 0.0000 0.0000 

49 Seagulls and terns 0.0000 0.0000 0.0000 0.0000 0.0000 

50 Shearwaters 0.0000 0.0000 0.0000 0.0000 0.0000 

51 Dolphins 0.0000 0.0000 0.0000 0.0000 0.0000 

52 Fin whales 0.0000 0.0000 0.0000 0.0000 0.0000 

53 Detritus 0.0000 0.0000 0.0000 0.0000 0.0000 

54 Discards 0.0000 0.0000 0.0000 0.0000 0.0000 

 Sum 0.1815 0.0150 0.1637 0.0014 0.3616 
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Table S6. Balanced diet matrix (Annual model). 

 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 

1 0.6500   0.1000   0.7438                    

2   0.9555 0.8990    0.0623 0.1000 0.0622  0.0603 0.4406 0.1733 0.2000 0.2000 0.1400 0.3056 0.1285  0.1100 0.2206 0.0010 0.3000 0.2500 0.2500 

3      0.0000     0.0909 0.0445 0.0407 0.0709 0.0918 0.0684 0.1073 0.0067   0.2241  0.1937 0.0222   

4   0.0314          0.0399              

5   0.0131 0.0010     0.1050 0.2024  0.0666 0.0791 0.2049 0.1271  0.1248 0.0159 0.1389  0.0015 0.2117 0.0051  0.0331  

6        0.0378 0.0246 0.1050 0.0914  0.0004 0.0064          0.0004   

7      0.0100  0.3299 0.2272 0.1041 0.2621 0.1695 0.1432 0.1112 0.2048  0.1301 0.1001    0.2671 0.2467 0.2112 0.2300 0.1200 

8        0.2178 0.0201 0.1097 0.1414 0.2055 0.0080 0.0009 0.0106  0.0016 0.0715 0.0652   0.1371 0.1332 0.0008   

9        0.0422 0.0502 0.0572 0.0614 0.2031 0.0010 0.0032        0.0435 0.0071 0.0004   

10                  0.0018      0.0116   

11                           

12                           

13                           

14         0.1336 0.1037 0.0909 0.1727 0.0480 0.0747 0.1821 0.2474 0.0055 0.1127 0.0956 0.1113 0.0068  0.1386 0.0380  0.1259 

15          0.1223 0.1414 0.0000 0.0006 0.0429 0.0778  0.0059 0.0808  0.1306 0.0018  0.1386 0.0115   

16                 0.0200          

17                 0.0010 0.0200      0.0220   

18         0.0982       0.0052           

19          0.0050    0.0032 0.0166 0.0125 0.0029 0.0158 0.0052  0.0025   0.0006   

20          0.0050    0.0014 0.0054 0.0152 0.0010 0.0078 0.0052     0.0700   

21                           

22                  0.0015   0.0318    0.0297  

23                     0.0010      

24         0.0482            0.0010      

25                   0.0348  0.0739      

26                  0.0100   0.0330      

27                  0.0100   0.0330      

28                    0.2404 0.0678      

29                0.0925 0.0889  0.0400  0.0213    0.0810 0.0600 

30                     0.0614      

31               0.0024  0.0221 0.0104 0.0088 0.1068 0.0533   0.0115   
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32               0.0024  0.0399 0.0103 0.0088  0.2553      

33                 0.0021 0.0048 0.0077        

34                0.0190 0.0021 0.0048 0.0077        

35                        0.0008  0.0571 

36         0.0482  0.0404   0.0044 0.0268 0.0134 0.0015 0.0272 0.0230 0.1157 0.0047  0.0359 0.0068 0.0036 0.0210 

37                0.0234 0.0092 0.0054   0.0014   0.0000 0.0686 0.0604 

38          0.0492     0.0124 0.0234 0.0002 0.0324 0.0197 0.2211 0.0144   0.0199 0.0040 0.0356 

39          0.0742  0.0777 0.0192 0.0006  0.2095 0.1188 0.0445 0.3310 0.0742    0.0025   

40                 0.0100         0.0500 

41                           

42                           

43                           

44                           

45                           

46                           

47                           

48                           

49                           

50                           

51                           

52       0.0000                    

53  1.0000   1.0000 0.9900 0.2562 0.3099 0.1325  0.0800  0.1793 0.3021 0.0400 0.0700 0.1650 0.1000 0.0800   0.0200  0.2700 0.2500 0.2000 

54         0.0123             0.1000 0.1000    

Imports 0.3500                        0.0500 0.0200 
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Table S6 continued. Balanced diet matrix (Annual model).  

 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 

1     0.1853  0.0290                   

2 0.1800 0.3859 0.2605 1.0000 0.6504 1.0000 0.7349 0.1338 0.3820 0.2388 0.3984 0.5996 0.6567 0.1790 0.2060    0.1200    0.0005  0.0200 

3   0.0132  0.0996  0.1169 0.2302 0.0842 0.0738 0.1391 0.0213  0.0942   0.0560    0.0900     

4  0.1363 0.2162       0.0125 0.0027 0.0159        0.0671 0.9000     

5 0.4378 0.1223 0.1890  0.0648  0.1191 0.0268 0.0697 0.0804 0.1839 0.2179  0.0158 0.1053        0.0010  0.4800 

6   0.0053     0.0008 0.0012 0.0075   0.0128         0.0024    

7   0.0726     0.2676 0.1567 0.1802 0.0238 0.0654 0.0000 0.0035   0.0614     0.0024    

8   0.0032     0.0086 0.0461 0.0682 0.0035 0.0233 0.1367 0.0002   0.2477     0.0024    

9        0.0007 0.0058 0.0044 0.0022           0.0024    

10        0.0000      0.1343            

11          0.0010                

12          0.0050    0.0200            

13              0.0010 0.0040           

14 0.0674  0.0154     0.0285 0.0590 0.0285 0.0949   0.2148 0.1435 0.8212 0.2804       0.0153  

15   0.0115     0.0252 0.0047 0.0023 0.0073   0.1181  0.0181 0.2737       0.0368  

16                          

17          0.0030     0.0300         0.0106  

18  0.0446 0.0567                 0.0009    0.0016  

19         0.0018 0.0004 0.0042   0.0040 0.0339 0.0085 0.0809   0.0066    0.0180  

20         0.0344 0.0313 0.0118   0.0023 0.0150 0.0085    0.0412 0.0025  0.1257 0.2524  

21          0.0016                

22                        0.0329  

23          0.0005    0.0100    0.0520        

24          0.0005    0.0564    0.0520        

25                        0.0124  

26          0.0245    0.0100 0.0350           

27          0.0245    0.0100 0.0350           

28 0.0076         0.0040 0.0046    0.2743     0.3458    0.1669  

29  0.0446 0.0567       0.0525 0.0610  0.0600 0.0090     0.1000 0.0009 0.0025 0.0428 0.0769 0.0113  

30          0.0425 0.0200  0.0100      0.1000 0.0014   0.0190 0.0237  

31  0.0508 0.0567      0.0063 0.0010   0.0643 0.0082 0.0903 0.0238    0.0793 0.0025  0.0000 0.0453  
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32  0.0262      0.0000 0.0068 0.0007   0.0563 0.0388    0.1040 0.3951 0.0533  0.1275 0.0000 0.0194  

33  0.0008       0.0099          0.1168 0.1622  0.0845  0.0058  

34  0.0088                    0.0845  0.0058  

35  0.0374       0.0038 0.0014            0.0200  0.0278  

36        0.0032 0.0014 0.0041 0.0059  0.0031 0.0012  0.0238  0.1387  0.0430  0.1219  0.0217  

37        0.0047 0.0100 0.0031 0.0004     0.0248  0.0347  0.0067  0.0223  0.0464  

38  0.0024      0.0108 0.0154 0.0089 0.0132   0.0691 0.0176 0.0476  0.1387 0.0500 0.0067  0.0145 0.3836 0.0341  

39 0.3072 0.0900 0.0431      0.0024 0.0010 0.0229 0.0067    0.0238  0.4799  0.1850 0.0025   0.0336  

40         0.0084 0.0023         0.1181   0.0577 0.1247 0.1783  

41                          

42                          

43                          

44                          

45                          

46                          

47                          

48                          

49                          

50                          

51                          

52                          

53  0.0500      0.2590 0.0900 0.0897  0.0500   0.0100           

54                      0.2947 0.2184   

Imports                      0.1200 0.0501  0.5000 
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Table S7. Balanced diet matrix (Summer model). 

 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 

1 0.6500   0.3634   0.7444                    

2   0.9455 0.6333    0.2522 0.1000 0.0598  0.0480 0.4900 0.1585 0.1000 0.2200 0.1950 0.3287 0.0612  0.1600 0.2188 0.1010 0.3000 0.2400 0.2500 

3      0.0000     0.0909 0.0445 0.0118 0.0011 0.0918 0.0684 0.1016 0.0048   0.1562  0.1937 0.0222   

4   0.0314                        

5   0.0231 0.0033     0.0694 0.1963  0.0612 0.0489 0.3264 0.1271   0.0171 0.1395  0.0014 0.2117 0.0051  0.0331  

6        0.0915 0.1020 0.0563 0.0914   0.0141          0.0004   

7      0.0100  0.3731 0.2213 0.1025 0.3121 0.1695 0.1596 0.1201 0.2048  0.1446 0.0300    0.2271 0.2467 0.2112 0.2300 0.0500 

8        0.2215 0.0201 0.1097 0.1414 0.2055 0.0155 0.0773 0.0106   0.0786 0.0647   0.1171 0.1232 0.0008   

9        0.0053 0.0049 0.0598 0.0914 0.2000 0.0009 0.0047        0.0553 0.0071 0.0004   

10                  0.0028      0.0116   

11                           

12                           

13                           

14         0.1336 0.0996 0.0909 0.1373 0.0431 0.0590 0.1750 0.2474 0.0169 0.1683 0.2398 0.1113 0.0024  0.0387 0.0372  0.1259 

15          0.1175 0.1414   0.0442 0.1734  0.0121 0.1052  0.1306 0.0016  0.1387 0.0606   

16                 0.0100          

17                 0.0100       0.0160   

18         0.0982                  

19          0.0048   0.0001 0.0015 0.0110 0.0025 0.0020 0.0141 0.0130  0.0023   0.0064   

20          0.0048    0.0000 0.0104 0.0004 0.0070 0.0045 0.0130     0.0010   

21                           

22                  0.0002   0.0118    0.0397  

23                           

24         0.0382                  

25                   0.0873  0.0539      

26                     0.0250      

27                     0.0250      

28                    0.2404 0.0678      

29                0.0825 0.1455    0.0200    0.0810 0.1100 

30                     0.0814      

31               0.0024   0.0113 0.0211 0.1068 0.0533   0.0115   
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32               0.0024  0.0229 0.0112 0.0211  0.2553      

33                 0.0129 0.0073 0.0192        

34                0.0290 0.0229 0.0073 0.0192        

35                        0.0008  0.0571 

36         0.0477 0.0472 0.0404   0.0055 0.0459 0.0134 0.0035 0.0266 0.0934 0.1157 0.0147  0.0458 0.0069 0.0036 0.0110 

37                0.0234 0.0350 0.0088   0.0534    0.0686 0.2104 

38          0.0472     0.0252 0.0234 0.0038 0.0410 0.1274 0.2211 0.0144   0.0199 0.0040 0.0356 

39          0.0945  0.1340 0.0452 0.0255  0.2097  0.1023  0.0742    0.0032   

40                 0.0195          

41                           

42                           

43                           

44                           

45                           

46                           

47                           

48                           

49                           

50                           

51                           

52                           

53  1.0000   1.0000 0.9900 0.2556 0.0565 0.1525    0.1850 0.1620 0.0200 0.0800 0.2350 0.0300 0.0800   0.0700  0.2900 0.2000 0.0500 

54         0.0123             0.1000 0.1000    

Imports 0.3500                        0.1000 0.1000 
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Table S7 continued. Balanced diet matrix (Summer model). 

 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 

1     0.1853  0.0290                   

2 0.1600 0.1847  1.0000 0.5804 1.0000 0.7349 0.1810 0.3888 0.2811 0.3617 0.6272 0.6337 0.1810 0.2885  0.0400  0.1200    0.0005   

3     0.1496  0.1169 0.0977 0.0657 0.0753 0.1596 0.0024  0.0859   0.0560    0.0900     

4  0.3050 0.4600       0.0117 0.0031 0.0158        0.2392 0.9000     

5 0.4378 0.1149 0.2100  0.0848  0.1191 0.0239 0.0706 0.0883 0.2419 0.1059 0.0103 0.0145 0.1053        0.0011  0.5000 

6        0.0001 0.0011 0.0188            0.0025    

7        0.2832 0.1600 0.1667 0.0247 0.1653  0.0034   0.0614     0.0025    

8        0.0068 0.0506 0.0757 0.0012 0.0092 0.0851 0.0002   0.2477     0.0025    

9        0.0030 0.0110 0.0026 0.0011           0.0025    

10        0.0000      0.1245            

11          0.0010                

12                          

13              0.0010 0.0015           

14 0.0674       0.0074 0.0361 0.0338 0.0234   0.2071 0.1435 0.8212 0.2804       0.0140  

15        0.0242 0.0191 0.0009 0.0215   0.1266  0.0181 0.2737       0.0336  

16                          

17         0.0100 0.0030     0.0300         0.0106  

18  0.0381 0.0825                 0.0009    0.0014  

19         0.0042 0.0012    0.0042 0.0040 0.0085 0.0409   0.0020    0.0164  

20         0.0025 0.0088    0.0015 0.0100 0.0085    0.0127   0.1257 0.2311  

21          0.0006                

22                        0.0329  

23          0.0007    0.0150    0.0520        

24          0.0007    0.0307    0.0520        

25                     0.0025   0.0124  

26              0.0100 0.0400           

27              0.0100 0.0400           

28 0.0276         0.0050 0.0035    0.2143     0.3458    0.1669  

29  0.0381 0.0825       0.0500 0.0529  0.0200 0.0073     0.1000 0.0009 0.0025 0.0443 0.0768 0.0103  

30          0.0300 0.0200  0.0100      0.1000 0.0014   0.0190 0.0227  

31  0.0706 0.0825      0.0082 0.0012   0.1208 0.0077 0.0903 0.0238    0.0793 0.0025  0.0002 0.0453  
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32  0.0625      0.0000 0.0088 0.0005   0.1058 0.0406    0.1040 0.3951 0.0533  0.1275 0.0003 0.0194  

33  0.0022       0.0129          0.1168 0.1622  0.0833  0.0058  

34  0.0052                    0.0833  0.0058  

35  0.0453       0.0033 0.0014            0.0207  0.0254  

36        0.0010 0.0072 0.0041 0.0082  0.0144 0.0157  0.0238  0.1388  0.0145  0.1051  0.0339  

37        0.0039 0.0130 0.0135 0.0097     0.0248  0.0347  0.0021  0.0230  0.0587  

38  0.0003      0.0079 0.0047 0.0064 0.0179   0.0631 0.0176 0.0476  0.1387 0.0500 0.0021  0.0150 0.3831 0.0333  

39 0.3072 0.1332 0.0825      0.0017 0.0212 0.0495 0.0041    0.0238  0.4797  0.0837 0.0025   0.0223  

40         0.0107 0.0023         0.1181   0.0597 0.1247 0.1979  

41                          

42                          

43                          

44                          

45                          

46                          

47                          

48                          

49                          

50                          

51                          

52                          

53        0.3600 0.1100 0.0933  0.0700  0.0500 0.0150           

54                      0.3046 0.2184   

Imports                      0.1240 0.0501  0.5000 
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Table S8. Balanced diet matrix (Winter model). 

 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 

1 0.6625   0.1000   0.7347                    

2   0.5300 0.8600    0.0049  0.0622 0.1500 0.0557 0.4413 0.1965 0.2050 0.2800 0.1559 0.3293 0.1642 0.2200 0.3650 0.2206 0.1010 0.2800 0.2500 0.3000 

3   0.2500   0.0000     0.0909  0.0475 0.0466 0.0974 0.0684 0.0866 0.0087   0.2331  0.1937 0.0222   

4   0.0200          0.0018              

5   0.2000 0.0400     0.2619 0.2024  0.0710 0.1233 0.2288 0.1271  0.1554 0.0245 0.1610  0.0013 0.2117 0.0051  0.0331  

6        0.0097 0.0246 0.0158 0.0014  0.0000           0.0004   

7      0.0100  0.3581 0.0703 0.1441 0.3021 0.1695 0.1005 0.1315 0.2048  0.0663 0.1202   0.0300 0.1171 0.2467 0.2112 0.2600 0.1800 

8        0.1397 0.0201 0.1097 0.1414 0.2055 0.0070 0.0026 0.0106  0.0021 0.0607 0.0660   0.1171 0.2232 0.0008   

9        0.0299 0.0502 0.0572 0.0214 0.1102 0.0004 0.0034        0.2335 0.0071 0.0004   

10                  0.0019      0.0116   

11                           

12                  0.0100         

13                           

14         0.2336 0.1037 0.0409 0.1594 0.0457 0.0837 0.0791 0.2474 0.0162 0.0703  0.1113 0.0502  0.0386 0.0377  0.1259 

15          0.1223 0.0414 0.0710 0.0091 0.0417 0.0759  0.0062 0.0610  0.1306 0.0016  0.0386 0.0335   

16                 0.0300 0.0300         

17                 0.0100 0.0010      0.0100   

18         0.0982       0.0052           

19          0.0050   0.0002 0.0015 0.0061 0.0025 0.0007 0.0158 0.0166  0.0022   0.0099   

20          0.0050    0.0014 0.0056 0.0152 0.0186 0.0143 0.0166  0.0067      

21                           

22                  0.0035   0.0318    0.0497  

23                           

24         0.0882         0.0050   0.0010    0.0400 0.0100 

25                   0.0617  0.0139      

26                  0.0020   0.0150      

27                  0.0060   0.0330      

28                    0.1404 0.0078      

29                0.0825 0.0902  0.0400  0.0200    0.0100 0.1100 

30                     0.0914     0.0300 

31               0.0024  0.0270 0.0133  0.1068 0.0533   0.0115   
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32               0.0024  0.0034 0.0130   0.0053      

33                 0.0312 0.0052         

34                0.0000 0.0000 0.0012         

35                        0.0008  0.0571 

36         0.0182 0.0492 0.0054   0.0007 0.0052 0.0084 0.0023 0.0010 0.0175 0.0257 0.0007  0.0059 0.0068 0.0246 0.0010 

37                0.0134 0.0047 0.0059   0.0024    0.0386 0.0104 

38          0.0492     0.0124 0.0234 0.0023 0.0268 0.0415 0.1511 0.0144   0.0199 0.0240 0.0156 

39          0.0742  0.0777 0.0343 0.0014  0.2095 0.1228 0.0193 0.3349 0.0742    0.0025   

40                 0.0103          

41                           

42                           

43                           

44                           

45                           

46                           

47                           

48                           

49                           

50                           

51                           

52                           

53  1.0000   1.0000 0.9900 0.2653 0.4578 0.1225  0.2050 0.0800 0.1890 0.2603 0.1660 0.0440 0.1580 0.1500 0.0800 0.0400 0.0200  0.0400 0.3410 0.1700 0.0600 

54         0.0123             0.1000 0.1000    

Imports 0.3375                        0.1000 0.1000 

 

 

 

 

 

 



Supplementary materials Chapter 2.4. 

282 

Table S8 continued. Balanced diet matrix (Winter model). 

 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 

1     0.1853  0.0290                   

2 0.1700 0.3655 0.2130 1.0000 0.5804 1.0000 0.7349 0.2207 0.2837 0.2559 0.5781 0.5892 0.7900 0.0890 0.2760    0.2000 0.1800   0.0005  0.0200 

3   0.0162  0.1496  0.1169 0.2107 0.1026 0.0962 0.0445 0.0626  0.1243   0.0552    0.0900     

4  0.1236 0.1133       0.0098 0.0060 0.0005        0.1853 0.9000     

5 0.4378 0.1579 0.3625  0.0848  0.1191 0.0316 0.0237 0.0642 0.1757 0.1323  0.0188 0.1053        0.0999  0.4800 

6   0.0004     0.0007 0.0017 0.0009   0.0010         0.0024    

7   0.0989     0.1795 0.0758 0.0800 0.0097 0.1000 0.0590 0.0039   0.0714     0.0024    

8   0.0072     0.0135 0.0310 0.0529 0.0073 0.0567 0.1100 0.0003   0.2477     0.0024    

9        0.0037 0.0147 0.0031 0.0039           0.0024    

10        0.0001 0.0050 0.0050    0.0963            

11          0.0010                

12        0.0100 0.0330 0.0280    0.0100 0.0100           

13         0.0010 0.0030    0.0010 0.0040           

14 0.0674  0.0410     0.0216 0.1080 0.0473 0.0237   0.2594 0.1435 0.8212 0.2764       0.0137  

15   0.0142     0.0692 0.1453 0.0409 0.0171   0.1826  0.0181 0.2697       0.0325  

16               0.0100           

17                        0.0106  

18  0.0573 0.0234                 0.0009    0.0014  

19         0.0103 0.0040 0.0023   0.0055 0.0289 0.0085 0.0797   0.0024    0.0159  

20          0.0123 0.0035   0.0019 0.0100 0.0085    0.0147 0.0025  0.1252 0.2303  

21          0.0006                

22                        0.0329  

23                  0.0520        

24              0.0404    0.0520        

25                        0.0124  

26               0.0350           

27               0.0400           

28 0.0176         0.0016 0.0063    0.0243     0.1258    0.1669  

29  0.0473 0.0234       0.0520 0.0632  0.0180 0.0093     0.0200 0.0209 0.0025 0.0431 0.0001 0.0345  

30          0.0500 0.0010  0.0100       0.0214   0.0189 0.0223  

31  0.0157 0.0234       0.0003    0.0101 0.0903 0.0238    0.0793 0.0025  0.1398 0.0453  
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32  0.0034      0.0001  0.0011    0.0320    0.1040 0.1751 0.0533  0.1271 0.2237 0.0194  

33  0.0310                 0.4368 0.1622  0.0830  0.0058  

34  0.0003                    0.0250  0.0058  

35  0.0074       0.0053 0.0014            0.0201  0.0245  

36        0.0026 0.0047 0.0030 0.0032  0.0040 0.0324  0.0238  0.1187  0.0507  0.0912  0.0206  

37        0.0083  0.0079 0.0041     0.0248  0.0347  0.0024  0.0224  0.0454  

38  0.0014      0.0076 0.0142 0.0129 0.0103   0.0827 0.0726 0.0476  0.1387 0.0500 0.0024  0.0146 0.0006 0.0330  

39 0.3072 0.0694 0.0531       0.0003 0.0351 0.0087    0.0238  0.4799  0.0983 0.0025   0.0319  

40          0.0024         0.1181   0.0581 0.1242 0.1949  

41                          

42                          

43                          

44                          

45                          

46                          

47                          

48                          

49                          

50                          

51                          

52                          

53  0.1200 0.0100     0.2200 0.1400 0.1620 0.0050 0.0500 0.0080  0.1500   0.0200        

54                      0.3268 0.2174   

Imports                      0.1788 0.0499  0.5000 
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Figure S2. Flow diagram for the annual model of the Northwestern Mediterranean Sea. The numbers represent each FG (Table 2), size of the 
dots represent the biomass (square root transformed) and colors of the flows represent larger (red) to lower (blue) quantities. 
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Table S9. Summary table of ecological indicators of the three ecosystem models of the Northwestern Mediterranean Sea; mean, median, standard 
deviation (sd), minimum (min), maximum (max), standard error (se), lower confidence interval (lower ci) and upper confidence interval (upper ci) 
calculated with the baseline values and the thirty ecosampler values for all of the indicators presented in the graphs of the main manuscript. 

Indicator Baseline Season mean median sd min max se lower ci upper ci 

           

Total transfer efficiency 12.81 Annual 13.08 12.84 0.97 10.55 14.80 0.17 12.73 13.44 

Total transfer efficiency 15.28 Summer 15.22 15.21 1.08 12.72 17.45 0.19 14.82 15.62 

Total transfer efficiency 10.93 Winter 11.09 10.89 1.03 9.44 13.87 0.18 10.71 11.47 

           

Transfer efficiency from PP 13.42 Annual 13.84 13.73 1.27 10.73 16.29 0.23 13.38 14.31 

Transfer efficiency from PP 16.42 Summer 16.42 16.10 1.51 13.27 20.29 0.27 15.87 16.98 

Transfer efficiency from PP 10.80 Winter 10.96 10.75 1.11 9.29 13.98 0.20 10.55 11.37 

           

Transfer efficiency from detritus 10.01 Annual 10.26 10.05 1.30 7.49 13.34 0.23 9.78 10.74 

Transfer efficiency from detritus 11.37 Summer 11.45 11.37 1.09 9.45 13.83 0.20 11.05 11.85 

Transfer efficiency from detritus 12.86 Winter 13.25 13.45 1.13 11.05 15.10 0.20 12.83 13.66 

           

Finn's cycling index 2.48 Annual 2.44 2.27 1.08 0.82 5.96 0.19 2.04 2.83 

Finn's cycling index 2.97 Summer 2.81 2.58 0.78 1.73 5.39 0.14 2.52 3.09 

Finn's cycling index 0.66 Winter 0.66 0.63 0.18 0.38 1.13 0.03 0.59 0.72 

           
Calculated total net primary 

production 1437.19 Annual 1563.43 1523.76 268.83 1128.82 2245.52 48.28 1464.82 1662.03 

Calculated total net primary 
production 1095.00 Summer 1134.52 1095.00 189.68 730.88 1516.40 34.07 1064.95 1204.09 

Calculated total net primary 
production 1825.00 Winter 1773.47 1786.09 277.10 1269.92 2425.90 49.77 1671.83 1875.11 

           

Net system production 400.22 Annual 661.08 596.88 319.25 16.84 1410.01 57.34 543.97 778.18 

Net system production 336.75 Summer 426.03 348.95 226.90 53.71 862.65 40.75 342.80 509.26 

Net system production 705.43 Winter 739.25 716.17 318.28 13.00 1350.21 57.16 622.51 855.99 
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Sum of all consumption 1600.74 Annual 1452.60 1457.74 298.52 1029.92 2461.05 53.62 1343.10 1562.09 

Sum of all consumption 1333.93 Summer 1260.15 1205.27 251.39 850.53 1969.71 45.15 1167.94 1352.36 

Sum of all consumption 1580.87 Winter 1473.54 1519.26 339.33 764.62 2176.94 60.95 1349.07 1598.01 

           

Sum of all exports 801.98 Annual 1012.85 1013.89 282.21 640.25 1744.46 50.69 909.34 1116.37 

Sum of all exports 619.69 Summer 692.09 628.59 192.70 430.76 1071.31 34.61 621.41 762.77 

Sum of all exports 1167.84 Winter 1169.28 1164.04 272.13 614.92 1801.22 48.88 1069.46 1269.10 

           

Sum of all flows into detritus 1093.66 Annual 1297.87 1207.75 267.34 953.65 2014.09 48.02 1199.81 1395.93 

Sum of all flows into detritus 915.64 Summer 971.64 959.38 190.81 693.10 1403.53 34.27 901.66 1041.63 

Sum of all flows into detritus 1272.20 Winter 1264.13 1240.93 266.99 690.87 1870.09 47.95 1166.20 1362.06 

           

Sum of all production 1680.81 Annual 1823.16 1809.73 263.72 1397.50 2528.65 47.36 1726.42 1919.89 

Sum of all production 1403.88 Summer 1434.15 1403.88 193.94 1029.37 1825.46 34.83 1363.01 1505.29 

Sum of all production 1970.12 Winter 1918.08 1912.29 274.41 1408.17 2539.51 49.28 1817.43 2018.73 

           

Sum of all respiratory flows 1036.97 Annual 902.35 900.87 242.83 540.47 1737.40 43.61 813.27 991.42 

Sum of all respiratory flows 758.25 Summer 708.49 681.92 194.28 381.94 1245.99 34.89 637.23 779.75 

Sum of all respiratory flows 1119.57 Winter 1034.22 1075.70 268.23 466.80 1591.72 48.18 935.83 1132.61 

           

System Omnivory Index 0.29 Annual 0.29 0.29 0.00 0.29 0.30 0.00 0.29 0.29 

System Omnivory Index 0.27 Summer 0.27 0.27 0.00 0.27 0.28 0.00 0.27 0.27 

System Omnivory Index 0.30 Winter 0.30 0.30 0.00 0.30 0.31 0.00 0.30 0.30 

           

Total biomass (excluding detritus) 55.41 Annual 54.03 53.40 4.72 45.39 62.10 0.85 52.30 55.77 

Total biomass (excluding detritus) 52.96 Summer 51.30 51.64 2.87 45.05 56.16 0.51 50.24 52.35 

Total biomass (excluding detritus) 51.91 Winter 50.71 51.21 4.11 40.52 59.26 0.74 49.20 52.22 

           

Total biomass/total throughput 0.01 Annual 0.01 0.01 0.00 0.01 0.02 0.00 0.01 0.01 



Supplementary materials Chapter 2.4. 

287 

Total biomass/total throughput 0.01 Summer 0.01 0.01 0.00 0.01 0.02 0.00 0.01 0.01 

Total biomass/total throughput 0.01 Winter 0.01 0.01 0.00 0.01 0.02 0.00 0.01 0.01 

           
Total primary production/total 

biomass 25.94 Annual 29.14 28.30 5.52 19.58 41.25 0.99 27.11 31.16 

Total primary production/total 
biomass 20.68 Summer 22.12 21.82 3.52 16.23 29.26 0.63 20.83 23.41 

Total primary production/total 
biomass 35.16 Winter 35.16 35.05 5.80 23.58 47.97 1.04 33.03 37.29 

           

Total system throughput 4533.35 Annual 4665.66 4640.03 645.96 3513.94 5992.36 116.02 4428.73 4902.60 

Total system throughput 3627.51 Summer 3632.37 3555.56 509.38 2440.57 4939.11 91.49 3445.53 3819.21 

Total system throughput 5140.48 Winter 4941.17 4996.97 701.46 3392.30 6567.79 125.99 4683.87 5198.47 

           

Commercial B 12.84 Annual 12.30 12.03 0.67 11.31 13.78 0.12 12.06 12.55 

Commercial B 18.35 Summer 17.79 17.70 0.86 16.51 19.78 0.15 17.48 18.11 

Commercial B 10.03 Winter 9.69 9.60 1.01 7.58 11.91 0.18 9.32 10.06 

           

Demersal / Pelagic B 0.65 Annual 0.65 0.64 0.07 0.54 0.81 0.01 0.62 0.67 

Demersal / Pelagic B 1.32 Summer 1.29 1.27 0.12 1.07 1.51 0.02 1.24 1.33 

Demersal / Pelagic B 1.74 Winter 1.78 1.75 0.31 1.34 2.59 0.05 1.66 1.89 

           

Demersal B 6.24 Annual 5.91 5.78 0.58 5.15 7.40 0.10 5.69 6.12 

Demersal B 18.91 Summer 17.82 17.80 1.59 14.42 20.40 0.29 17.23 18.40 

Demersal B 9.95 Winter 9.61 9.35 1.44 6.40 13.74 0.26 9.08 10.14 

           

Fish B 10.71 Annual 10.28 10.22 0.56 9.00 11.54 0.10 10.08 10.49 

Fish B 16.01 Summer 15.59 15.71 0.71 14.21 16.87 0.13 15.33 15.85 

Fish B 7.21 Winter 6.88 6.86 0.66 5.46 8.51 0.12 6.64 7.12 

           

Invertebrates / Fish B 0.50 Annual 0.48 0.46 0.06 0.38 0.63 0.01 0.46 0.50 

Invertebrates / Fish B 1.12 Summer 1.09 1.06 0.10 0.90 1.28 0.02 1.05 1.12 
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Invertebrates / Fish B 1.48 Winter 1.49 1.52 0.22 1.07 2.04 0.04 1.41 1.57 

           

Invertebrates B 5.32 Annual 4.93 4.77 0.62 4.12 6.45 0.11 4.70 5.15 

Invertebrates B 18.00 Summer 16.91 16.71 1.62 13.49 19.65 0.29 16.31 17.50 

Invertebrates B 10.69 Winter 10.23 9.95 1.53 6.62 14.13 0.27 9.67 10.79 

           

Kempton's Q 9.38 Annual 9.39 9.38 0.43 8.75 10.73 0.08 9.23 9.55 

Kempton's Q 7.21 Summer 7.50 7.44 0.35 6.90 8.30 0.06 7.37 7.63 

Kempton's Q 6.36 Winter 6.35 6.36 0.20 5.97 6.71 0.04 6.28 6.43 

           

Pelagic B 9.63 Annual 9.14 9.02 0.57 7.91 10.41 0.10 8.93 9.35 

Pelagic B 14.35 Summer 13.88 13.90 0.76 12.39 14.98 0.14 13.60 14.16 

Pelagic B 5.73 Winter 5.46 5.32 0.60 4.22 7.08 0.11 5.24 5.68 

           

Predatory B 0.23 Annual 0.23 0.23 0.02 0.19 0.31 0.00 0.22 0.24 

Predatory B 0.65 Summer 0.65 0.64 0.05 0.52 0.77 0.01 0.63 0.66 

Predatory B 0.06 Winter 0.07 0.06 0.01 0.05 0.09 0.00 0.06 0.07 

           

Shannon diversity 2.26 Annual 2.26 2.26 0.08 2.11 2.41 0.01 2.23 2.29 

Shannon diversity 2.64 Summer 2.65 2.64 0.05 2.56 2.77 0.01 2.63 2.66 

Shannon diversity 1.93 Winter 1.92 1.94 0.10 1.76 2.10 0.02 1.88 1.95 

           

Total B 79.81 Annual 78.43 77.80 4.72 69.79 86.50 0.85 76.69 80.16 

Total B 71.58 Summer 69.92 70.27 2.87 63.67 74.78 0.51 68.87 70.97 

Total B 82.01 Winter 80.80 81.30 4.11 70.62 89.35 0.74 79.30 82.31 

           

TL community 1.83 Annual 1.82 1.82 0.02 1.78 1.85 0.00 1.81 1.82 

TL community 2.00 Summer 1.99 1.99 0.02 1.96 2.03 0.00 1.98 2.00 

TL community 1.69 Winter 1.68 1.68 0.03 1.61 1.73 0.00 1.67 1.69 
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TL community 2 2.37 Annual 2.37 2.37 0.04 2.31 2.48 0.01 2.36 2.39 

TL community 2 2.54 Summer 2.54 2.54 0.03 2.50 2.61 0.01 2.53 2.55 

TL community 2 2.28 Winter 2.28 2.28 0.03 2.23 2.33 0.00 2.27 2.29 

           

TL community 3.25 3.58 Annual 3.59 3.59 0.01 3.57 3.60 0.00 3.58 3.59 

TL community 3.25 3.70 Summer 3.70 3.70 0.01 3.67 3.72 0.00 3.69 3.70 

TL community 3.25 3.51 Winter 3.52 3.52 0.01 3.50 3.53 0.00 3.52 3.52 

           

TL community 4 4.14 Annual 4.14 4.14 0.02 4.09 4.17 0.00 4.13 4.14 

TL community 4 4.07 Summer 4.07 4.07 0.00 4.07 4.08 0.00 4.07 4.08 

TL community 4 4.06 Winter 4.06 4.07 0.01 4.04 4.08 0.00 4.06 4.07 
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Table S10. Summary of the values for the indicator Keystoness (KS3) (Valls et al., 2015) per functional group (FG) of the three ecosystem models 
of the Northwestern Mediterranean Sea; mean, median, standard deviation (sd), minimum (min) and maximum (max), calculated with the baseline 
values and the thirty ecosampler values for this indicator. Results of the statistical analysis are also presented: ANOVA test (F-values and p-values) 
and Tukey-HSD test (p-values). S-A stands for the p-value between summer and annual, W-A between winter and annual and W-S between winter 
and summer. Statistically significant values are marked in bold. 

  Annual Summer Winter ANOVA test Tukey-test (p-values) 
 FG mean median sd min max mean median sd min max mean median sd min max F-value P-value S-A W-A W-S 
1 Phytoplankton 0.401 0.423 0.06 0.246 0.428 0.456 0.456 0.003 0.45 0.46 0.235 0.235 0.003 0.229 0.241 338.2 <0.01 <0.01 <0.01 <0.01 

2 Micro/Mesoplankt
on 0.097 0.077 0.076 0.072 0.383 0.134 0.076 0.122 0.062 0.391 0.062 0.062 0.003 0.054 0.066 5.8 <0.01 0.19 0.23 <0.01 

3 Suprabenthos 0.637 0.651 0.025 0.566 0.665 0.67 0.669 0.086 0.559 0.869 0.644 0.65 0.069 0.387 0.781 2.2 0.12 0.12 0.92 0.26 
4 Gelatinous species 1.187 1.2 0.048 1.057 1.264 1.184 1.186 0.039 1.109 1.236 1.341 1.35 0.047 1.257 1.427 124.7 <0.01 0.94 <0.01 <0.01 
5 Macrozooplankton 0.875 0.876 0.027 0.829 0.934 0.97 0.951 0.072 0.872 1.123 0.867 0.883 0.069 0.739 0.996 28.2 <0.01 <0.01 0.85 <0.01 

6 
Prorifera/Ascidiace
a/Cnidarians/Bryo
zoa 

0.592 0.582 0.03 0.548 0.665 0.633 0.637 0.014 0.603 0.668 0.078 0.076 0.006 0.073 0.096 7640.0 <0.01 <0.01 <0.01 <0.01 

7 Worms 0.085 0.086 0.1 -0.236 0.259 0.056 0.113 0.119 -0.186 0.123 0.247 0.242 0.034 0.2 0.376 38.8 <0.01 0.45 <0.01 <0.01 

8 Gastropoda/Bivalvi
a 0.371 0.393 0.105 0.216 0.528 0.434 0.468 0.114 0.216 0.578 0.22 0.196 0.074 0.061 0.44 38.4 <0.01 <0.05 <0.01 <0.01 

9 Echinodermata 0.822 0.825 0.024 0.77 0.878 0.923 0.922 0.033 0.871 0.992 0.918 0.914 0.037 0.836 0.983 101.7 <0.01 <0.01 <0.01 0.81 
10 Harbour crab 0.991 0.987 0.048 0.904 1.115 1.084 1.094 0.064 0.947 1.191 1.133 1.13 0.055 1.039 1.232 51.5 <0.01 <0.01 <0.01 <0.01 
11 Norway lobster 0.571 0.581 0.058 0.436 0.712 0.522 0.526 0.059 0.409 0.662 0.66 0.666 0.049 0.569 0.765 49.2 <0.01 <0.01 <0.01 <0.01 

12 Spottail mantis 
squillid 1 0.998 0.032 0.945 1.062 0.838 0.839 0.023 0.782 0.888 0.738 0.737 0.022 0.688 0.783 783.8 <0.01 <0.01 <0.01 <0.01 

13 Deep-water rose 
shrimp 0.558 0.539 0.087 0.355 0.706 0.385 0.385 0.078 0.252 0.566 0.568 0.572 0.078 0.406 0.726 49.7 <0.01 <0.01 0.89 <0.01 

14 Other Crustaceas 
Shrimp-like 0.69 0.706 0.055 0.558 0.773 0.717 0.707 0.043 0.635 0.813 0.702 0.704 0.027 0.628 0.769 3.1 0.05 <0.05 0.51 0.35 

15 
Other 
Curstaceans-Crab-
like 

0.755 0.769 0.077 0.591 0.857 0.785 0.789 0.071 0.627 0.883 0.574 0.581 0.073 0.437 0.679 74.8 <0.01 0.25 <0.01 <0.01 

16 Horned octopus 0.891 0.889 0.029 0.826 0.942 0.96 0.952 0.023 0.926 1.017 0.732 0.738 0.03 0.654 0.778 564.6 <0.01 <0.01 <0.01 <0.01 

17 Broadtail shortfin 
squid 0.851 0.858 0.043 0.76 0.931 0.934 0.947 0.05 0.84 1.024 0.71 0.712 0.035 0.649 0.782 215.1 <0.01 <0.01 <0.01 <0.01 

18 Squids 0.761 0.751 0.069 0.658 0.901 1.093 1.093 0.072 0.965 1.223 0.903 0.912 0.073 0.737 1.008 169.6 <0.01 <0.01 <0.01 <0.01 

19 Benthic 
Cephalopods 1.017 1.017 0.025 0.965 1.067 1.044 1.044 0.014 1.014 1.069 0.971 0.97 0.037 0.896 1.028 56.5 <0.01 <0.01 <0.01 <0.01 

20 Benthopelagic 
Cephalopods 1.042 1.043 0.028 0.994 1.121 1.081 1.077 0.028 1.045 1.182 1.08 1.075 0.025 1.026 1.151 21.9 <0.01 <0.01 <0.01 0.99 

21 European conger 0.575 0.57 0.066 0.419 0.719 0.581 0.59 0.069 0.464 0.731 0.735 0.752 0.071 0.562 0.839 54.2 <0.01 0.94 <0.01 <0.01 
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22 European hake 1.098 1.092 0.042 1.039 1.198 1.196 1.192 0.049 1.104 1.312 0.979 0.991 0.038 0.896 1.033 196.8 <0.01 <0.01 <0.01 <0.01 

23 Stripped red 
mullet 0.642 0.64 0.036 0.567 0.735 0.79 0.781 0.044 0.728 0.905 0.709 0.709 0.042 0.637 0.788 103.3 <0.01 <0.01 <0.01 <0.01 

24 Red mullet 0.944 0.943 0.032 0.887 1.019 0.815 0.814 0.037 0.739 0.898 0.863 0.864 0.036 0.789 0.913 108.2 <0.01 <0.01 <0.01 <0.01 
25 Poor cod 1.025 1.017 0.034 0.959 1.11 0.878 0.881 0.045 0.77 0.983 0.747 0.74 0.046 0.661 0.855 345.9 <0.01 <0.01 <0.01 <0.01 
26 White anglerfish 0.618 0.62 0.046 0.489 0.713 0.745 0.745 0.047 0.657 0.847 0.619 0.614 0.036 0.557 0.681 88.9 <0.01 <0.01 1.00 <0.01 
27 Black anglerfish 0.945 0.953 0.044 0.849 1.015 0.867 0.864 0.035 0.801 0.948 0.775 0.774 0.045 0.653 0.857 130.7 <0.01 <0.01 <0.01 <0.01 
28 Blue whiting 0.883 0.89 0.041 0.751 0.936 0.753 0.746 0.047 0.655 0.848 0.853 0.854 0.01 0.829 0.871 106.7 <0.01 <0.01 <0.01 <0.01 
29 Horse Mackerel 0.735 0.717 0.07 0.579 0.883 0.757 0.746 0.062 0.641 0.88 0.792 0.787 0.037 0.726 0.874 7.5 <0.01 0.31 <0.01 0.05 
30 Mackerel 0.509 0.52 0.052 0.406 0.609 0.754 0.75 0.052 0.623 0.835 0.359 0.362 0.047 0.24 0.458 486.6 <0.01 <0.01 <0.01 <0.01 
31 European anchovy 0.412 0.407 0.023 0.382 0.487 0.401 0.405 0.018 0.351 0.418 0.611 0.624 0.044 0.52 0.686 473.0 <0.01 0.32 <0.01 <0.01 
32 European sardine 0.501 0.517 0.036 0.407 0.571 0.435 0.412 0.054 0.318 0.531 0.67 0.668 0.041 0.597 0.76 234.1 <0.01 <0.01 <0.01 <0.01 
33 Round sardinella 0.639 0.64 0.024 0.587 0.698 0.58 0.579 0.04 0.498 0.66 0.582 0.591 0.064 0.499 0.72 16.7 <0.01 <0.01 <0.01 0.98 
34 European spratt 0.396 0.395 0.027 0.351 0.454 0.363 0.362 0.028 0.313 0.414 0.048 0.044 0.014 0.014 0.084 1994.0 <0.01 <0.01 <0.01 <0.01 
35 Flatfish 0.604 0.597 0.052 0.503 0.726 0.527 0.528 0.047 0.449 0.615 0.605 0.61 0.04 0.513 0.682 28.2 <0.01 <0.01 1.00 <0.01 

36 Demersal Fish 
small 0.856 0.851 0.046 0.78 0.954 0.88 0.892 0.052 0.77 0.983 0.802 0.802 0.052 0.718 0.942 20.0 <0.01 0.15 <0.01 <0.01 

37 Demersal Fish 
medium 1.005 1.014 0.068 0.888 1.163 0.826 0.827 0.036 0.766 0.899 0.986 0.984 0.037 0.917 1.067 123.2 <0.01 <0.01 0.32 <0.01 

38 Benthopelagic Fish 0.929 0.934 0.048 0.838 1.007 0.962 0.968 0.03 0.885 1.029 0.689 0.69 0.035 0.613 0.742 471.8 <0.01 <0.01 <0.01 <0.01 
39 Mesopelagic Fish 0.51 0.499 0.046 0.446 0.602 0.453 0.444 0.039 0.389 0.573 0.578 0.592 0.049 0.475 0.658 59.4 <0.01 <0.01 <0.01 <0.01 

40 Other pelagic 
species 0.867 0.866 0.018 0.832 0.906 0.892 0.895 0.017 0.83 0.924 0.699 0.691 0.036 0.629 0.764 538.4 <0.01 <0.01 <0.01 <0.01 

41 Rays 1.295 1.294 0.042 1.216 1.365 1.315 1.311 0.036 1.221 1.378 1.017 1.021 0.063 0.837 1.123 366.6 <0.01 0.25 <0.01 <0.01 

42 Small-spotted 
catshark 1.119 1.137 0.06 1.007 1.245 1.221 1.225 0.045 1.11 1.302 0.859 0.851 0.068 0.725 0.979 313.1 <0.01 <0.01 <0.01 <0.01 

43 Blackmouth 
catshark -0.283 -0.297 0.05 -0.361 -0.185 -0.413 -0.419 0.023 -0.445 -0.335 -0.003 -0.012 0.056 -0.137 0.106 662.7 <0.01 <0.01 <0.01 <0.01 

44 Common eagle ray 0.394 0.399 0.102 0.176 0.561 0.459 0.454 0.096 0.232 0.626 0.497 0.501 0.052 0.377 0.571 11.2 <0.01 <0.05 <0.01 0.21 

45 Marbled electric 
ray 0.552 0.61 0.209 0.042 0.809 0.826 0.829 0.056 0.716 0.953 0.745 0.745 0.067 0.624 0.892 35.8 <0.01 <0.01 <0.01 0.05 

46 Atlantic Bonito 1.022 1.029 0.077 0.89 1.183 0.872 0.893 0.132 0.627 1.124 0.997 1.021 0.089 0.806 1.172 19.2 <0.01 <0.01 0.61 <0.01 
47 Large pelagic fish 0.596 0.591 0.07 0.484 0.802 0.499 0.48 0.056 0.428 0.648 0.535 0.532 0.075 0.406 0.674 16.4 <0.01 <0.01 <0.01 0.10 
48 Loggerhead turtles -1.261 -1.239 0.181 -1.812 -0.989 -1.269 -1.227 0.163 -1.747 -1.04 -0.816 -0.733 0.234 -1.273 -0.452 54.6 <0.01 0.98 <0.01 <0.01 
49 Gulls and terns 0.678 0.669 0.113 0.421 0.87 0.838 0.865 0.138 0.546 1.045 1.186 1.207 0.109 0.984 1.356 144.5 <0.01 <0.01 <0.01 <0.01 
50 Shearwaters -0.761 -0.753 0.165 -0.991 -0.452 -0.261 -0.268 0.157 -0.53 0.089 -0.485 -0.443 0.19 -0.891 -0.189 66.5 <0.01 <0.01 <0.01 <0.01 
51 Dolphins 0.041 0.07 0.131 -0.267 0.332 0.275 0.303 0.135 -0.063 0.465 0.368 0.382 0.241 -0.281 0.72 28.1 <0.01 <0.01 <0.01 0.10 
52 Fin whales -1.79 -1.816 0.131 -2.211 -1.57 -1.89 -1.83 0.234 -2.411 -1.528 -1.847 -1.815 0.259 -2.39 -1.388 1.7 0.19 0.17 0.55 0.72 
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Figure S3. Keystoness index (KS1) (Libralato et al., 2008) for the annual, summer and winter models of the Northwestern Mediterranean Sea. 
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Figure S4. Keystoness index (KS2) (Power et al., 1996) for the annual, summer and winter models of the Northwestern Mediterranean Sea. 
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Table S11. Summary of the values for the indicator Flow to detritus (t·km-2·year-1) per functional group (FG) of the three ecosystem models of 
the Northwestern Mediterranean Sea; mean, median, standard deviation (sd), minimum (min) and maximum (max) calculated with the baseline 
values and the thirty ecosampler values for this indicator. Results of the statistical analysis are also presented: ANOVA test (F-values and p-values) 
and Tukey-HSD test (p-values). S-A stands for the p-value between summer and annual, W-A between winter and annual and W-S between winter 
and summer. Statistically significant values are marked in bold. 

 Annual Summer Winter ANOVA test Tukey-test (p-values) 
FG mean median sd min max mean median sd min max mean median sd min max F-value P-value S-A W-A W-S 

Phytoplankton 898.64 786.21 288.70 451.57 1610.6
1 614.48 560.14 202.90 306.80 1057.7

5 919.71 907.12 294.26 236.91 1534.2
8 12.80 <0.01 <0.01 0.95 <0.01 

Micro/ 
Mesozooplankt
on 

271.22 263.22 58.13 175.22 462.73 235.70 237.00 45.68 157.30 368.93 296.33 297.88 68.82 157.08 428.38 8.46 <0.01 <0.05 0.21 <0.01 

Suprabenthos 6.44 5.89 2.47 3.11 13.71 4.02 4.00 0.27 3.62 4.71 3.76 3.73 0.46 2.89 5.04 31.65 <0.01 <0.01 <0.01 0.77 
Gelatinous 
species 3.93 3.61 1.37 1.96 6.95 6.60 6.08 2.00 3.90 12.14 1.19 1.11 0.46 0.66 2.42 112.00 <0.01 <0.01 <0.01 <0.01 

Macrozooplan
kton 16.03 15.62 6.53 6.82 32.23 10.01 9.74 2.66 6.32 19.49 6.67 6.19 2.60 3.83 15.40 37.08 <0.01 <0.01 <0.01 <0.01 

Prorifera/Asci
diacea/Cnidari
ans/Bryozoa 

0.15 0.13 0.05 0.05 0.26 0.29 0.27 0.09 0.15 0.50 0.01 0.01 0.00 0.01 0.02 177.60 <0.01 <0.01 <0.01 <0.01 

Worms 76.01 75.31 31.12 23.97 169.84 61.76 63.21 16.43 35.28 99.98 18.15 16.42 5.35 11.24 28.83 66.72 <0.01 <0.05 <0.01 0.00 
Gastropoda/Bi
valvia 2.01 2.13 0.58 1.21 3.15 2.90 2.63 0.83 1.63 5.77 2.44 2.55 0.76 1.06 3.91 11.52 <0.01 <0.01 0.06 <0.05 

Echinodermat
a 0.09 0.09 0.02 0.05 0.15 0.17 0.16 0.07 0.08 0.30 0.07 0.07 0.02 0.04 0.11 40.26 <0.01 <0.01 0.17 <0.01 

Harbour crab 0.09 0.08 0.04 0.06 0.19 0.16 0.14 0.05 0.08 0.26 0.05 0.05 0.01 0.03 0.07 73.40 <0.01 <0.01 <0.01 <0.01 
Norway 
lobster 0.02 0.02 0.00 0.02 0.03 0.04 0.04 0.01 0.03 0.05 0.02 0.02 0.00 0.02 0.02 115.80 <0.01 <0.01 0.07 <0.01 

Spottail mantis 
squillid 0.09 0.09 0.02 0.05 0.11 0.06 0.06 0.00 0.05 0.07 0.17 0.16 0.04 0.09 0.23 188.80 <0.01 <0.01 <0.01 <0.01 

Deep-water 
rose shrimp 0.01 0.01 0.00 0.01 0.02 0.01 0.01 0.00 0.01 0.02 0.02 0.02 0.00 0.01 0.02 30.97 <0.01 <0.01 <0.01 <0.01 

Other 
Crustaceas 
Shrimp-like 

4.00 3.92 0.63 3.00 5.44 6.53 6.38 0.81 4.72 8.56 2.62 2.61 0.46 1.60 3.44 290.60 <0.01 <0.01 <0.01 <0.01 

Other 
Curstaceans-
Crab-like 

0.52 0.53 0.18 0.28 1.01 0.87 0.81 0.23 0.51 1.54 0.64 0.61 0.24 0.31 1.29 20.77 <0.01 <0.01 0.08 <0.01 

Horned 
octopus 0.17 0.16 0.05 0.09 0.32 0.16 0.14 0.06 0.06 0.28 0.23 0.22 0.06 0.12 0.35 14.17 <0.01 0.55 <0.01 <0.01 

Broadtail 
shortfin squid 0.25 0.26 0.04 0.19 0.36 0.43 0.40 0.10 0.29 0.62 0.11 0.11 0.02 0.07 0.16 209.40 <0.01 <0.01 <0.01 <0.01 
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Squids 0.47 0.49 0.12 0.23 0.70 0.59 0.57 0.14 0.37 0.85 0.34 0.35 0.08 0.19 0.47 35.82 <0.01 <0.01 <0.01 <0.01 
Benthic 
Cephalopods 0.17 0.17 0.05 0.10 0.32 0.22 0.22 0.05 0.10 0.31 0.12 0.13 0.03 0.07 0.17 41.69 <0.01 <0.01 <0.01 <0.01 

Benthopelagic 
Cephalopods 0.14 0.13 0.05 0.09 0.37 0.05 0.05 0.02 0.03 0.12 0.05 0.05 0.02 0.03 0.10 75.74 <0.01 <0.01 <0.01 1.00 

European 
conger 0.02 0.02 0.01 0.01 0.04 0.04 0.04 0.01 0.02 0.06 0.02 0.02 0.00 0.01 0.02 135.90 <0.01 <0.01 <0.01 <0.01 

European hake 0.27 0.27 0.05 0.16 0.40 0.43 0.43 0.07 0.27 0.57 0.16 0.15 0.04 0.09 0.27 184.40 <0.01 <0.01 <0.01 <0.01 
Stripped red 
mullet 0.05 0.05 0.01 0.04 0.07 0.09 0.09 0.02 0.07 0.12 0.01 0.01 0.00 0.01 0.02 533.30 <0.01 <0.01 <0.01 <0.01 

Red mullet 0.14 0.14 0.03 0.10 0.19 0.14 0.14 0.03 0.10 0.21 0.13 0.13 0.02 0.10 0.18 0.98 0.38 0.95 0.55 0.38 
Poor cod 0.29 0.29 0.06 0.18 0.41 0.46 0.44 0.08 0.33 0.61 0.15 0.15 0.03 0.10 0.22 213.50 <0.01 <0.01 <0.01 <0.01 
White 
anglerfish 0.36 0.35 0.08 0.21 0.56 0.85 0.83 0.16 0.57 1.28 0.06 0.07 0.01 0.04 0.09 458.50 <0.01 <0.01 <0.01 <0.01 

Black 
anglerfish 0.25 0.24 0.05 0.15 0.37 0.37 0.37 0.08 0.21 0.51 0.25 0.25 0.05 0.16 0.37 36.99 <0.01 <0.01 0.93 <0.01 

Blue whiting 0.43 0.44 0.07 0.31 0.55 0.91 0.88 0.12 0.72 1.16 0.08 0.08 0.01 0.06 0.11 813.50 <0.01 <0.01 <0.01 <0.01 
Horse 
Mackerel 1.80 1.82 0.36 1.17 2.48 2.42 2.26 0.61 1.50 3.61 1.39 1.30 0.28 1.03 2.12 43.26 <0.01 <0.01 <0.01 <0.01 

Mackerel 0.36 0.35 0.08 0.26 0.59 0.53 0.54 0.10 0.37 0.72 0.26 0.27 0.05 0.18 0.35 91.81 <0.01 <0.01 <0.01 <0.01 
European 
anchovy 2.71 2.68 0.51 1.99 4.02 2.89 2.74 0.60 2.12 4.43 1.39 1.40 0.23 1.00 1.83 94.26 <0.01 0.29 <0.01 <0.01 

European 
sardine 2.09 1.95 0.43 1.54 2.95 3.03 2.79 0.76 1.69 4.73 0.57 0.52 0.13 0.42 0.82 182.60 <0.01 <0.01 <0.01 <0.01 

Round 
sardinella 0.16 0.15 0.03 0.12 0.25 0.27 0.26 0.07 0.16 0.46 0.36 0.36 0.06 0.27 0.52 94.51 <0.01 <0.01 <0.01 <0.01 

European 
spratt 0.20 0.19 0.05 0.13 0.32 0.39 0.37 0.13 0.20 0.66 0.01 0.01 0.00 0.00 0.01 190.60 <0.01 <0.01 <0.01 <0.01 

Flatfish 0.91 0.87 0.18 0.57 1.33 1.59 1.64 0.32 1.08 2.21 0.26 0.25 0.05 0.17 0.41 299.90 <0.01 <0.01 <0.01 <0.01 
Demersal Fish 
small 0.27 0.25 0.06 0.17 0.44 0.48 0.46 0.09 0.34 0.71 0.11 0.11 0.02 0.08 0.17 241.80 <0.01 <0.01 <0.01 <0.01 

Demersal Fish 
medium 0.44 0.45 0.11 0.24 0.65 0.81 0.79 0.18 0.49 1.15 0.22 0.22 0.05 0.14 0.38 168.20 <0.01 <0.01 <0.01 <0.01 

Benthopelagic 
Fish 0.43 0.42 0.09 0.28 0.62 0.69 0.67 0.13 0.45 1.05 0.25 0.23 0.06 0.17 0.37 161.40 <0.01 <0.01 <0.01 <0.01 

Mesopelagic 
Fish 4.92 4.81 1.18 2.90 7.17 8.66 8.57 1.94 5.03 12.36 4.53 4.33 1.46 1.68 9.02 66.73 <0.01 <0.01 0.58 <0.01 

Other pelagic 
species 0.31 0.32 0.07 0.16 0.45 0.38 0.38 0.08 0.23 0.52 0.32 0.32 0.06 0.21 0.45 7.91 <0.01 <0.01 0.85 0.01 

Rays 0.11 0.11 0.02 0.09 0.16 0.20 0.19 0.04 0.15 0.32 0.04 0.04 0.01 0.03 0.06 350.90 <0.01 <0.01 <0.01 <0.01 
Small-spotted 
catshark 0.11 0.11 0.02 0.07 0.18 0.21 0.22 0.03 0.16 0.28 0.07 0.07 0.02 0.05 0.10 277.10 <0.01 <0.01 <0.01 <0.01 

Blackmouth 
catshark 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.02 117.30 <0.01 <0.01 <0.01 <0.01 
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Common eagle 
ray 0.03 0.03 0.01 0.02 0.05 0.08 0.07 0.02 0.04 0.11 0.05 0.05 0.00 0.05 0.05 133.10 <0.01 <0.01 <0.01 <0.01 

Marbled 
electric ray 0.01 0.01 0.00 0.00 0.02 0.02 0.02 0.00 0.02 0.03 0.01 0.01 0.00 0.01 0.02 177.50 <0.01 <0.01 0.75 <0.01 

Atlantic Bonito 0.05 0.05 0.01 0.03 0.09 0.05 0.05 0.02 0.03 0.09 0.05 0.05 0.01 0.03 0.09 0.10 0.90 0.91 1.00 0.93 
Large pelagic 
fish 0.01 0.01 0.00 0.01 0.02 0.02 0.02 0.01 0.01 0.03 0.01 0.01 0.00 0.01 0.02 2.35 0.10 0.13 0.98 0.18 

Loggerhead 
turtles 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 21.23 <0.01 <0.01 0.70 <0.01 

Gulls and terns 0.02 0.02 0.01 0.01 0.03 0.06 0.06 0.02 0.03 0.10 0.02 0.02 0.01 0.01 0.04 119.00 <0.01 <0.01 0.98 <0.01 
Shearwaters 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 109.10 <0.01 <0.01 0.69 <0.01 
Dolphins 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.69 0.07 0.48 0.45 0.05 
Fin whales 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 3.72 <0.01 1.00 0.05 0.05 
Detritus 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00        
Discards 0.26 0.26 0.01 0.23 0.28 0.19 0.20 0.02 0.15 0.24 0.28 0.28 0.01 0.25 0.30 250.20 <0.01 <0.01 <0.01 <0.01 
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A B S T R A C T   

There is a general lack of information related to the spatial structure and functioning of marine ecosystems 
considering seasonality. Here, we modeled the biomass distribution of eight commercial marine species in the 
northwestern Mediterranean Sea during winter and summer. We hypothesised that the seasonal differences of the 
water column and the spatial heterogeneity of oceanographic conditions in the study area could result in seasonal 
variations on the species biomass distributions. We employed a Bayesian hierarchical species distribution 
modelling approach (B-SDM) with data from two experimental trawl surveys to analyse which are the significant 
drivers in each season. Our results showed that bathymetry, temperature and fishing patterns are important 
variables explaining the species spatial biomass distributions. Furthermore, we found seasonal differentiation in 
the spatial distribution of biomass for all the studied species. Our results provide essential knowledge about the 
seasonal distributions of key species in the Mediterranean Sea, with important management implications.   

1. Introduction 

The knowledge about species spatial-temporal distributions is key for 
understanding population dynamics and marine ecosystem functioning 
(Chase and Leibold, 2003). It is also fundamental for the management of 
fisheries and spatial planning of human activities (Guisan and Zim-
mermann, 2000; Guisan et al., 2013). Individuals tend to aggregate 
where there are the resources necessary to achieve their maximum 
fitness. Therefore, species habitat suitability and distribution depend on 
biotic and abiotic factors such as prey availability, predation risk, and 
environmental conditions (Carney, 2005; Morfin et al., 2012). 

Statistical and data geo-processing tools have stimulated the use of 
species distribution models (SDMs) to investigate spatial patterns of 
marine species across geographical areas (Guisan and Zimmermann, 
2000; Elith and Leathwick, 2009; Martínez-Minaya et al., 2018). These 
include patterns and drivers of species distribution in the Mediterranean 
Sea for finfish (Navarro et al., 2015), elasmobranchs (Pennino et al., 
2013), cephalopods (Puerta et al., 2015) and crustaceans (Demestre 

et al., 2000). In these studies, species distributions are explained by 
particular biological, environmental and human-related variables, 
mainly bathymetry and temperature (Katsanevakis et al., 2009; Navarro 
et al., 2015). However, most of these studies concentrated on 
inter-annual variability and did not consider seasonality (Pennino et al., 
2019). 

The northwestern Mediterranean Sea is characterized by clear 
environmental seasonal gradients, with a marked thermocline in sum-
mer and the absence of it in winter (Margalef, 1985). The high Medi-
terranean summer temperatures lead to the formation of the 
thermocline, which is well defined between early spring and late 
autumn. The stratification of the water column prevents vertical mixing 
and the diffusion of nutrients to the surface layer. On the other hand, in 
winter, winds cause the cooling of the surface and the mixing of the 
water column, which results on vertical mixing and an increase of nu-
trients to the photic zone. All this translates to a strong seasonality on 
primary production. Surface phytoplankton blooms occur in autumn 
related to the beginning of the mixing process and again in winter-early 
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spring when the surface waters begin to stabilize and coincides with 
strong riverine inputs (Estrada, 1996; Salat et al., 2002). 

In fact, the Mediterranean Sea is not the only marine environment 
subjected to environmental seasonality. According to Valiela (1995), 
seasonal cycles are the result of the interplay between biological, 
chemical, meteorological and physical factors. Some areas, like tropical 
waters, have more constant conditions and nutrients and thus, little 
seasonal changes occur in phytoplankton blooms; whereas others, like 
temperate regions, have a clear seasonal distinction (Valiela, 1995). 
Therefore, seasonal cycles take place in all marine ecosystems but have a 
specific pattern in each area and may have different impacts on marine 
species. 

Since environmental factors driving species distributions vary 
seasonally in the northwestern Mediterranean Sea (Salat et al., 2002), 
these could result in a seasonal variation of species distributions in the 
area. In fact, some studies looked into seasonal spatial-temporal distri-
bution and habitat use of commercial demersal species, like the tub 
gurnard (Chelidonichthys lucernus), annular seabream (Diplodus annu-
laris), European anglerfish (Lophius budegassa) and European hake 
(Merluccius merluccius) in the Aegean Sea (Katsanevakis et al., 2009). 
Furthermore, Puerta et al. (2016) studied the seasonal variability of 
cephalopods (Illex coindetii, Eledone cirrhosa, Octopus vulgaris) in the 
northwestern Mediterranean Sea. Both studies concluding that species 
spatial seasonal patterns depend on seasonal variation of local envi-
ronmental variables (i. e., temperature, salinity and primary 
production). 

A previous analysis also described seasonal variations of biodiversity 
patterns of a demersal community in our study area (Vilas et al., 2019). 
The aim of this paper is to go further and investigate the specific winter 
and summer distribution patterns and main drivers of eight demersal 
species (fish, crustacean and cephalopod), which are of commercial 
relevance in the northwestern Mediterranean Sea. Specifically, we 
analysed European hake (Merluccius merluccius), two anglerfish species 
(Lophius budegassa, and Lophius piscatorius), red mullet (Mullus barbatus), 
shortfin squid (Illex coindetii), horned octopus (Eledone cirrhosa), 
harbour crab (Liocarcinus depurator) and mantis shrimp (Squilla mantis) 
in the southern Catalan area (northwestern Mediterranean). We applied 
spatio-temporal modelling approaches (Blangiardo et al., 2013; Blan-
giardo and Cameletti, 2015) to identify significant drivers of biomass 
distribution in each season and investigate if they are specific or com-
mon to all the studied species. Specifically, we used a Bayesian hierar-
chical species distribution model (B-SDM) approach, which is an 
increasingly used methodology in the marine field (Pennino et al., 
2013). We also analysed the functional relationships between the pre-
dicted and explanatory variables for winter and summer. We hypoth-
esised that the seasonal differences in the water column and the spatial 
heterogeneity of the oceanographic conditions in the study area could 
result in variations on the distributions of the species biomass between 
winter and summer that can be triggered by environmental thresholds 
and/or feeding conditions. 

This is the first study to use a Bayesian approach to analyse seasonal 
distribution for several of the most abundant demersal species in the 
northwestern Mediterranean Sea. Bayesian models, and more specif-
ically point-references spatial models, are suitable for data observed at 
continuous locations within a defined space (Muñoz et al., 2013). By 
using a B-SDM instead of a frequentist approach we obtained a posterior 
probability distribution for the response parameters and quantifiable 
sources of uncertainty that are more easily interpretable. Furthermore, 
we were able to model the spatial autocorrelation and account for the 
boundary effect, which is relevant when a small area close to the coast is 
investigated. 

The ecological and socioeconomic relevance of the Mediterranean 
Sea emphasizes the need for a sustainable environmental management 
approach (FAO-MED, 2018). With this study, we aim to contribute to the 
knowledge about the ecological and anthropogenic drivers that cause 
species to undergo spatial movements, which is essential to investigate 

species distribution shifts under future scenarios of climate change or 
other adverse conditions. Our results can be of support for relevant 
policies such as the implementation of an ecosystem-based fisheries 
management (GFCM, 2012) and marine spatial planning approaches 
(EU, 2014; Ehler and Douvere 2009). 

2. Materials and methods 

2.1. Study area 

Our study was conducted in the northwestern Mediterranean Sea, 
between Barcelona and Castellon de la Plana (Fig. 1), which includes the 
area adjacent to the Ebro river Delta. The study covers an extension of 
~8 000 km2, including the continental shelf and upper slope. When 
compared to other marine regions, the continental shelf of our study 
area is considered narrow (Salat et al., 2002) but in relation to the 
Iberian Peninsula coast, this area has a wider continental shelf, espe-
cially in the southern part, which corresponds to the Ebro river Delta and 
the Gulf of Valencia shelf, (Salat et al., 2002). It is also a relatively high 
primary production area, mainly due to local and regional features like 
the Ebro river inputs, the Liguro-Provenzal current and a local upwelling 
associated to the Ebro river (Salat et al., 2002; Bosc et al., 2004). The 
Mediterranean Sea is characterized by contrasting environmental gra-
dients; with biological production decreasing from west to east and from 
north to south, inversely related to temperature and salinity, as well as a 
strong seasonality in environmental parameters like sea surface tem-
perature (Coll et al., 2010). The area is mainly dominated by sediments 
of mud and clay, and sand takes up in the coastal areas (Demestre et al., 
2000). 

It is widely accepted that the Mediterranean Sea bears high levels of 
fishing activity and many assessed demersal species in European waters 
and elsewhere are classified as fully exploited or overexploited (Colloca 
et al., 2013; Fernandes et al., 2017; FAO-MED, 2018; FAO, 2020). In this 
context, the area covered by our study is a highly exploited region, 
mainly by the bottom trawls and purse seiners fleet (Merino et al., 
2019), and yields important catches of demersal fish and crustacean 
species, as well as small pelagic fish species. 

2.2. Data collection and species selection 

Data were obtained from two experimental trawl surveys carried out 
in winter (22 February-8 March) and summer (2–17 July) of 2013 in the 
study area (ECOTRANS project CTM2011-26333, 2012–20141, Spanish 
Government) on board of the R/V Angeles Alvariño. The ECOTRANS 
surveys were performed following MEDITS trawling protocols (Bertrand 
et al., 2002) using a GO73 experimental mesh of 10 mm (stretched 
mesh). To minimise bias (for example derived from daily vertical 
migration) both surveys were carried during day time. Sampling sites 
were randomly distributed over the coastal and continental shelf areas 
and the upper slopes with a total of 82 hauls conducted, 37 in winter and 
45 in summer (Fig. 1). On board, all organisms were identified and 
classified to the lowest taxonomic level. CTD measures (CTD SeaBird 25) 
were incorporated in the sampling gear and in situ environmental var-
iables; Sea Surface Salinity (SSS, PSU), Sea Surface Temperature (SST, 
◦C), Sea Bottom Temperature (SBT, ◦C) and primary production (Chl-a, 
mg⋅m− 3) were recorded for each haul. 

Here we focused on the spatial distribution of eight demersal species 
including fish, cephalopod and crustacean that were most abundant 
during the two surveys and that are of high commercial importance in 
this area. These include four species of fish: European hake (Merluccius 
merluccius), European anglerfish (Lophius budegassa), anglerfish (Lophius 
piscatorius) and red mullet (Mullus barbatus); two species of cephalopods: 
shortfin squid (Illex coindetii) and horned octopus (Eledone cirrhosa), and 
two species of crustaceans: harbour crab (Liocarcinus depurator) and 
mantis shrimp (Squilla mantis). Biomass (kg⋅km− 2) estimates were 
calculated from the experimental survey dataset using the widely 
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Fig. 1. Study area and geographical positions of the sampling sites for winter and summer seasons of the ECOTRANS survey.  

Fig. 2. Spatial distribution of the environmental and anthropogenic variables (Sea Surface Temperature (SST, ◦C), Sea Bottom Temperature (SBT, ◦C), Sea Surface 
Salinity (SSS, PSU), primary production (Chl-a, mg/m3), seasonal fishing effort (vessel density), bathymetry (m), and seabed substrate) for winter and summer. 
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accepted swept area method and were used as the response variables to 
generate the species distribution models for both seasons (Vilas et al., 
2019). 

2.3. Environmental and anthropogenic variables 

Six environmental variables were selected as explanatory predictors 
for the statistical models: SSS, SST, SBT, Chl-a, bathymetry (in meters) 
and type of substrate. In addition, seasonal fishing effort was included as 
an anthropogenic variable. 

In order to use precise environmental data matching the sampling in 
time and area, SST, SSS, SBT and Chl-a variables were continuous data 
extracted from the CTD measurements. QGIS software (QGIS-Deve-
lopment-Team, 2012) was used to interpolate data collected in situ 
during the survey and generate raster maps of the entire study area with 
a 0.1 × 0.1◦ spatial resolution, for both seasons (Fig. 2a to h). Ba-
thymetry and substrate data were obtained from EMODnet bathymetry 
(http://portal.emodnet-bathymetry.eu/) and EMODnet seabed habitat 
open sources (http://www.emodnet-seabedhabitats.eu/) with a 0.1 ×
0.1◦ spatial resolution. The type of substrate was the only categorical 
variable and included seven substrate types (sandy mud, sand, rock or 
other hard substrata, Posidonia oceanica meadows, muddy sand, fine 
mud and coarse and mixed sediment) (Fig. 2). Using sea surface envi-
ronmental variables (temperature and salinity) for modelling demersal 
species has been previously used (Sion et al., 2019; Vilas et al., 2019) 
when at the sampling depth data were not accurate. Furthermore, it was 
not possible to implement INLA-corrections for the misalignment 
(Barber et al., 2016) as the small study area and the limited number of 
samples hindered the further parametrization of the model. 

We aimed to consider a representation of the spatial distribution of 
the fishing activity in each season of 2013 (representing the fact that the 
vessels are at certain location on a certain time of the year) to analyse if 
this factor was related to the distribution of the studied species. On that 
aim, the spatial distribution of seasonal fishing effort was interpolated 
from summer and winter 2013 Vessel Monitoring System (VMS) data, 
provided by the General Secretariat of Fisheries of the Spanish Ministry 
of Agriculture, Food and Environment. VMS is a mandatory tool for 
European fishing vessels of more than 15 m length since 2005 (European 
Union, 2003). Despite VMS presents some limitations, one of which is 
the underestimation of fishing effort due to lack of monitoring systems 
for certain type of vessels, it stills a good representation of the activity 
related to trawling, which has the highest impact on the demersal 
community in our study area. We used a point density estimation as the 
index of fishing intensity (Lee et al., 2010; Lambert et al., 2012) for each 
season. A speed filter between 2 and 4.4 knots was applied to select 
fishing trajectories (Lee et al., 2010; Lambert et al., 2012; Russo et al., 
2013; Vilas et al., 2019). Filtered data were plotted and interpolated to 
0.1 × 0.1◦ spatial resolution using QGIS software (QGIS-Deve-
lopment-Team, 2012) (Fig. 2i and j). This variable did not consider the 
cumulative impact of fishing in the ecosystem, which would affect both 
seasons similarly. 

2.4. Species distribution modelling 

2.4.1. Model estimation 
We used a hierarchical Bayesian distribution model to identify 

relevant environmental and human-related drivers of species biomass 
distribution in each season and examine whether they were specific or 
common to the studied species. We applied the Integrated Nested Lap-
lace Approximation (INLA) methodology and software (http://www.r- 
inla.org/), which is a deterministic algorithm in the Bayesian infer-
ence (Rue et al., 2009). INLA was specifically designed for latent 
Gaussian models and has a greater accuracy and a shorter computing 
time than Monte Carlo or Markov chain Monte Carlo (MCMC) (Blan-
giardo and Cameletti, 2015). Furthermore, INLA implements the Sto-
chastic Partial Differential Equations (SPDE) (Lindgren et al., 2011; 

Bakka et al., 2018; Krainski et al., 2019) approach for the spatial effect 
(W), which approximates a continuously indexed Gaussian Field (GF) 
with a Matérn covariance function (Q) by a Gaussian Markov Random 
Field (GMRF). The spatial effect is a numeric vector linking each 
observation to a spatial location, and thus, it accounts for independent 
region-specific noise that cannot be explained by the available cova-
riates (Muñoz et al., 2013). The spatial random effect is useful for un-
even or irregular sampling and accounts for the spatial association not 
explained by the variables themselves (Gelfand et al., 2006). As rec-
ommended by Lindgren and Rue (2015), multivariate Gaussian distri-
butions with mean zero and a spatially-structured covariance matrix 
were assumed for the spatial component. The SPDE function included in 
INLA uses a triangulation mesh of Delaunay around the sampling points, 
with the advantage that it creates smaller and denser triangles where 
there are higher observations, adding accuracy (Electronic supplement 
Fig. S1). Overall, the triangulation represents an advantage over a reg-
ular grid as it has a quicker computing time and accounts for boundary 
effects (Pennino et al., 2013). 

As no prior information was available about the response variables, 
vague Gaussian priors (zero mean with a variance of 100) were assigned 
for all of them, and sensitivity analysis was performed to verify the 
shape of posterior distributions. 

As models using a Gaussian and (log +1) transformation did not 
follow the theoretical assumptions of normality and heterogeneity, a 
Gamma distribution was used (see also, Electronic supplements, 
Table S2) (eqn (1)).  

Yi ~ Gamma (μi, r)                                                                      (eq 1)  

log (μi) = α(Y) +Xiβ + Wi
(Y)                                                                    

Wi ~ Normal (0, Q(K, τ)                                                                        

Where, μi and r represent the probability and variance of biomass at 
location i. α(Y) is the intercept; β is the vector of regression parameters, 
Xi is the matrix of the explanatory covariates at location i and the final 
component Wi

(Y) refers to the spatial effect. Prior Gaussian distributions 
with a zero mean and covariance matrix (Q) was assumed for the spatial 
component, which depends on the hyperparameters k and τ, and 
determine the range of the effect and the total variance, respectively. 

For those species which percentage of zero values was more than 
50%, a joint model of presence-absence and biomass had to be devel-
oped instead (eqn (2)). This was the case of S. mantis and L. piscatorius. 
Here, the spatial distributed occurrence was modeled using a binomial 
distribution and the conditional-to-presence biomass with a gamma 
approximation.  

Yi ~ Bernoulli(πi)                                                                        (eq 2)  

Zi ~ Lognormal (μi, σ2 
i)                                                                          

logit (πi) = α(Y) +Xiβ +Wi 
(Y)                                                                  

log (μi) = α(Z) +Xiβ +Wi
(Z)                                                                     

Where, πi represents the probability of occurrence at location i and μi 
and σ2 

i are the mean and variance of the conditional-to-presence 
biomass. α(Y) and α(Z) are the linear predictors containing the effects 
to which these parameters πi and μi are linked. β is the vector of 
regression parameters, Xi is the matrix of the explanatory covariates at 
location i and Wi

(Y) and Wi 
(Z) refer to the spatial effect of the occurrence 

and conditional-to-presence biomass, respectively. 
All environmental variables were aggregated into the same spatial 

resolution of 0.1 × 0.1◦ for each season using the “raster” package 
(Hijmans, 2018) in the R software (R version 3.5.1.) (R Development 
Core Team, 2018). Finally, after an exploratory analysis, in order to 
better interpret, both the direction (positive or negative) and magni-
tudes (effect sizes) of parameter estimates in relation to the others, the 
explanatory variables were standardized (difference from the mean 
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divided by the corresponding standard deviation) (Gelman et al., 2008; 
Hereford et al., 2004). Finally, all the variables were checked for line-
arity with the draftsman’s plot and multi-collinearity using the corvif 
function of the R software that assesses the Generalized 
Variance-Inflation Factors (GVIF) (Fox and Weisberg, 2011). A GVIF 
lower than 3 was found in the explanatory variables for summer models 
(Zuur et al., 2010). However, for winter models, a GVIF higher than 3 
was found for SSS and SBT. These variables were not directly excluded 
from the model selections. To determine whether they were relevant or 

not, models were run with and without these variables and correlation 
and variability were checked. Only for two of the models (M. barbatus 
and E. cirrhosa) these variables were identified to be relevant and 
included in the model selection (Table 1). 

2.4.2. Model selection 
All the combinations between explanatory variables were tested and 

the best fitted models were selected using three statistical criteria: 
Deviance Information Criterion (DIC) (Spiegelhalter et al., 2002), 

Table 1 
Numerical summary of the posterior distribution for the selected model of each species in A) winter and B) summer. Mean, standard deviation (SD), median (Q0.5) and 
a 95% credible interval (Q0.025 - Q0.975). Variables acronyms are: SSS (Sea Surface Salinity, PSU), SST (Sea Surface Temperature, ◦C), SBT (Sea Bottom Temperature, 
◦C) and Chl-a (Chlorophyll-a, mg/m3). Deviance Information Criterion (DIC) and Watanabe-Akaike Information Criterion (WAIC) scores measure goodness-of-fit for 
each model. Spearman’s spatial correlations ρ, between observed and predicted values indicate the goodness of the predictions. The * symbols marks the significance 
(p-value <0.01) of this correlation. The column “Failures”, indicates the sum of the failure vector calculated by the internal leave-one-out cross validation of R-INLA.  

A)  Predictor Mean SD Q0.025 Q0.5 Q0.975 DIC WAIC ρ Failures 

WINTER Merluccius merluccius Intercept 1.99 0.73 0.57 1.99 3.44 267.47 266.08 0.49* 0.84 
Chl-a − 0.25 0.18 − 0.62 − 0.25 0.1 
Seasonal fishing effort 0.3 0.28 − 0.26 0.3 0.86 

Lophius budegassa Intercept 5.01 1.52 2.29 4.91 8.24 311.04 309.3 0.78* 0.54 
Bathymetry 2.76 1.61 − 0.09 2.65 6.19 
SST 0.01 0.36 − 0.69 0.01 0.73 
Chl-a 0.22 0.21 − 0.2 0.22 0.63 

Lophius piscatorius Intercept 1.54 1.38 − 1.23 1.56 4.23 67.88 79.53 0.61* 12.04 
SSS − 0.72 1.18 − 3.06 − 0.71 1.6 

Mullus barbatus Intercept 3.04 1.89 − 0.2 2.88 7.17 222.8 223.57 0.64* 1.5 
Bathymetry − 1.62 2.18 − 5.4 − 1.8 3.07 
Chl-a 0.53 0.45 − 0.38 0.53 1.4 
Seasonal Fishing Effort − 1.29 0.44 − 2.15 − 1.28 − 0.44 
SBT − 0.08 0.3 − 0.65 − 0.09 0.54 

Illex coindetii Intercept 3.68 1.32 1.24 3.63 6.41 292.26 290.35 0.59* 1.55 
Bathymetry 1.22 1.38 − 1.35 1.17 4.09 
SST − 0.2 0.3 − 0.79 − 0.21 0.4 
Seasonal Fishing effort 0.08 0.27 − 0.45 0.08 0.62 

Eledone cirrhosa Intercept 3.86 1.58 0.99 3.78 7.18 331.98 330.47 0.52* 0.18 
Bathymetry 1.06 1.67 − 1.98 0.98 4.55 
SST 0.13 0.39 − 0.62 0.13 0.9 
SSS 0.39 0.73 − 1.05 0.4 1.81 
Seasonal Fishing effort − 0.16 0.29 − 0.73 − 0.16 0.42 

Liocarcinus depurator Intercept − 2.98 1.26 − 5.33 − 3.02 − 0.39 57.87 59.74 0.66* 3.18 
Substrate type − 0.36 0.16 − 0.67 − 0.36 − 0.05 
Bathymetry − 1.73 1.3 − 4.18 − 1.77 0.95 
SST − 0.04 0.29 − 0.61 − 0.04 0.52 
Seasonal Fishing effort 0.63 0.25 0.15 0.63 1.12 

Squilla mantis Intercept 0.27 1.24 − 2.27 0.3 2.66 110.42 111.66 0.84* 8.51 
SST − 0.63 0.63 − 1.87 − 0.63 0.6 

B)  Predictor Mean SD Q0.025 Q0.5 Q0.975 DIC WAIC ρ Failures 
SUMMER Merluccius merluccius Intercept 2.39 0.67 1.07 2.38 3.72 329.99 327.83 0.51* 0 

SSS − 0.2 0.21 − 0.62 − 0.2 0.22 
Chl-a − 0.12 0.36 − 0.83 − 0.12 0.59 
Seasonal Fishing effort 0.32 0.29 − 0.23 0.32 0.89 

Lophius budegassa Intercept 4.5 2.06 0.6 4.45 8.68 347.82 347.42 0.69* 1.6 
Bathymetry 2.76 2.46 − 1.95 2.72 7.68 
SSS − 0.33 0.25 − 0.82 − 0.33 0.16 
SBT − 0.76 0.17 − 1.07 − 0.77 − 0.42 
Fishing effort 0.44 0.3 − 0.15 0.43 1.04 

Lophius piscatorius Intercept 0.77 1.27 − 1.75 0.78 3.25 67.5 143.12 0.63* 8.27 
Substrate type 0.38 0.28 − 0.16 0.37 0.96 

Mullus barbatus Intercept 2.4 0.7 1.04 2.4 3.78 243.23 244.22 0.44* 2 
Substrate 0.91 0.27 0.37 0.91 1.45 
Seasonal Fishing effort − 0.38 0.28 − 0.92 − 0.38 0.16 

Illex coindetii Intercept 3.1 0.6 1.91 3.1 4.27 372.42 372.26 0.60* 1.42 
SSS − 0.39 0.19 − 0.77 − 0.39 − 0.01 
SBT − 0.79 0.21 − 1.19 − 0.8 − 0.35 
Chl-a 0.39 0.36 − 0.3 0.39 1.1 

Eledone cirrhosa Intercept 1.57 0.64 0.32 1.57 2.83 282.14 281.98 0.69* 1.53 
SBT − 0.76 0.14 − 1.02 − 0.76 − 0.47 
Seasonal Fishing effort 0.38 0.26 − 0.13 0.38 0.9 

Liocarcinus depurator Intercept 0.64 0.6 − 0.55 0.65 1.8 182.46 183.8 0.78* 3.95 
SST − 0.37 0.17 − 0.71 − 0.37 − 0.04 
SSS − 0.23 0.12 − 0.46 − 0.23 0 
SBT − 0.34 0.15 − 0.63 − 0.34 − 0.03 

Squilla mantis Intercept − 1.28 1.05 − 3.46 − 1.25 0.7 64.96 67.47 0.66 7.35 
SBT − 0.09 0.16 − 0.4 − 0.1 0.23  
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Watanabe-Akaike Information Criterion (WAIC) (Watanabe, 2010) and 
Log-Conditional Predictive Ordinates (LCPO) (Roos and Held, 2011) and 
based on ecological relevance. Models with lower DIC and WAIC indi-
cated a better fit, while LCPO measure the predictive power of the 
model, with lower values indicating a better model. Finally, the best-fit 
model included only relevant predictors and the random spatial 
component that accounts for the intrinsic spatial variability of the spe-
cies distribution after the exclusion of the variables included in the 
analysis. 

2.4.3. Model prediction 
After obtaining the prediction in the selected location, there are 

additional functions that linearly interpolate the results within each 
triangle into a finer regular grid. As a result of the process, for each point 
of the area, we obtained a predictive posterior distribution of species 
biomass for the whole study area. 

Finally, in order to plot the predictive functional response between 
the selected explanatory variables and the predicted biomass values, we 
used the “ggplot” package (Wickham, 2016) of the R software to apply a 
smoothing function to capture the general patterns in the spatial trend of 
the species in the whole study area, while also reducing the noise. It is 

essential to point out the difference between the estimated coefficient of 
each variable in each model and the functional responses. The functional 
responses are produced from the predicted biomass of the entire area. 
On the other hand, the estimated coefficients correspond to the rela-
tionship between the explanatory variable and the response variable in 
each observed data point (Lopes et al., 2019). 

2.4.4. Model evaluation and calibration 
To evaluate the goodness of the selected model, we used the R-ILNA 

internal cross-validation, which consists on a leave-one-out cross-vali-
dations. Through this, we obtained a failure vector for each one of our 
observations going from 0 to 1 (values equal to 0 indicate that the 
predictive measure for that particular observation is reliable, values 
equal to 1 mean it is not reliable). The goodness of the model was tested 
by adding all the failure vectors of our dataset (Blangiardo and Camel-
etti, 2015). Furthermore, to assess the predictive accuracy of the 
selected model and the fit of the predicted model; predicted and 
observed values using the full dataset were compared using Spearman’s 
spatial correlations r with the “corLocal” function (Hijmans, 2018) of the 
R software. This function allows computing this measure for two spatial 
objects using a focal neighborhood and thus taking into account 

Fig. 3. Distribution of the posterior mean of relative biomass for each species, in each season. All results are standardised and share a common scale ranging from 
0 to 1. 
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distance. The values of Spearman’s correlation range from − 1 to 1, 
being 1 equal to a perfect positive correlation between the two datasets 
(Spearman, 1904). 

3. Results 

3.1. Spatial distributions 

A significant positive correlation between the predicted and 
observed values of biomass was observed for all the final selected 
models, showing that the models performed well in capturing species 
habitat preferences (Table 1). The “failure vectors” approach proposed 
by (Blangiardo and Cameletti, 2015) also presented low values, proving 
the goodness of the selected models (Table 1). The predicted biomass 
distribution maps (Fig. 3) showed species-specific distribution patterns, 
which mostly varied from winter to summer. Note that, as the maps of 
Fig. 3 have been standardized, we are therefore comparing differences in 
the spatial distribution of relative biomass. 

3.1.1. Fish 
Fitted biomass distribution maps showed relative high values for 

M. merluccius in the northern part of the study area, in front of Tarragona 
harbour (Fig. 3a and b). This region of biomass hotspot was common to 
both winter and summer. However, biomass was more homogenously 
distributed in winter, while in summer it was restricted to the end of the 
continental slope in the southern part. The biomass of M. barbatus in 
winter was confined to the north-eastern area. However, in summer it 
was distributed through most of the study area with maximum relative 
values next to Castellon de la Plana and offshore of the Ebro river Delta 
(Fig. 3e and f). L. budegassa showed higher relative biomass around the 
Ebro Delta in both seasons, but the main hotspot was in front of the Ebro 
Delta in winter and was located further south in summer (Fig. 3c and d). 
In winter, L. piscatorius biomass was on the shallower parts of the Ebro 
Delta and in front of Castellon de la Plana. In summer, the biomass of the 
species moved northward, concentrating mostly between the Ebro Delta 
and the Cape of Salou (Fig. 3g and h). 

3.1.2. Cephalopods and crustaceans 
The squid I. coindetii showed a wider and more homogenous biomass 

distribution in winter, occupying most of the study area. In summer, the 
species moved northward showing maximum relative values next to 
Salou and Tarragona (Fig. 3i and j). The octopus E. cirrhosa showed a 
similar spatial biomass distribution of northward movement during 
summer. In winter, the biomass was located mostly from the Ebro river 
Delta southward and from the Delta north-eastward in summer (Fig. 3k 
and l). The species moved closer to the shore during summer. 

S. mantis biomass concentrated around the Ebro Delta in winter, 
while the distribution expanded northward and southward occupying all 
the coast of the study area in summer (Fig.3m and n). L. depurator 
showed a relative high biomass at the end of the continental slope in 
winter, between Castellon de la Plana and de Ebro Delta. The biomass 
remained on this area but also expanded up to the mouth of the Ebro 
river and southward in summer (Fig. 3o and p). 

3.2. Explanatory variables relating to biomass spatial distribution 

Combinations of the explicative variables considered (SSS, SBT, SST, 
Chl-a, seasonal fishing effort, bathymetry and type of substrate) 
explained the species biomass distribution fairly well, while there was a 
species-specific combination of drivers for each season (Table 1, Fig. 4). 
All the models selected included the random spatial component that 
accounts for the intrinsic spatial variability of the species distribution 
after the exclusion of the variables included in the analysis. 

3.2.1. Environmental variables and patterns for fish species 
The spatial distribution of the biomass of M. merluccius was driven by 

Chl-a and seasonal fishing effort in winter and summer (Fig. 4 and 
Table 1). In both seasons, the posterior mean of the model showed a 
negative relationship between Chl-a and biomass of M. merluccius and a 
positive relationship between seasonal fishing effort and biomass. The 
predicted functional response of the species biomass to seasonal fishing 
effort was very similar in both seasons, whereas it differed for Chl-a 
(Fig. 5). 

The spatial distribution of the biomass of M. barbatus showed a 
negative relationship with seasonal fishing effort (Fig. 4 and Table 1) 
and similar predicted functional responses for both seasons (Fig. 5). In 
winter, the species biomass was driven by bathymetry, SBT, seasonal 
fishing effort and Chl-a, all having a negative impact on the biomass 
distribution, except the latter one. Whereas in summer, the biomass 
distribution was driven by seasonal fishing effort and type of substrate 
(with the predicted functional response suggesting a preference for fine 
mud and sand). 

L. budegassa was positively impacted by bathymetry, SST and Chl-a 
in winter and the extracted functional response suggests a preference 
for depths deeper than 400 m. In summer, this species showed a positive 
relationship with seasonal fishing effort and negative with SSS, and the 
predicted functional curves show that preferred salinity levels were 
around 37.8 PSU (Fig. 5). Results also showed a negative relationship 
with SBT (Fig. 4b and Table 1) and the functional response curve pre-
dicted a decrease in biomass with SBT values of up to 16.5 ◦C (Fig. 5). 
L. piscatorius biomass was driven by SSS in winter, showing a negative 
response to this variable (Figs. 4a and 5; and Table 1). The predicted 
functional response curve also showed maximum biomass values at the 
lowest salinity levels (37.9 PSU). The habitat preference was determined 
by the type of substrate, suggesting a preference for sandy mud in 
summer (Figs. 4b and 5, Table 1). 

3.2.2. Environmental variables and patterns for cephalopods and 
crustaceans 

I. coindetii showed a negative relationship with SST and a positive 
relationship with seasonal fishing effort in winter (Fig. 4a, Table 1). This 
species was predicted to occur in highly fished areas with preferred 
temperatures of either 12.4 or 13 ◦C (Fig. 6). The estimated coefficient 
showed a negative relationship with SBT and SSS, and a positive one 
with Chl-a in summer. According to the predicted functional response, 
the species could occur in areas with high salinity values (38.1 PSU) and 
high Chl-a values in summer (Figs. 4b and 6, Table 1). E. cirrhosa and 
I. coindetii shared certain similarities in their models (Table 1 and Fig. 4), 
but with different predicted functional responses to the explanatory 
variables (Fig. 6). In the summer models, SBT was common to both 
cephalopods presenting a negative relationship with biomass. Results of 
the estimated coefficients for E. cirrhosa showed a positive relationship 
with SST and SSS and negative with seasonal fishing effort in winter. The 
predicted functional responses show that the species could occur in 
areas with salinity values around 35.05 PSU (Table 1, Figs. 4a and 6). 
However, in summer E. cirrhosa reflects a positive relationship with 
seasonal fishing effort and a negative relationship with SBT (Fig. 4b and 
Table 1). 

For L. depurator only SST was shared between winter and summer 
models (Table 1 and Fig. 4) and the functional response of this explan-
atory variable was predicted to be similar in both seasons (Fig. 6). The 
model presented a positive relationship with seasonal fishing effort and 
negative with SST and bathymetry in winter (Table 1 and Fig. 4a). Ac-
cording to the predicted functional responses, the species preferred 
temperatures of 12.4 ◦C and areas with fine mud or sand (Fig. 6). In 
summer, all the variables from the selected model (SSS, SBT and SST) 
had a negative relationship with the biomass (Table 1, Fig. 4b). Our 
results suggest that this species could prefer low SST (21.0 ◦C) and attain 
maximum biomass values at salinities of 37.25 PSU (Fig. 6). The biomass 
distribution of S. mantis was driven by temperature in both seasons (in 
winter by SST and in summer by SBT) (Table 1). Both explanatory 
variables showed a negative relationship with biomass (Table 1 and 
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Fig. 4. Explanatory variables selected for each model in a) winter and b) summer. The ecological and statistical weight of each variable are represented: (+) indicates 
a general positive relationship of the variable with the biomass and (− ) a negative relationship. The numbers underneath show the exact value for the contribution of 
each variable in the final model. The colours represent the range of relevance, of each variable within the model. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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Fig. 5. Response curves (predicted biomass without back transformation of the GLM link function) of the variables included on the finals models for fish species on 
both seasons. SSS (Sea Surface Salinity, PSU), SST (Sea Surface Temperature, ◦C), SBT (Sea Bottom Temperature, ◦C), Chl-a (Chlorophyll-a, mg/m3) and bathymetry 
in meters (m). 
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Fig. 6. Response curves (predicted biomass without back transformation of the GLM link function) of the variables included on the finals models for crustaceans and 
cephalopod species on both seasons. SSS (Sea Surface Salinity, PSU), SST (Sea Surface Temperature, ◦C), SBT (Sea Bottom Temperature, ◦C), Chl-a (Chlorophyll-a, 
mg/m3) and bathymetry in meters (m). 
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Fig. 4), but had different predicted functional response curves (Fig. 6). 
S. mantis was predicted to prefer colder temperatures in winter (12.4 ◦C) 
and mild temperatures (~16.0 ◦C) in summer (Fig. 6). 

3.2.3. Common patterns 
A total of 11 of the 16 models included a temperature driver (either 

SST or SBT), which highlights the importance of these variables on 
driving species distribution and habitat preferences in the northwestern 
Mediterranean Sea. SBT had a negative relationship in all the models in 
which it was included (Fig. 4 and Table 1). The same trend was found for 
SST, which showed negative relationship in four out of the six models. 
Seasonal fishing effort was selected in nine out of 16 models (Fig. 4 and 
Table 1) and played a negative effect on M. barbatus for both winter and 
summer. However, in six of the models where it was a relevant driver, it 
showed a positive relationship with biomass (Fig. 4 and Table 1), with 
the highest value being for L. depurator in winter. 

4. Discussion 

In this study, we identified seasonal patterns and environmental 
drivers of the biomass distribution for eight of the most abundant 
demersal species in the northwestern Mediterranean Sea. The B-SDMs 
deployed performed well, showing positive correlations between 
observed and predicted models and accounting for uncertainty, excess of 
zeros and spatial autocorrelation. 

Overall, our study showed a species-specific combination of drivers 
for each species in each season, highlighting the importance of tem-
perature (surface and bottom), bathymetry and seasonal fishing effort 
on species biomass distribution in the study area. Furthermore, the B- 
SDM results also presented seasonal variations in the spatial distribu-
tions and in the functional responses to drivers. 

Seasonality was investigated in previous studies and was found to 
influence the spatial distribution of some species in the northwestern 
(Gaertner, 2000) and eastern Mediterranean Sea (Katsanevakis et al., 
2009; Damalas et al., 2010). Nevertheless, there are still very few 
spatial-temporal studies that include intra-annual variation. Here, we 
found four main seasonal patterns in species distribution differences: 1) 
M. merluccius and L. budegassa moved away from the shoreline during 
summer; 2) M. barbatus distributed closer to the coast in summer; 3) 
L. piscatorius and the two cephalopods dispersed northward during 
summer (more specifically, north-eastward for E. cirrhosa); and 4) 
crustaceans followed a more species-specific distribution: while 
S. mantis showed a hotspot of biomass around the Ebro river Delta 
during winter and a wider distribution during summer and L. depurator 
expanded southward. 

In particular, M. merluccius has a wide bathymetric and distribution 
range in the Mediterranean Sea (Demestre et al., 2000) with variation in 
depth preferences changing with size and season (Oliver and Massuti, 
1995; Carpentieri et al., 2005). Indeed, seasonality on its spatial distri-
bution has already been recorded in previous studies (Demestre and 
Sánchez, 1998; Paradinas et al., 2015; Sion et al., 2019)(Lloret-Lloret 
et al., 2020). M. merluccius in the western Mediterranean Sea presents a 
spawning peak during autumn and winter (Maynou et al., 2003), hence 
the distribution of biomass found closer to the coast and to the Ebro 
Delta during winter in our study might correspond to a repro-
duction/nursery area. This is close to one of the nurseries areas identi-
fied in this region (Paradinas et al., 2015) and coincides with the fact 
that juveniles tend to prefer the shallower continental shelf (Demestre 
and Sánchez, 1998; Garofalo et al., 2018). Our results also match those 
of a previous study where hake was found in deeper and cooler waters 
(offshore) during summer sampling (Maravelias et al., 2006). Indeed, in 
the Bay of Biscay (Atlantic Ocean), a decline in catch rates in shallower 
waters was registered in the months from August to December (ICES, 
2008). These observations are also in line with the seasonal and onto-
genetic migrations observed along the bathymetric gradient for 
M. merluccius in the Galician coast (Fariña et al., 1997). Furthermore, 

summer SST in the area exceeded the optimal global temperature range 
recorded for this species in Aquamaps (see, Electronic supplements, 
Table S3 and S4) (Kaschner et al., 2013). High temperatures also seem to 
influence hake’s reproduction (Guevara-Fletcher et al., 2016). Hence, 
despite temperature was not selected as an explicative variable, the 
summer distribution observed for M. merluccius may reflect this prefer-
ence for cooler waters. A positive response of European hake biomass 
with Chl-a could have been expected (Chase and Leibold, 2003; Sion 
et al., 2019), however, our models showed a negative relationship. Eu-
ropean hake is a demersal species that feeds on the water column per-
forming nocturnal diel migrations (this is especially true for the 
youngest individuals (Bozzano et al., 2005)) and chlorophyll was su-
perficial, therefore, the relationship between both variables might not 
be direct but rather indirect or lagged. 

Lophius spp. movements have been associated with feeding, onto-
genetic and spawning grounds (Yoneda et al., 2001) and parameters like 
depth (Barcala et al., 2019) and season found to be relevant on shaping 
their spatial distribution (Maravelias and Papaconstantinou, 2003; 
Barcala et al., 2019) Lophius spp. are sit-and-wait predators and are 
generally opportunistic non-selective feeders whose diet can vary 
seasonally according to prey availability (Fariña et al., 2008). Therefore, 
both Lophius spp. studied here may follow the strategy of other exploited 
species that concentrate in winter spawning grounds and summer 
feeding grounds. Dispersion along a bathymetric gradient has also been 
reported in other Lophius spp. associated to ontogenetic migration 
(Ungaro et al., 2002; Maravelias and Papaconstantinou, 2003). Indeed, 
Fariña et al. (2008) in their synthesis paper about this genus mentioned 
that seasonal onshore-offshore movements had been recorded for 
L. budegassa and other Lophius spp. in response to thermal conditions, 
prey availability or spawning. In fact, a wide bathymetric range has been 
recorded for L. budegassa in the western Mediterranean Sea (from 15 to 
757 m) (García-Rodríguez et al., 2005) and seasonal distribution into 
deeper waters was also recorded in Sendai Bay (Japan) for a species of 
the same genus, Lophius litulon, and was attributed to feeding activities 
(Yoneda et al., 2001) . In terms of L. piscatorius, wide bathymetric range 
is also reported in the western Mediterranean Sea (up to 730 m, 
preferred above 250 m) (Paradinas et al., 2018) and higher occurrence 
of recruits was recorded during spring in the northern side of Ebro river 
Delta and adults and juveniles occupied even northern areas at this time. 
The combination of both of these outputs partly matches our summer 
distribution maps (Paradinas et al., 2018). Our results showing a sea-
sonal variation in the distribution of this species could be related to 
feeding or spawning, and it might differ from L. budegassa to avoid re-
sources competition (López et al., 2016). 

Regarding M. barbatus, its biomass has been recorded to decrease 
with depth in the Mediterranean Sea (Tserpes et al., 2019) and to have a 
seasonal depth-related movement (Machias and Labropoulou, 2002). In 
fact, a previous study recorded this species in shallow and warmer wa-
ters during summer surveys (Maravelias et al., 2006). Red mullets are 
late spring/early summer spawners and show a strong seasonality on the 
onset and duration of spawning (Kokokiris et al., 2014), which is related 
to the fact that warmer and stable waters maintain food and enhance 
larval growth (Sabatés et al., 2007). Furthermore, a recent study found 
that mullets’ preference for shallower or deeper areas is related to the 
individuals’ size and their requirement for bigger or smaller preys. Small 
individuals seem to aggregate in shallow waters, while large individuals 
are found scattered in deeper regions (Paradinas et al., 2020) a type of 
ontogenetic behaviour common to other marine species too. Therefore, 
the summer biomass redistribution of this species resulting from our 
study could be related to spawning behaviour and feeding requirements. 
Moreover, the spatial distribution maps generated in this same study 
(Paradinas et al., 2020), despite covering a much larger area and being 
from spring data, show similarities with our summer distribution map 
for this species. 

Strong seasonal patterns had already been described for these 
cephalopods species in this area, but with differing spatial results 
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(Pertierra and Sanchez, 2005). Here, the two species of cephalopods 
moved northward with a rather north-eastward shift for E. cirrhosa. In 
the case of I. coindetii, despite that SST remain within the species optimal 
range (12.5–27.6 ◦C) (as reported in Aquamaps, Electronic supplements, 
Table S3 and Table S4 (Kaschner et al., 2013)), the model showed a 
negative relationship with SBT, suggesting that the species moved 
northward searching for cooler bottom waters. Seasonal migration was 
already reported for this species but following a bathymetric rather than 
a latitudinal gradient before the spawning time (Puerta et al., 2016). 
Similar conclusion can be drawn for E. cirrhosa, with the summer model 
showing a negative relationship with SBT, and a positive relationship 
with SST in winter. The latter finding is in agreement with previous 
studies on the Alboran Sea (Puerta et al., 2015) (Electronic supplements, 
Table S5). In this case, SST values (21.32–24.99 ◦C) from the area during 
summer are below the world reported species tolerance range (preferred 
range: 9.6–19.25 ◦C, as reported on Aquamaps) (Electronic supple-
ments, Table S3 and Table S4) (Kaschner et al., 2013). 

S. mantis distribution was previously described to be associated with 
areas influenced by river run offs and wide continental shelves, like the 
Ebro river Delta (Abelló and Martín, 1993), which is accurately illus-
trated by the winter distribution map obtained in our study. During 
summer, the biomass of the species had a wider dispersion. However, 
note that S. mantis females have burrowing behaviour during summer as 
part of their reproductive strategy (Abelló and Martín, 1993), and 
therefore, our results in summer could be partially related to an un-
derestimation of catches. In the case of L. depurator, this species shows 
preference for muddy substrates and is also commonly found near areas 
of influence of river run offs, like the Ebro river Delta (Rufino, 2004). 
Seasonal changes in abundance have already been reported (Abelló, 
1986) and in the Cantabrian and the Adriatic seas a bathymetric vari-
ation was observed (Rufino, 2004). Our distribution results also showed 
a seasonal difference. Both in winter and summer the biomass was 
distributed mainly on the southern part of the river, which corresponds 
to the wider part of the continental shelf. Nevertheless, in summer, the 
species occupied a wider extension and moved even southern, which 
may be related to their feeding strategy associated with changes in 
primary productivity and oceanographic conditions. 

Overall, environmental factors affect the patterns of demersal species 
distributions (Katsanevakis et al., 2009) and direct local occurrences 
(Muñoz et al., 2013). In our study, the main predictors of species habitat 
were found to be bathymetry, temperature (either SST or SBT), and for 
certain species there was a relationship with seasonal fishing effort. 
Previous studies already identified the role of these drivers in species 
distribution in the Mediterranean Sea (Demestre et al., 2000; Katsane-
vakis et al., 2009; Navarro et al., 2015). In particular, depth (Pennino 
et al., 2013; Navarro et al., 2015) and temperature (Damalas et al., 
2010) were detected to play important roles (Electronic supplements, 
Table S5). In winter, our study showed that bathymetry appeared in five 
models. Indeed, depth has often been related with demersal species 
distribution (Katsanevakis et al., 2009) including cephalopods (Quetglas 
et al., 2000), and marine species tend to aggregate along a bathymetric 
range that gathers their preferential environmental conditions. 

Our results also showed that temperature was a fundamental driver 
for biomass predictions: SST and SBT appeared 11 times in 16 models 
with temperature being important in 5 of the 8 summer models and in 6 
of the 8 winter models. The relationship with biomass was negative in 9 
of the 11 models where temperature was a driver. The effect of this 
variable seems to be tightly related to seasonality and has been proven to 
be more pronounced during months of water stratification (Katsanevakis 
et al., 2009; Damalas et al., 2010), such as summer in our study area. 
This is in agreement with our result as the estimated coefficients of the 
temperature variables were higher, with respect to the other explicative 
variables, in the summer models compared to the winter ones (with the 
exception of S. mantis). Considering the projected increase of tempera-
ture derived from climate models (Bopp et al., 2013), our results could 
be of relevance when developing future local projections of marine 

resources and exploring proactive alternative management actions in 
the study area. It is worth mentioning that the use of superficial data, 
despite being a useful tool, can represent a limitation as the relationship 
of the superficial variables with demersal species biomass might be in-
direct or lagged in certain cases. 

The recurring appearance of seasonal fishing effort on the final 
models (in 9 out of 16) highlights the importance of this variable on 
species distribution patterns. This is not the first time that fishing ac-
tivity was identified to correlate to species spatial-temporal distribution 
in the northwestern Mediterranean Sea (Coll et al., 2016). As it is 
commonly acknowledged, bottom trawling causes disturbances and 
adverse effects on species biomass, abundance, community assemblages 
and seafloor structure (Navarro et al., 2015, 2016; Coll et al., 2016). The 
results obtained for M. barbatus and E. cirrhosa concur with this, as the 
relationship with seasonal fishing effort was negative in both winter and 
summer models. However, it was positively correlated to biomass in the 
case of M. merluccius, I. coindetii and L. depurator, in winter and with 
M. merluccius, Lophius spp. and E. cirrhosa in summer. This could be due 
to the fact that fishing can reduce predators and competitors and thus be 
beneficial for certain organisms (Coll et al., 2016). Regarding cephalo-
pods it has already been suggested that fishing may favour their abun-
dances (Coll et al., 2014). It must also be mentioned that the seasonal 
variation of seasonal fishing effort due to temporal closures can lead to 
differences in the species’ response to the variable. Nevertheless, when 
considering fishing effort in ecology and in species distribution models, 
it is important to bear in mind the differences between cause-effect of 
this variable. It is challenging to discern if it is the seasonal fishing effort 
that drives the distribution of the species or if, conversely, the presence 
or absence of fishing activity in an area is the effect of the species dis-
tribution. This means that the positive relationship with fishing may 
illustrate the preference of fishing activities for those areas with larger 
biomasses, rather than a positive effect of fishing itself on the biomass of 
the species. 

Our results regarding response curves provided information on how 
the species could respond to an environmental or anthropogenic 
gradient, which is important in order to have a better understanding of 
the species environmental optimums and tolerances. Based on the re-
sults found here, we gained insights on the characteristic environmental 
ranges of the potential habitats for eight demersal species of commercial 
interest. The predicted functional responses obtained are area and 
species-specific and, most of the time, varied from winter to summer. 
This finding highlights that using response functions obtained from local 
data captured during specific times of the year may not be representative 
of the annual patterns. However, our response curves are from a precise 
time and place and should not be extrapolated to other regions. 
Nevertheless, they are still useful as they can be considered in specific 
analyses on the area (Coll et al., 2019). 

Overall, we have a poor understanding of the spatial ecology of 
marine species, which is necessary for conservation actions (e.g. envi-
ronmental approach to essential fish habitat, EFH) and for moving for-
ward the ecosystem-based approach for fisheries management and 
marine spatial planning. Using habitat suitability models as a tool to 
support management and conservation has been proposed before (Gui-
san et al., 2013), and modelling studies like the one presented here are 
useful to identify priority conservation and management areas. Our 
study contributes to expand the knowledge of species-environment 
relationship for demersal species including fish, cephalopods and crus-
taceans in the highly exploited ecosystem of the Southern Catalan area. 
Taking into account the commercial and economic relevance of these 
species, our results provide a better understanding of their distribution 
and seasonal variation, which can be used to achieve a more sustainable 
and adaptive fishing management and spatial management of human 
activities. 

This study is based on one-year campaign and thus our results are 
limited. Due to the clear differences between both sampled seasons, our 
study confirms the need to extend current monitoring systems of 
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Mediterranean ecosystems (such as MEDITS campaigns for the demersal 
community) to be more representative of seasonal dynamics (Vilas et al., 
2019). It is worth mentioning that other factors, such as other envi-
ronmental parameters, biotic factors, vertical migration or ontogenetic 
variations, can also influence species spatial distribution but could not 
be considered in this study. Future research efforts should be focused on 
confirming these seasonal patterns through time and investigating, 
amongst other factors, the spatial differences between juveniles and 
adults to get a better insight into seasonal ontogenetic distribution. 
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Muñoz, F., Pennino, M.G., Conesa, D., López-Quílez, A., Bellido, J.M., 2013. Estimation 
and prediction of the spatial occurrence of fish species using Bayesian latent 
Gaussian models. Stoch. Environ. Res. Risk Assess. 27, 1171–1180. https://doi.org/ 
10.1007/s00477-012-0652-3. 
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Improving the knowledge on the biology, ecology and distribution of marine resources
exploited by fisheries is necessary to achieve population recovery and sustainable
fisheries management. European hake (Merluccius merluccius) is one of the most
important target species in the Mediterranean Sea and is largely overexploited
by industrial fisheries. Here, we used two methodological approaches to further
investigate the seasonal variation in the spatial distribution of European hake considering
ontogenetic changes and trophic ecology in the western Mediterranean Sea. Our main
aim was to explore if spatial changes in hake distribution were related to trophic behavior,
in addition to key environmental factors. We employed a hierarchical Bayesian species
distribution modeling approach (B-SDM), using spatial data from two oceanographic
surveys conducted during winter and summer. We analyzed how the environmental
variables, together with abundance and mean weight distribution of the main preys
identified for European hake, affected the seasonal distribution of the species. Results
revealed clear differences in the distribution of the European hake between seasons,
which were indeed partially correlated to the distribution of their main preys, in
addition to the environment. Stable isotope values and Bayesian isotopic mixing models
(MixSIAR) revealed substantial seasonal and ontogenetic differences in trophic habits of
European hake, partly matching the spatial distribution results. These findings could
have implications for a future seasonal-based adaptive fisheries management, as
local depletion of prey, or variation in size and condition may affect European hake
presence in this area. Moreover, this study illustrates how the sequential application
of methodologies provides a more holistic understanding of species seasonality, which
is essential to understand the phenological processes of exploited species and their
potential shifts due to environmental changes.

Keywords: European hake, fisheries, marine predator, mediterranean sea, Merluccius merluccius, spatial
distribution, stable isotopes, trophic ecology
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INTRODUCTION

Identifying and understanding the main factors that affect the
spatial distribution of marine organisms is important to evaluate
the current distribution patterns and predict potential impacts
of human activity (Lasram et al., 2010; Morfin et al., 2012).
Changes in species distributions may be driven by environmental
seasonal variation, as well as by prey availability (Carney, 2005;
Morfin et al., 2012). Seasonal variations of life cycle events
in animals and plants characterize the seasonal phenology and
long term dynamics of a species, which is one of the most
sensitive indicators to environmental changes (Cormon et al.,
2014; Scranton and Amarasekare, 2017).

Seasonality takes place in all marine ecosystems, but their
duration and intensity varies according to the geographical area,
in general terms being more evident in tropical waters than in
temperate waters (Valiela, 1995). Nevertheless, at a more regional
scale, the western Mediterranean Sea is characterized by having a
high seasonality (Coll et al., 2010); with a marked thermocline
in summer and a lack of nutrients on the surface layer versus
a mixing of the water column and an upraise of nutrients to
the photic layer during winter (Margalef, 1985). Variations in
environmental factors drive the distribution of nutrients and
primary production, in fact phytoplankton blooms in this area
peak in winter-spring coinciding with the stabilization of the
water column and again in autumn, when the waters start
to mix again (Estrada, 1996; Salat et al., 2002). The seasonal
changes in environmental and biological variables in the entire
Mediterranean basin is a well-studied subject (Psarra et al., 2000;
Bosc et al., 2004; Zveryaev, 2015) and some studies have also
been done on the effect of seasonality at different levels of
biological organization (Gaertner, 2000; De Souza et al., 2011;
Puerta et al., 2016). Nevertheless, the analysis of the interplay
of seasonality with higher level trophic organisms tends to
be scarce and patchy. Environmental factors have shown to
affect species distribution (Katsanevakis et al., 2009; Pennino
et al., 2013; Navarro et al., 2015; Puerta et al., 2015) and these
environmental factors also show strong intra-annual variation in
the Mediterranean Sea (Salat et al., 2002), therefore it could be
relevant to take seasonality into account when analyzing species
spatial patterns in this basin.

Several studies have used species distribution models (SDM)
(Guisan and Zimmermann, 2000) to investigate the spatial
patterns of marine species and most agreed on biological,
environmental and human related variables affecting species
distributions in the Mediterranean Sea (Katsanevakis et al., 2009;
Navarro et al., 2015). On this context, several Mediterranean
commercial marine species, including the European hake
(Merluccius merluccius), present seasonality on their spatial
distribution (Demestre and Sánchez, 1998; Paradinas et al.,
2015; Sion et al., 2019; Lloret-Lloret et al., under review).
European hake is one of the most important demersal target
species for commercial fisheries in the Mediterranean basin
(Sánchez et al., 2007), but it is reaching overexploitation levels
in numerous areas (Lleonart and Maynou, 2003; Fernandes
et al., 2017) to the point that it is currently listed as Vulnerable
species by the International Union for the Conservation of

the Nature (IUCN)(Di Natale et al., 2011). Therefore, achieving
a better understanding of spatial patterns of European hake
and how they relate to seasonal processes could be of use to
inform ecosystem-based management actions that result on more
sustainable fisheries.

Due to the ecological and economic importance of European
hake, different published studies had been focused on its
spatial distribution (e.g., Demestre et al., 2000; Abella et al.,
2005; Druon et al., 2015; Sion et al., 2019). These studies
indicated that European hake occupies a wide bathymetric
distribution range (from 20 to 1,000 meters), inhabiting the
shelf and upper slope in the Mediterranean Sea (Fisher
et al., 1987; Demestre et al., 2000; Orsi-Relini et al., 2002).
Oceanographically, this species is mainly present in cooler
bottom waters (from 9.65 to 19.23◦C) (Maravelias et al., 2006).
Seasonal variations in the density of European hake have
been recorded in some areas of the Mediterranean Sea and
the Atlantic Ocean with movements to deeper and cooler
waters during summer (Fariña et al., 1997; Maravelias and
Papaconstantinou, 2006; Maravelias et al., 2006; Lloret-Lloret
et al. under review).

SDMs generally focus on abiotic factors, however species
spatial patterns are also related to the availability and preference
of prey, hence the importance of considering information on
feeding strategies when analyzing the spatial distribution of a
species (Navarro et al., 2016). In the case of European hake, many
studies have analyzed its feeding ecology (Bozzano et al., 1997;
Carpentieri et al., 2005; Cartes et al., 2009) but few have directly
studied the relationship between trophic behavior and spatial
distribution in the Mediterranean Sea (Johnson et al., 2012, 2013).

European hake has been described as an ambush demersal
predator (Pitcher and Alheit, 1995), which also feeds on the
water column performing nocturnal diel migrations, important
for the juvenile individuals (Bozzano et al., 2005; Aguzzi et al.,
2015). Trophic studies of this species have generally focused on
immature individuals (Oliver and Massuti, 1995; Bozzano et al.,
2005) except for a few number that include a wider range of sizes
(Bozzano et al., 1997; Carpentieri et al., 2005; Mellon-Duval et al.,
2017). Despite these studies, there is still a lack of information on
the ecology of European hake, especially regarding variation of
the diet with seasonality.

The study of the diet of marine fish normally relies
on stomach content analyses (Hyslop, 1980). Although this
technique provides quantitative diet composition, it is limited
by degradation and ingestion rates, amongst other constraints
(Hyslop, 1980). In addition, high levels of regurgitation have been
recorded for European hake (Modica et al., 2011), which difficult
the analysis of the diet based on stomach content analysis. As an
alternative, the use of stable isotopes analysis and isotopic mixing
models are additional techniques to examine the diet of marine
predators (Davis and Pineda-Munoz, 2016). Despite the extended
use of these methodologies, only a small number of studies have
used them to characterize the feeding ecology of European hake
in the western Mediterranean Sea [e.g., (Sinopoli et al., 2012;
Fanelli et al., 2018)] and more specifically in the northwestern
Mediterranean Sea [e.g., (Ferraton et al., 2007; Albo-Puigserver
et al., 2016; Mellon-Duval et al., 2017; Rueda et al., 2019)].

Frontiers in Marine Science | www.frontiersin.org 2 December 2020 | Volume 7 | Article 566686

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-566686 December 18, 2020 Time: 11:19 # 3

Lloret-Lloret et al. Spatial Distribution and Trophic Habits

In this study, we aimed to investigate the seasonal differences
in the spatial distribution and trophic habits of European hake
in a highly exploited area of the northwestern Mediterranean
Sea, considering ontogenetic variations. To analyze the seasonal
spatial distribution, we employed a hierarchical Bayesian species
distribution modeling approach (B-SDM) and we used the
mean weight values estimated from two oceanographic surveys
conveyed in winter and summer 2013, as a proxy of body size
(Chih-Lin et al., 2010) and consequently age class. We expected
that juvenile (i.e., lower mean weight) and adult individuals
(i.e., higher mean weight) will distribute differently within the
same season and between seasons and these differences might
be explained by feeding preferences on top of environmental
variables. We included depth and sea bottom temperature
(SBT) as environmental variables, in addition to potential preys’
abundance and mean weight distribution as trophic components.
Furthermore, we used stable isotope values of δ13C and δ15N to
determine the ontogenetic and seasonal changes in diet using
Bayesian mass-balanced isotopic mixing models (MixSIAR)
(Stock and Semmens, 2016) and corrected standard ellipses area
(SEAc) and Bayesian standard ellipses area (SEAb) using SIBER –
Stable Isotope Bayesian Ellipses in R (Jackson et al., 2011) to
estimate niche width and overlap. Then, we examined if spatial
differences did coincide with seasonal differences in the trophic
habits and plasticity. This is to our knowledge one of the first
studies to use this multidisciplinary approach to analyze the
spatial and seasonal variations of European hake distribution and
trophic ecology, accounting for ontogenetic changes. Specifically,
we hypothesized that seasonal changes observed in European
hake distribution could be partly due to prey availability,
in addition to environmental variability, which could change
between the juvenile and the adult stages of the population due
to dissimilar trophic preferences or feeding capabilities.

MATERIALS AND METHODS

Data Collection
In order to estimate biomass and abundance, European hake
individuals were collected from two experimental fishing surveys
conducted in winter (22 February-8 March) and summer (2–
17 July) 2013 (ECOTRANS Project, Institut de Ciències del
Mar - CSIC) on board of the RV Ángeles Alvariño. These
surveys were conducted in the northwestern Mediterranean Sea
(Figure 1) covering an extension of ∼8,000 km2, including
the continental shelf and upper slope. Sampling sites were
randomly distributed over the continental shelf areas and the
upper slopes, with a total of 82 hauls conducted; 37 in winter
and 45 in summer (Figure 1). Experimental fishing surveys were
performed following EU-funded Mediterranean Trawl Survey
(MEDITS) trawling protocols (see Bertrand et al., 2002) using
a GO73 experimental mesh of 10 mm (stretched mesh). On
board, all organisms were identified and classified to the lowest
taxonomic level. In addition, the length frequency distribution
(TL, in cm) and total number of individuals per haul was
recorded. Biological sampling on board was done for 103
European hake’s individuals, the body length (TL, in cm) and

weight (to the nearest 0.001 g) was measured and a piece
of muscle tissue was taken and frozen at −20◦C. Sampled
individuals ranged from 7.3 to 50.2 cm in total length. We
classified individuals into two size ranges (juveniles, TL < 25 cm,
and mature adults, TL ≥ 25 cm; Supplementary Table 1) based
on the first maturity for this area of the Mediterranean Sea
(Bozzano et al., 1997; Lleonart, 2002).

Estimates of biomass (kg/km2) and abundance (n/km2) were
calculated with the standard swept area method for all the
species collected.

Bayesian Species Distribution Models
Explanatory and Response Variables
The biomass and abundance data for European hake was used to
calculate mean weight data (kg/n) (biomass/abundance in kg/n)
(Chih-Lin et al., 2010; Garofalo et al., 2018) per haul and was used
as the response variable to develop the B-SDMs. As European
hake weight increases with length and age, generally heavier
individuals are larger and older (i.e., adults), whereas lighter
individuals are smaller and younger (i.e., juveniles) (Recasens
et al., 1998; Mellon-Duval et al., 2010; Soykan et al., 2015).
According to the length-weight relationship for European hake
for the western Mediterranean (a = 0.048, b = 3.055) (Morey
et al., 2003), for an individual of 25 cm (adult), the corresponding
mean weight would be around 0.0895 kg. Mean weight is
used here as a proxy of body size and consequently age class
(Supplementary Table 6).

Sea Bottom Temperature (SBT, in ◦C) and bathymetry
(in meters, m) were selected as the main environmental
explanatory predictors for the species distribution models. We
chose these two environmental predictors based on previous
studies conducted with European hake in the Mediterranean
Sea (Lleonart, 2002; Maravelias et al., 2006; Katsanevakis et al.,
2009; Sion et al., 2019). Bathymetry data was obtained from
EMODnet bathymetry (http://portal.emodnet-bathymetry.eu/)
and Sea Bottom Temperature (SBT, ◦C) for each haul was
collected through CTDs conducted during the survey cruises
(Supplementary Figure 2). QGIS software (QGIS-Development-
Team, 2012) was used to generate raster maps [Inverse Distance
Weighted (IDW) interpolation], at a 0.1◦ x 0.1◦; resolution) with
the interpolate SBT data collected in situ during the survey to the
entire study area for both seasons (Supplementary Figure 2).

To create prey distributions variables, we first identified
potential prey for European hake in the western Mediterranean
Sea based on published studies (Bozzano et al., 1997, 2005; Cartes
et al., 2004, 2009; Ferraton et al., 2007; Mellon-Duval et al.,
2017) (Supplementary Table 2). From the prey species identified
in these studies, we selected those that were also collected
during our surveys. We ended up with a total of 54 potential
preys’ species in winter and 38 in summer (Supplementary
Table 3), aggregated in two functional categories (fish and
crustaceans), for each season. For both potential prey groups,
total values of biomass (kg/km2) and abundance (n/km2), as well
as mean weight (biomass/abundance, in kg/n), were calculated
per haul. Abundance and mean weight data for each group
were plotted and interpolated [Inverse Distance Weighted (IDW)
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FIGURE 1 | Study area and geographical positions of the sample sites of ECOTRANS survey for winter and summer.

interpolation] at a 0.1 × 0.1 degree spatial resolution, for both
seasons, using QGIS software (QGIS-Development-Team, 2012;
Figure 2).

Response variables were aggregated at the same spatial
resolution of 0.1 × 0.1 degrees for each season using the
“raster” package (Hijmans, 2018) in the R software (R version
3.5.1.) (R Core Team, 2018). Standardized data exploration
techniques were used to identify any outliers and possible
correlation and collinearity between the explicative variables
(Zuur et al., 2010). In particular, all the variables were checked
for linearity with the draftsman’s plot, for multi-collinearity using
the corvif function in R software (R version 3.5.1) (R Core Team,
2018) that assesses the Generalized Variance-Inflation Factors
(GVIF) (Fox and Weisberg, 2011), and for correlation using
Spearman measure with the corrplot function (Wei and Simko,
2017) in R software. A GVIF lower than 3 and a correlation
lower than 0.70 were found for all the explanatory variables
in winter and summer (Supplementary Figure 8) (Zuur et al.,
2010; Dormann et al., 2013). Moreover, to better interpret
both the direction (positive or negative) and magnitudes (effect
sizes) of the parameter estimates in relation to the others, the

explanatory variables were standardized, i.e., difference from
the mean divided by the corresponding standard deviation
(Gelman et al., 2008).

Spatial Model Fitting, Estimation, Validation and
Prediction
Hierarchical Bayesian species distribution models (B-SDMs)
were implemented to identify the relationships of the explanatory
variables with the European hake’s mean weight and to map
posterior predicted probabilities of this species in both seasons.
In particular, we developed and compared four different models,
two for each season, using the environmental characteristics
corresponding to the season (bathymetry and SBT), and
alternating the corresponding seasonal abundance and mean
weight of the preys (fish and crustaceans, see Table 1).

Despite mean weight data could take any positive value,
in this specific case the European hake’s mean weight data
ranged between 0 and 1. Therefore, for each model, we used
a beta distribution Yi ∼ Be (µi,8i) for the response variable
Yi at the location i. This type of beta distribution fulfils the
required characteristics of this dataset while being very flexible
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FIGURE 2 | Graphical interpretation of the results for the species distribution models (B-SDM) in winter (A) and summer (B). The y-axis of the graphs show the
response variable (European hake mean weight) and the x-axis the intensity (from lower to higher) of the explanatory variables of “Fish” and “Crustaceans.” The
yellow lines represent “Fish” and the blue lines “Crustaceans”. In both cases, the straight line is used to represent the response variables related to abundance and
the dotted line the response variables related to mean weight. Images from PhyloPic: European hake (“http://phylopic.org/image/8d92b454-3131-4bbd-ac9c-
e1df14c2fc5a/”) this image available for reuse under the Public Domain Mark 1.0, Engraulidae (“http://phylopic.org/image/6bd3702d-3ef1-44d0-83bf-93377
875017c/”) by M. Kolmann this image available for reuse under the Public Domain Mark 1.0 and Liocarcinus depurator “http://phylopic.org/image/01dd976b-
f6e9-4204-bae1-c15a32234f73/”) by Hans Hillewaert (vectorized by T. Michael Keesey) this image available for reuse under the Creative commons attribution-share
Alike 3.0 Unported. “license.”

in terms of shapes (Gupta and Nadarajah, 2004; Paradinas et al.,
2016). Nevertheless, in the event that these kind of models
are repeated and the mean weight values exceed 1, a beta

distribution would not be suitable. In addition to the explanatory
variables a spatial unstructured random effect was added to each
model to account for the spatial correlation. For this spatial
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TABLE 1 | Summary table of the four Bayesian species distribution models performed (Model 1, Model 2, Model 3, and Model 4).

Explanatory variables

Bat SBT Prey Abundance Prey Mean weight

(kg/km2) data (kg/n)

Models Season Fish Crustacean Fish Crustacean ρ Failures

Model 1 Winter 0.77* 0

Model 2 Winter 0.75* 0

Model 3 Summer 0.24 0

Model 4 Summer 0.44* 0

Spearman’s spatial correlations (ρ), between observed and predicted values indicate the goodness of the predictions. The * symbols marks the significance (p-
value < 0.01) of this correlation. The column “Failures,” indicates the sum of the failure vector calculated by the internal leave-one-out cross-validation of R-INLA.
Gray cells indicate the included variables in each model. Variables acronyms are: Bat (Bathymetry, m), and SBT (Sea Bottom Temperature, ◦C). All models include
the spatial effect.

component, a multivariate Gaussian distribution with mean zero
and a Matérn correlation matrix was assumed (Muñoz et al.,
2013). For the fixed effects, we assigned a non-informative zero-
mean Gaussian prior distribution with a variance of 100, as
no prior information was available. B-SDMs were performed
using the Integrated Nested Laplace Approximation (INLA)
methodology and software1 (Rue et al., 2009). To evaluate the
goodness-of-fit of each model, we used the R-INLA (Rue et al.,
2009) internal cross validation procedure, which consists on
a leave-one-out cross-validations that generate a failure vector
ranging from 0 to 1 (values equal to 0 mean that the predictive
measure is reliable while values equal to 1 indicate that the
predictive measure for that particular observation is not reliable)
(Blangiardo and Cameletti, 2015).

Seasonal European hake’s mean weight predictions were then
generated predicting the response variable for the entire study
area using linear interpolation via a Bayesian kriging (Pennino
et al., 2013). To assess the fit of the predicted model, predicted and
observed values were compared using using the corLocal function
(Hijmans, 2018) of the R software that compute the Spearman’s
spatial correlations r. As usual, values of Spearman’s correlation
range from−1 to 1, being 1 equal to a perfect positive correlation
between the two datasets (Spearman, 1904).

Stable Isotopes Analysis
All collected muscle hake samples were freeze-dried and
powdered, and 0.28-0.33 mg of each sample was packed into
tin capsules. Stable isotope analyses were performed at the
Laboratorio de Isótopos Estables Estación Biológica de Doñana2.
Samples, were combusted at 1020◦C using a continuous flow
isotope-ratio mass spectrometry system by means of a Flash HT
Plus elemental analyzer coupled to a Delta-V Advantage isotope
ratio mass spectrometer via a CONFLO IV interface (Thermo
Fisher Scientific, Bremen, Germany). The isotopic composition
was reported in the conventional delta (δ) per mil notation
(h), relative to atmospheric N2 (δ15N) and Vienna Pee Dee
Belemnite (δ13C). Replicate assays of standards routinely inserted
within the sampling sequence indicated analytical measurement

1http://www.r-inla.org/
2www.ebd.csic.es/lie/index.html

errors of ± 0.2 and ± 0.1 for δ15N and δ13C, respectively. The
standards used were: EBD-23 (cow horn, internal standard),
LIE-BB (whale baleen, internal standard) and LIE-PA (razorbill
feathers, internal standard). These laboratory standards were
previously calibrated with international standards supplied by the
International Atomic Energy Agency (IAEA, Vienna). Because all
samples showed a C:N ratio lower than 3.5h we did not correct
the δ13C values to account for the presence of lipids in muscle
samples (Logan and Lutcavage, 2008).

The values of δ15N and δ13C were used to calculate corrected
standard ellipses area (SEAc, area containing 40% of the data)
and Bayesian standard ellipses area (SEAb) as a measure of
trophic width, using “SIBER” – Stable Isotope Bayesian Ellipses
in R (Jackson et al., 2011). These metrics allowed comparing
the degree of niche width and overlap between seasons (winter
vs. summer) and between life stages (adults vs juveniles)
(Table 3). Differences on δ15N and δ13C values between hake
ontogenetic groups (adults vs juveniles) and seasons (winter vs
summer) were tested using a 2-way semiparametric permutation
multivariate analyses (PERMANOVA tests) and pairwise tests on
the Euclidian distance matrix with the software PRIMER-E 6 with
PERMANOVA (Anderson et al., 2008); the latter only performed
in the case of significance results (p < 0.05) for the interaction of
both factors (season∗stage).

To assess the relative contribution of different preys in the diet
of juveniles and adults of European hake in winter and summer,
we used the mass-balanced Bayesian stable isotope mixing model
MixSIAR (Stock et al., 2018). Bayesian isotopic mixing models
incorporate uncertainty in the consumers, sources and diet-to-
tissue discrimination factors and are capable of producing robust
estimates on complex dietary systems (Parnell et al., 2010), as
it is the case of this generalist predator. Prey items included in
the MixSIAR models were selected based on the diet published
information from stomach content analysis (Supplementary
Tables 2, 4). Only those species/groups representing > 5% of
the stomach content in percentage of weight (%W) or index
of relative importance (%IRI) were included in the MixSIAR
models. Potential prey species were 21 (Supplementary Table 4).
Stable isotope values from these identified prey species were
taken from an isotopic database containing demersal and pelagic
species collected during the same oceanographic survey as
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hake (ECOTRANS Project Isolibrary) and published literature
(Madurell et al., 2008; Fanelli et al., 2009; Valls et al., 2014;
Barría et al., 2015, 2018; Table 6). In order to reduce the
end-members of the mixing model a priori cluster analysis
was performed. Potential preys were grouped in 5 different
clusters based in their isotopic similarities after applied Ward’s
hierarchical cluster analysis. Some clusters are exclusively formed
of crustaceans’ species; as it is the case of cluster 2, 3, and
4, whereas cluster 1 is exclusively formed of fish species. On
the other hand, cluster 5 consists on a mixture of fish and
crustaceans’ species. (Cluster 1: Cepola macrophthalma, Boops
boops, Spicara maena, Spicara smaris, Argentina sphyraena,
Trisopterus minutus, Lepidopus caudatus, Sardina pilchardus,
Maurolicus muelleri, Gadiculus argenteus, and Micromesistius
poutassou; Cluster 2: Chlorotocus crassicornis, Nematoscelis
megalops, and Phronima sedentaria; Cluster 3: Vibilia armata; in
violet, Cluster 4: Anchialina agilis and Meganyctiphanes norvegica
and Cluster 5: Engraulis encrasicolus, Plesionika heterocarpus,
Sardinella aurita, and Solenocera membranacea, Figure 5 and
Supplementary Figure 3). These five prey groups were likely
to explain the isotopic signature of all the consumers as they
all fell within the 95% probabilities of the mixing region (see
Supplementary Figure 4), verifying that the fitted model could
correctly calculate the source contribution for all the consumers
(Smith et al., 2013).

Five MixSIAR models were constructed (Supplementary
Table 5) using season and stage as categorical variables, as
well as total length as continuous variable. The continuous
variable was included as the linear regression between the isotopic
values of δ15N and δ13C and individual’s total length (TL, in

cm) was found to be significant (Supplementary Figure 5).
Model selection was based on the deviance information criterion
(DIC) and on the relative support for each model (Leave-
one-out cross validation (LOO) and Akaike weights) using
compare_models function of the “MixSIAR” packages in R
software (Supplementary Table 5). When running the models,
a diet-to-tissue discrimination factors (DTDF) of 113C = −0.25
δ13C − 3.48 and 115N = −0.28 δ15N + 5.88 was used (Caut
et al., 2009). Convergence was assessed using the Geweke-test and
Gelman-Rubin diagnostics. MixSIAR models were run on the
“extreme” setting (with 3 Markov chains Monte Carlo (MCMC),
3,000,000 iterations, a burn-in-phase of 1,500,000 and a thinning
of 100). Residual and process error were included in the models,
except for when total length is a covariate, in which cases,
following recommendations (Stock et al., 2018), process error
was not included.

RESULTS

Spatial Explanatory Variables
According to the winter models (Model 1 and Model 2) there
was a positive relationship of fish and crustaceans’ abundance
with European hake mean weight and negative relationship
with fish and crustaceans’ mean weight (Tables 1, 2, Figure 2).
This means that adults of European hake (areas with higher
mean weight) were related to higher abundances of small-
size (low mean weight) fish and crustaceans (Figure 2). The
opposite occurred for low values of the response variable (areas
with lower mean weight, thus more presence of juveniles)

TABLE 2 | Summary of the posterior distribution for the four models (Model 1, Model 2, Model 3, and Model 4).

Models Season Predictor Mean SD Q0.025 Q0.50 Q0.975

Model 1 Winter Intercept −3.309 1.15 −5.59 −3.31 −1.05

Bathymetry −0.939 1.30 −3.54 −0.92 1.58

Sea Bottom Temperature 0.001 0.16 −0.32 0.00 0.32

Fish (abundance) 0.098 0.08 −0.07 0.10 0.23

Crustacean (abundance) 0.066 0.07 −0.07 0.07 0.20

Model 2 Winter Intercept −2.356 0.85 −4.07 −2.34 −0.72

Bathymetry 0.185 0.92 −1.70 0.21 1.93

Sea Bottom Temperature −0.088 0.16 −0.41 −0.09 0.23

Fish (mean weight) −0.070 0.08 −0.22 −0.07 0.09

Crustacean (mean weight) −0.070 0.09 −0.27 −0.07 0.10

Model 3 Summer Intercept −1.192 0.51 −2.24 −1.18 −0.23

Bathymetry 2.357 0.64 1.06 2.37 3.57

Sea Bottom Temperature −0.048 0.07 −0.20 −0.04 0.08

Fish (abundance) −0.204 0.07 −0.37 −0.20 −0.08

Crustacean (abundance) 0.016 0.04 −0.06 0.02 0.08

Model 4 Summer Intercept −2.522 0.56 −3.66 −2.51 −1.46

Bathymetry 0.622 0.68 −0.74 0.64 1.91

Sea Bottom Temperature −0.094 0.09 −0.28 −0.09 0.07

Fish (mean weight) 0.019 0.05 −0.08 0.02 0.11

Crustacean (mean weight) −0.007 0.06 −0.12 −0.01 0.11

It includes the mean, the standard deviation (SD), the median (Q0 .50) and a 95% credible interval (Q0 .025 - Q0 .975), which is a central interval containing 95% of the
probability under the posterior distribution. All models include the spatial effect.
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that were related to lower abundances of large-size (high
mean weight) fish and crustaceans (Figure 2). On the other
hand, in summer (Model 3 and Model 4), high values of
the response variables (high mean weight, more presence of
adults) were related to higher abundances of small-size (low
mean weight) crustaceans and with lower abundance of large-
size (high mean weight) fish. Again, the opposite occurred
for low values of the response variable (areas with more
presence of juveniles) that were related to higher abundances
of small-size (low mean weight) fish and lower abundances of
large-size (high mean weight) crustaceans (Figure 2). Related
to the environmental variables, overall SBT had a negative
relationship with the response variable, meaning that the
larger mean weight individuals (adults) prefer lower SBT
and thus, colder temperatures (Table 2 and Supplementary
Figure 6). According to previous results, overall bathymetry has
a positive relationship with the European hake’s mean weight
on the continental shelf, meaning that larger mean weight

individuals (adults) tend to prefer deeper waters (Table 2 and
Supplementary Figure 6).

European Hake’s Spatial Distributions
The “failure vector” showed extremely low values in all cases
(<0.1), proving a good goodness of fit of the models (Table 1).
Furthermore, Spearman’s correlation between the predicted and
observed mean weight also showed significant correlations in
three of the four models (Table 1). The predicted posterior mean
weight distribution of European hake showed spatial differences
between winter and summer (Figure 3). In winter, higher mean
weight areas were predicted on the southern of the Ebro Delta,
close to the coast; whereas in summer, higher mean weight were
predicted in all the northern part of the study area, showing
respectively clustering areas southern to the Ebro Delta and
northern of Tarragona (Figures 1, 3). Both winter models (Model
1 and Model 2) predict very similar posterior spatial distribution
patterns and same occurred for both summer models (Model 3

FIGURE 3 | Predicted distribution of the posterior mean of the relative mean weight (kg/n) for European hake in winter (A,B) and summer (C,D) for each one of the
four models developed. Model 1 and Model 3 consider prey explanatory variables on abundance measure, whereas Model 2 and Model 4 include prey explanatory
variables on mean weight measure. All results have been standardized and share a common scale ranging from 0 to 1.
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and Model 4). The only distinguishable difference for models
using fish and crustacean’s abundance (Model 2 and Model 4)
being that the predicted areas of high mean weight are subtly
more confined and concentrated (Figures 3B–D).

Stable Isotopes Results
δ13C values of European hake ranged from −20.29 h to −17.94
h, and from 7.44 h to 11.81 h in the case of δ15N values
(Table 3). Significant differences were found for δ13C between
life stages (pseudo-F = 119.82, p < 0.001) and season (pseudo-
F = 22.72, p < 0.001) but not for the interaction between
season and stage (pseudo-F = 3.01, p = 0.08). For δ15N values,
we only found differences between stages (pseudo-F = 129.21,
p-value < 0.001) and for the interaction between season and
stage (pseudo-F = 12.32, p-value < 0.001). Pairwise analysis
showed differences between juveniles and adults for summer
(p-value < 0.001) and winter (p-value < 0.001). Differences
were also observed in the case of juveniles and adults between
winter and summer (p-values < 0.05) (Tables 4, 5 and Figure 4).
Regarding the isotopic niche, the group of juveniles-summer
presented the smallest standard ellipses area (SEAB), followed
by adults-winter, juveniles-winter and finally, adults-summer
(Figure 4 and Table 4).

The best MixSIAR model was the one that included fish length
as a continuous variable and season as a factor (Supplementary
Table 5). Outputs indicated that the relative importance of the
different prey groups in the diet of European hake changed
with season and fish length (cm) (Figure 6). In winter, the
smallest European hakes consumed mainly the prey included in
Cluster 3, followed by Cluster 4 and Cluster 5. As we moved
to larger sizes, there was a sharp decrease in Cluster 3 and
an increase in Cluster 2. Moreover, Cluster 4 also decreased

TABLE 3 | Summary table of δ13C and δ15N stable isotopes values of European
hake for each age and season.

δ13C (h) δ15N (h)

Group n mean SD min max mean SD min max

Adults-winter 27 −18.49 0.30 −18.98 −17.94 10.23 0.75 9.11 11.81

Adults-summer 13 −19.00 0.41 −19.55 −18.17 9.55 1.00 7.77 11.19

Juveniles-winter 28 −19.48 0.45 −20.11 −18.62 7.98 0.75 7.02 9.93

Juveniles-summer 35 −19.71 0.32 −20.29 −19.03 8.36 0.52 7.44 9.79

n: number of samples, SD: standard deviation, min: minimum values and
max: maximum values.

TABLE 4 | Bayesian Standard Ellipses Area (SEAB) values for each life stage
(Adult-Juvenile) and each season (winter-summer).

Adults-
winter

Adults-
summer

Juveniles-
winter

Juveniles-
summer

Min 0.3109 0.3905 0.3412 0.2205

Median 0.5769 0.9245 0.5801 0.3864

Mean 0.5927 0.9773 0.5942 0.3934

Max 1.3676 2.8402 1.2206 0.7895

Min: minimum values and Max: maximum values.

with size, representing almost 0% of the diet proportion for
the largest individuals. The opposite occurred for Cluster 2,
which was absent in the diet of small individuals and its
proportion increased with fish length. Noteworthy, the highest
proportion of Cluster 5 occurred for intermediate fish lengths.
On the other hand, in summer, Cluster 4 dominated the
diet of the smallest individuals followed by Cluster 3, the
latter at a lower proportion than in winter. The proportion
of Cluster 4 decreased with fish length at the same time that
Cluster 2 increased. During summer, Cluster 5 represented
lower proportion for all fish length, but maintained maximum
values at intermediate fish length. Cluster 1 appeared similar
to winter results.

DISCUSSION

The spatial distribution of marine species is known to be
affected by interannual and seasonal environmental factors
and habitat parameters, but also by species interactions factors
(Gilinsky, 1984; Hixon and Carr, 1997; Carney, 2005; Morfin
et al., 2012). In the present study, we applied a multidisciplinary
approach that analyses the spatial distribution of European
hake, using its main environmental and feeding related
drivers explaining European hake distribution. For this, we
applied Hierarchical Bayesian species distribution models
(B-SDMs) and stable isotope analysis, considering a seasonal
and ontogenetic perspective. Overall, our results showed
seasonal and ontogenetic differences in the spatial distribution
of European hake in the northwestern Mediterranean
Sea. In addition to the effect of particular environmental
factors, these spatial changes were partially explained by
the distribution of the main prey consumed by European
hake. We also gathered information about the ontogenetic
and seasonal variation in European hake diet to provide
further insight into how feeding preferences may affect species
spatial occurrence.

Our species distribution models showed that adult individuals
had a tendency to be present in deeper areas, with lower
bottom temperatures. These environmental preferences have
already been described for this species in the Mediterranean
Sea (Demestre and Sánchez, 1998; Maravelias et al., 2006;
Katsanevakis et al., 2009; Sion et al., 2019). Particularly,
bathymetry has repeatedly been reported as a main driver in
hake spatial distribution (Recasens et al., 1998; Orsi-Relini
et al., 2002; Maynou et al., 2003; Paradinas et al., 2015).
The importance of temperature and depth as key factors
on SDMs has also been reported to vary intra-annually.
For example, in the Aegean Sea (Central Mediterranean
Sea) in 2016, the effect of temperature in the distribution
of European hake was more pronounced during months
of thermal stratification (Yalçln and Gurbet, 2016). Indeed
the influence of environmental factors on determining
abundance of demersal fish in general are reported to be
intensified during summer and autumn in the Aegean Sea
(Katsanevakis et al., 2009). Furthermore, a seasonal and
ontogenetic migration along the bathymetric gradient was
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TABLE 5 | Percentage of Bayesian Standard Ellipses Area (SEAB) overlap between European hake adults and juveniles for summer and winter.

Adults-winter Adults-summer Juveniles-winter Juveniles-summer

Adults-winter - 46.1 (35.63- 56.02) 22.51 (14.35-29.96) 12.57 (3.96-23.94)

Adults-summer 76.67 (59.38-90.68) - 10.25 (2.51-19.91) 12.96 (1.80-22.48)

Juveniles-winter 21.53 (16.21-31.12) 7.26 (1.33-13.40) - 14.48 (6.16-23.30)

Juveniles-summer 8.15 (2.06-15.77) 8.26 (1.13-16.07) 8.57 (4.21-15.07) -

The 25% and 75% credible intervals of the overlap are given between parentheses.

FIGURE 4 | (A) δ13C and δ15N values and corrected Standard Ellipses Area (SEAc) for European hake by season and stage. (B) Bayesian standard ellipses area
(SEAB) for each groups. Density plots represent the 95, 75 and 50% credibility intervals of SEAB.

also observed for European hake outside the Mediterranean
Sea, for example in the Galician waters (Atlantic Ocean)
(Fariña et al., 1997).

Our results showed a spatial segregation between adult
and juvenile European hakes, with adults mainly present in
the southern area during winter and in the northern area
during summer. Ontogenetic spatial differentiation and areas
of aggregation for this species have previously been related
to life cycle events (Demestre and Sánchez, 1998), nursery
areas (Druon et al., 2015), areas with high food availability
(Sion et al., 2019) or changes in diet (Carpentieri et al., 2005;
Garofalo et al., 2018). In general, it seems that adult females
choose deeper areas whereas juveniles prefer the shallower

continental shelf (Demestre and Sánchez, 1998). For instance,
a study from late spring of 2015 using the same modeling
approach than us detected three main hotspots area for European
hake nurseries in the northwestern Mediterranean Sea, one of
the three located northern of the Ebro Delta, similar to the
distribution found here for adults’ hake in winter (Paradinas
et al., 2015). In this context, European hake in the western
Mediterranean Sea presents a spawning peak during autumn
and winter (Maynou et al., 2003), hence the aggregation found
close to the Ebro Delta during winter in our study might
also correspond to a reproduction/nursery area. Furthermore,
changes in the spatial distribution between seasons have also
previously been detected in our study area, with individuals
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FIGURE 5 | Individual European hake δ13C and δ15N values and mean and standard deviation δ13C and δ15N values of the potential prey sources. Black shaded
scale of European hake represents the body length of the individuals. In brown, Cluster 1: Cepola macrophthalma, Boops boops, Spicara maena, Spicara smaris,
Argentina sphyraena, Trisopterus minutus, Lepidopus caudatus, Sardina pilchardus, Maurolicus muelleri, Gadiculus argenteus and Micromesistius poutassou; in
green, Cluster 2: Chlorotocus crassicornis, Nematoscelis megalops and Phronima sedentaria; in blue, Cluster 3: Vibilia armata; in violet, Cluster 4: Anchialina agilis
and Meganyctiphanes norvegica and in aquamarine, Cluster 5: Engraulis encrasicolus, Plesionika heterocarpus, Sardinella aurita and Solenocera membranacea.

intensifying their spatial differentiation during summer and
spring (Demestre and Sánchez, 1998).

In addition to the importance of the environmental variables
on the distribution of European hake and although bathymetry
showed the highest impact in all four models, the distribution
of European hake main prey, both fish and crustaceans, also
provided valuable information explaining the distribution of hake
in the northwestern Mediterranean Sea. Specifically, the spatial
distributions and abundance of potential preys were used as
indirect proxies of trophic behavior in species spatial occurrence
(Navarro et al., 2016). However, just including prey distribution
was not enough in this case, as European hake is an ambush
predator and its mouth gape is a limiting factor for prey selection
and ingestion (this being especially true for juvenile individuals)
(Johnson et al., 2012). This is why we also considered the
information about potential preys’ size as an explanatory variable.
In this regard, our results indicated that European hake’s juveniles
in winter were associated with low abundance of relatively
large fish preys. The size of these individuals could potentially
outbound the mouth gape limitations of the predators, and
thus juvenile’s European hake would mostly be feeding on small

crustaceans as has been described in previous feeding studies
(Mellon-Duval et al., 2017). However, in summer, juveniles are
correlated with smaller and more abundant fish prey implying
a potential capacity of also ingesting available small fish, in
addition to crustaceans. Nevertheless, these results on their
own were not sufficient to drawn a robust conclusion and the
use of stable isotope analyses complemented the SDMs results
providing additional information of European hake seasonal and
ontogenetic trophic metrics.

In this context, differences in δ13C and δ15N values pointed
out to potential differences in trophic habits of adults and
juveniles between winter and summer. Furthermore, the low
overlap between the different isotopic niches showed a strong
degree of niche differentiation between seasons and stages, also
confirmed by the mixing model. More specifically, the wide
isotopic niche observed for adults suggests a more diversified
feeding behavior, contrasting with the narrow isotopic niche
breadth recorded for juveniles. This is in contrast with previous
studies, in the same area and in the Tyrrhenian Sea (central
Mediterranean Sea), that have described juveniles as being
more opportunistic than adults (Modica et al., 2013). Our
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FIGURE 6 | MixSIAR model results showing estimated diet proportions of each potential prey clusters (1, 2, 3, 4, and 5) contributing to European hake diet, as a
function of length (in cm) for each season ((A): winter and (B): summer). Cluster 1: Cepola macrophthalma, Boops boops, Spicara maena, Spicara smaris,
Argentina sphyraena, Trisopterus minutus, Lepidopus caudatus, Sardina pilchardus, Maurolicus muelleri, Gadiculus argenteus, and Micromesistius poutassou,
Cluster 2: Chlorotocus crassicornis, Nematoscelis megalops, and Phronima sedentaria, Cluster 3: Vibilia armata, Cluster 4: Anchialina agilis and Meganyctiphanes
norvegica, and Cluster 5: Engraulis encrasicolus, Plesionika heterocarpus, Sardinella aurita, and Solenocera membranacea.

isotopic results also suggest a seasonal differentiation in adults’
diet, with higher consumption of crustaceans during summer
compared to winter. To a certain extent, this relates to our
observations of the SDMs, as adults’ hake during summer
were correlated with small-size crustaceans. Related to juveniles,
the differences in δ15N values when compared to adults, and
the positive trend with body size (Supplementary Figure 5)
indicated ontogenetic variations in diet; with the lower values
recorded for juveniles suggesting a consumption of lower trophic
level organisms. In addition, MixSIAR outputs showed that
cluster 3 (formed uniquely of the amphipod Vibilia armata)
represented the highest diet proportion for juveniles in winter,
followed by cluster 4 (formed exclusively of crustaceans) and
the same clusters but in the opposite level of importance
dominated for summer. This concurred with previous findings
that reported a diet based on crustaceans for juveniles of
European hake (Bozzano et al., 1997; Cartes et al., 2004, 2009;
Ferraton et al., 2007).

However, partly contrasting the results of the B-SDM,
juveniles larger than 20 cm in winter showed a higher proportion
of cluster 5 (formed by several crustaceans and small fish, i.e.,
Sardinella aurita and Engraulis encrasicolus) when compared
to juveniles from summer. Consumption of small pelagic fish
has also been recorded for this species for individuals as small
as 7 cm in nearby areas (Gulf of Lions) (Mellon-Duval et al.,
2017). Within this context, the SIA results suggested that summer
juveniles may have been feeding on higher trophic levels prey
sources, as they showed higher δ15N values (Navarro et al.,
2011) compared to juveniles in winter. However, rather than

an increase of piscivorous diet during summer, it could be
due to the fact that at this time of the year, juveniles feed
more on cluster 4 than cluster 3, which occupied a slightly
higher isotopic position. Nevertheless, it is important to consider
that changes in δ15N values can also reflect variations in the
baseline rather than in diet, especially when comparing values
from different seasons (Costalago et al., 2012; Mellon-Duval
et al., 2017). Thus, further and more extensive analysis that
include this aspect should be done to verify this seasonal
variation in the diet.

Overall, our trophic analysis results were partly consistent
with published data (Bozzano et al., 1997; Cartes et al., 2004,
2009; Ferraton et al., 2007), where juveniles showed a crustaceans
dominated diet and switch to a more piscivorous diet as
they reached larger body size. Here we observed an evident
ontogenetic variation in diet, with increased consumption of
fish preys as individuals reach intermediate and large body size.
We also observed that the species of crustaceans consumed
varied with ontogenetic stage and season. However, not all
the studies concur on the body length and the reason why
this switch occurs. It has been suggested that the diet’s switch
corresponds to an increase in individual’s mobility in the
water column (Mellon-Duval et al., 2017) along a proportional
increase in mouth dimensions (Karpouzi and Stergiou, 2003)
that facilitates ingestion of larger preys (Modica et al., 2013).
Piscivorous diet has also been associated with the retinal changes
and the improvement in vision acuity (Bozzano and Catalán,
2002) that permit European hake detects prey from higher
distances and even in more turbid waters. These physiological
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TABLE 6 | Number of samples, mean, standard deviation (SD) of δ13C and δ15N values of the prey used in the Bayesian mixing models to estimate the diet
of European hake.

δ13C δ15N

Species n mean SD mean SD

Cluster 1: Fish 49 −19.56 0.45 8.82 0.66

Argentina sphyraena 3 −19.19 0.44 9.30 1.05

Boops boops 3 −19.73 0.39 9.29 0.60

Cepola macrophthalma 2 −20.40 0.05 8.16 0.04

Gadiculus argenteus 3 −19.43 0.13 8.85 0.69

Lepidopus caudatus 3 −19.71 0.10 8.43 0.24

Maurolicus muelleri 5 −19.39 0.10 9.02 0.02

Micromesistius poutassou 2 −19.43 0.12 8.83 0.25

Sardina pilchardus 19 −19.66 0.51 8.43 0.48

Spicara maena 3 −19.72 0.17 9.51 0.67

Spicara smaris 3 −19.15 0.57 9.58 1.04

Trisopterus minutus 3 −19.14 0.12 9.30 0.13

Cluster 2: Crustaceans 13 −20.06 0.72 6.49 0.57

Chlorotocus crassicornis 3 −19.71 0.63 6.99 0.47

Nematoscelis megalops 5 −20.33 0.61 6.57 0.25

Phronima sedentaria 5 −19.99 0.88 6.12 0.66

Cluster 3: Crustaceans

Vibilia armata 5 −21.24 0.10 3.79 0.42

Cluster 4: Crustaceans 8 −19.88 1.21 4.90 0.43

Anchialina agilis 5 −19.47 1.39 4.82 0.51

Meganyctiphanes norvegica 3 −20.55 0.40 5.01 0.32

Cluster 5: Mixed (Fish & Crustaceans) 36 −18.89 0.35 8.12 0.88

Boops boops 3 −19.73 0.39 9.29 0.60

Engraulis encrasicolus 20 −18.87 0.25 7.62 0.73

Plesionika heterocarpus 3 −18.57 0.14 8.09 0.38

Sardinella aurita 10 −18.77 0.18 8.78 0.55

Summary statistics are provided for Cluster 1, 2, 3, 4, and 5. n: number of samples.

changes altogether will ease prey selectivity and an intake
preference for higher energy preys (Stagioni et al., 2011;
Modica et al., 2013).

Overall, our results show that seasonality plays a role
when looking at the distribution and feeding behavior of
European hake. Seasonality can affect prey availability and
thus predators’ diet. In our study, despite diet variations
were more distinct between stages, differences between seasons
should not be disregarded. Previous studies have also recorded
diet variation with seasonality in the Western Mediterranean
Sea (Mellon-Duval et al., 2017) and non-Mediterranean areas
(Velasco and Olaso, 1998), with mixed conclusions. A study
from the north-eastern Mediterranean Sea showed an increase
in fish ingestion in winter and dominance of crustaceans
during summer (Stagioni et al., 2011). This is partly in line
with our results, as despite high proportions of cluster 2,
3, and 4 (formed exclusively of crustaceans) were observed
during both seasons, consumption of cluster 5 (formed of
fish and crustaceans) was overall higher during winter. Some
studies have also recorded an increase on juveniles feeding
on euphausiids in spring, coinciding with the aggregating
reproductive behavior of this species (Ferraton et al., 2007),

as well as an increase of gobiids consumption during autumn.
Furthermore, a study from the Gulf of Lyon (northwestern
Mediterranean Sea) found lower proportion of pelagic fish
ingestion in adults’ diet in spring when compared to autumn
(Mellon-Duval et al., 2017).

Despite valuable information, and the novelty and benefits of
using a continuous covariate in the MixSIAR analyses, which
is a relatively novel technique (Francis et al., 2011; Stock
and Semmens, 2016; Gagne et al., 2018; Stock et al., 2018;
Gorman et al., 2019), this study is subjected to some limitations.
Unfortunately, this study only covers one year and it is not
possible to prove repeatability of the seasonal pattern observed in
the analysis. Moreover, the use of the mean weight as a proxy of
European hake size and life stages in the B-SDM is appropriate
to identify areas mostly occupied by juveniles and large adults
in winter and summer. This type of variable can be of interest
when wanting to account for changes related to life stages but
where data of individuals’ body length is scarce, not available
or not feasible. For example, oceanographic surveys where total
biomass and abundance per haul is usually recorded but the
individual sampling of all specimens for biological analysis is
unrealistic. However, this kind of proxy also presents some
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limitations, not directly informing of the less extreme phases of
the life cycle, as intermediate values of mean weight cannot be
categorized into adults other juveniles and are likely composed
of mixed life stages. Furthermore, according to the length-weight
relationship for European hake in the western Mediterranean
Sea (Morey et al., 2003), for an individual of 25 cm, which
is the length above which we classified individuals as “adults”
(Bozzano et al., 1997; Lleonart, 2002), the corresponding mean
weight is around 0.0895 kg. This means that for our data,
only a reduced number of hauls had mean weight values over
this threshold (Supplementary Table 6). This translates into
an under-representation of adult individuals, especially during
summer. This is partly related to the fact that all the data for this
study was collected through bottom trawling, whereas generally
larger individuals of European hake are caught trough long
net gears. This means that adults were not very abundant and
that our maximum individuals’ size is 50.2 cm, but European
hake in these waters can reach body lengths of more than
80 cm. Therefore, the diet and spatial distribution described
here is not representing the entire population, omitting the
largest individuals.

Our findings could have clear implications for a future
seasonal-based adaptive fisheries management, as local depletion
of prey, or variation in prey size and/or condition may affect
hake presence in an area. This is of particular interest for
this study as overfishing has led to a general decrease on
demersal species (FAO-MED, 2018), some of which are prey
to European hake, as well as a decline in small pelagic
fish (e.g., Sardina pilchardus and Engraulis encrasicolus) (Coll
and Bellido, 2019). Indeed, previous studies have already
expressed their concerns about the underlying effect of these
alterations for hake’s population stock and distribution (Sion
et al., 2019). Combining this information with future climate-
change scenarios could result on major variations of the
potential distribution of European hake in this area. Therefore,
this study presents important information in the context of
phenological processes of exploited species and their potential
changes due to climate change. It does also emphasize, the
need for additional monitoring efforts that consider a seasonal
sampling of the marine ecosystems. Further information about
spatial trophic analysis with season and ontogenetic stages is
necessary if we want to fully understand species ecological roles,
spatial-temporal population and food-web dynamics within
marine ecosystems.
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A B S T R A C T   

Small pelagic fish (SPF) are key organisms for the functioning of pelagic marine ecosystems. In recent decades, 
these species have undergone significant changes in biomass, growth and body condition in the Mediterranean 
Sea. Seasonal and spatial information about changes in biological and ecological traits of SPF and their rela-
tionship with environmental variables is still missing. Here, we have investigated along a latitudinal gradient in 
the Northwestern Mediterranean Sea the seasonal patterns of fish fitness (in terms of body condition, fat content 
and reproduction activity) of two important Mediterranean SPF, European anchovy (Engraulis encrasicolus) and 
European sardine (Sardina pilchardus). We used non-parametric multivariate analyses and Generalized Additive 
Models (GAMs) to investigate which environmental and trophic variables could explain observed variations 
during 2018–2019. Mean fat content values, relative condition index (Kn) and gonadosomatic index (GSI) were 
calculated monthly. We also measured individual’s stable isotope composition in muscle. Chlorophyll-a, sea 
surface temperature and salinity were used as environmental descriptors. The results revealed spatial and 
temporal variations for both species in terms of body condition, fat content and reproduction indices, as well as 
of stable isotopic values. GAMs showed that the variability in fitness for both species was mostly explained by 
environmental variables, in addition to the spatial and seasonal factors. Trophic variables contributed to explain 
the variability of the indices, mostly in the case of anchovy. This study provides insights into the spatial and 
seasonal interplay of the fitness of two important commercial species along a latitudinal gradient, and con-
tributes to understand the fluctuations of SPF population and recent declining trends to inform proactive fisheries 
management at local and regional scale.   

1. Introduction 

Small pelagic fish (SPF) are important species for commercial fish-
eries worldwide (FAO, 2020) and are key elements for the functioning of 
marine ecosystems linking lower and upper trophic level species (Cury 
et al., 2000). Thus, variations in their populations can impact the dy-
namics of the whole ecosystem structure and functioning with large 
ecological and socioeconomic consequences (Pita et al., 2014). Due to 

their short life span, rapid maturation and plankton-based feeding, SPF 
are highly sensitive to fluctuations in environmental factors and human 
pressures including climate change, and in turn can be good indicators 
for climate driven changes (Checkley et al., 2009; Peck et al., 2013). 
Nevertheless, to properly use them as indicators, it is necessary to un-
derstand the relationship between their biological parameters and 
changes in the environment on seasonal, inter-annual and long-term 
time scales. 
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As in other Mediterranean areas, SPF play a key roles in ecosystems 
and dominate the catch, representing 44.3% of the landings (FAO, 
2020). Fluctuations in their populations have been widely documented. 
However, in recent decades, two important SPF species, the European 
anchovy (Engraulis encrasicolus) and the European sardine (Sardina pil-
chardus), have undergone significant changes in biomass, abundance, 
growth patterns, age-structure and body condition in specific areas of 
the Mediterranean Sea (Quattrocchi and Maynou, 2017; Saraux et al., 
2019; Pennino et al., 2020), with most changes showing declining 
trends. Variations in the population dynamics of SPF, and changes in life 
history traits in particular, have been related to the effects of different 
drivers such as fishing pressure, environmental changes and lower 
quality or quantity of food availability that act individually or syner-
gistically (Brosset et al., 2015b; Coll et al., 2019; Saraux et al., 2019). 
While progress has been made in understanding the factors that explain 
long-term changes in the fluctuations of SPF (Van Beveren et al., 2014; 
Brosset et al., 2017), the environmental and trophic factors that drive 
observed seasonal energy dynamics at local scales have been less 
investigated (Brosset et al., 2015, 2017). 

Exogenous environmental factors are known to play an important 
role in driving species dynamics and can have direct effects on the 
physiology, metabolic, or reproductive success of both sardine and an-
chovy. For example, spawning of these two SPF is highly linked to pri-
mary productivity and temperature (Palomera et al., 2007; Quattrocchi 
et al., 2016). On the other hand, environmental drivers can have indirect 
effects by influencing their predators and prey (Ottersen et al., 2010), for 
instance by affecting the distribution of zooplankton and other impor-
tant food sources for these SPF. Since marine ecosystems are highly 
dynamic environments, the aforementioned environmental factors pre-
sent seasonal and spatial variations at different levels. The Northwestern 
Mediterranean Sea, the area of the present study, is characterized by a 
strong seasonality with intra-annual changes in environmental vari-
ables, productivity and phytoplankton blooms (Estrada, 1996; Salat 
et al., 2002; Bosc et al., 2004). This emphasizes the importance of 
considering seasonality and phenology when investigating marine spe-
cies dynamics inhabiting this area (Vilas et al., 2019; Lloret-Lloret et al., 
2020). 

Investigating the nutritional condition, energy balance, relative 
fitness and general health, at individual and at population level, can 
provide insights into the dynamics of the population. This is commonly 
done by measuring body condition and reproduction investment, 
measured through morphometric indices like Le Cren body condition 
index (Kn) and gonadosomatic index (Le Cren, 1951) but also through 
energy density or lipid content (Albo-Puigserver et al., 2017). Somatic 
and reproductive condition are intertwined and changes in one ulti-
mately affects the other (Garrido et al., 2008; Lloret et al., 2013) as 
individuals may be confronted with an energy conflict between main-
tenance and reproduction under scenarios of limited resources (Brosset 
et al., 2016b). Considering the temporal reproductive index in 
conjunction with the reproduction strategies of SPF is therefore neces-
sary when investigating their energy dynamics. Sardine and anchovy 
represent good focal species for a comparative analysis as they have 
opposite reproductive strategies (capital-breeder vs income-breeder, 
respectively (Mcbride et al., 2015)) and show different reproductive 
periods in this area (sardine in winter and anchovy in spring-summer) 
(Palomera et al., 2007; Albo-Puigserver et al., 2020). Under environ-
mental changes, such as variations in plankton phenology, the responses 
of both species could differ. 

Fluctuations in quantity and quality of available food can affect en-
ergy acquisition and allocation and thus, individuals’ fitness and ulti-
mately, the entire SPF population and ecosystem structure (Lloret et al., 
2013; Mcbride et al., 2015; Queiros et al., 2019). It has been proposed 
that bottom-up processes, such as a variation in plankton composition, 
quality and quantity potentially derived from environmental changes 
(such as the increase of sea surface temperature and intensification of 
stratification periods of the water column (Calvo et al., 2011)) could be 

the underlying reason for sardine and anchovy decline in the Gulf of 
Lion, Northwestern Mediterranean Sea (Van Beveren et al., 2014, 2016; 
Brosset et al., 2015b, 2016a, 2017; Saraux et al., 2019). Furthermore, 
even if larval survival is the main factor limiting recruitment, feeding 
condition during this developmental stage has shown to affect growth 
for anchovy and thus, the condition of future adults (Quintanilla et al., 
2015). Sardine and anchovy also present morphological differences on 
their feeding structures and on their trophic behaviours, that allow them 
to adapt to changes in prey availability, type or size (Van der Lingen 
et al., 2009; Costalago and Palomera, 2014). A deeper understanding of 
the relationship between the trophic ecology of sardine and anchovy and 
their fitness could improve the capacity to predict the food-web conse-
quences for higher trophic levels that depend on small pelagic fish. 

Stable isotopes can be used as a proxy to assess diet changes. Infor-
mation of isotopic composition and fitness indices have been combined 
for other fish species [e.g. European hake, Merluccius merluccius (Fer-
raton et al., 2007; Rueda et al., 2019) and seabirds (Ronconi et al., 
2014)], and could be particularly relevant in dynamic spatiotemporal 
systems such as the Northwestern Mediterranean where organisms tend 
to be tightly coupled to changing environmental conditions (Rueda 
et al., 2019). Combining assessments of the fitness of individuals with 
trophic analyses can be useful to understand the interplay of both factors 
and the possible causal mechanisms driving changes in species fitness. 

Latitudinal variations in condition, life-history traits and diet have 
been recorded for sardine and anchovy along the Mediterranean coast of 
the Iberian Peninsula (Brosset et al., 2017; Bachiller et al., 2020; Albo- 
Puigserver et al., 2021). Nevertheless, patterns in variations are not al-
ways as clear and they may be driven by small-scale processes (Brosset 
et al., 2017; Salgado-Hernanz et al., 2019). The main drivers that 
explain observed changes in SPF fitness may thus be a combination of 
environmental variability, food availability and changes in energetic 
dynamics that can exhibit regional variability. The aim of the study was 
to investigate which environmental and/or trophic variables explain the 
variations in small pelagic fish fitness for sardine and anchovy during a 
full year and considering spatial and seasonal factors within an area of 
the Western Mediterranean Sea, where fitness is expressed in terms of 
body condition, fat content and reproduction indices. The specific ob-
jectives were: 1) to analyse the seasonal patterns of body condition, fat 
content, reproduction period and trophic ecology of these two SPF 
locally along a latitudinal gradient, and 2) to investigate which envi-
ronmental variables and trophic information could explain observed 
changes in these indicators. Analysing the spatial and seasonal dynamics 
in SPF fitness at small scales could help understand their fluctuations as 
well as the driving local processes, and provide meaningful information 
for local and regional fisheries management. 

2. Material and methods 

2.1. Study area and sampling procedure 

This study was conducted in the Northwestern Mediterranean Sea 
(Fig. 1), a high productivity area because of local upwelling, riverine 
inputs and other mesoscale activities (Estrada, 1996). This area is 
characterized by a strong seasonality. During summer, the high sea 
surface temperatures lead to the formation of thermoclines that prevent 
upwelling of nutrients into the photic layer. On the other hand, during 
winter, the winds cause a vertical mixing of the water column bringing 
nutrients to the top layers, with phytoplankton blooms generally 
occurring in late autumn, winter and early-spring (Estrada, 1996; Salat 
et al., 2002). The study area receives fresh run-off from the Rhône river 
at the north and the Ebro river at the south, contributing to the lower 
salinity waters over the continental shelf (Salat et al., 2002). These 
conditions favor the presence of SPF, and the strong oceanographic 
eddies support the retention and survival of early life stages (eggs and 
larvae) of sardine and anchovy (Sabatés et al., 2013; Quattrocchi et al., 
2016). 
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Individuals of both species were collected monthly, from July 2018 
to June 2019, from commercial purse-seiner vessels in three fishing 
grounds of L’Escala, Barcelona and Tarragona harbours along the study 
area (Fig. 1). Sardines from Tarragona where collected between 
September 2018 and August 2019 due to data sampling constrains (see 
Table S1a). Samples were collected from vessels’ landings and to capture 
the length variability of the catch, individuals covering all available size- 
ranges were kept for sampling. To avoid possible ontogenetic effects, 
only individuals with body length ≥ 12 cm were included in the analysis 
of the relationship between fitness and environmental and trophic var-
iables (see section 2.4 and Table S1b). Due to specific fishing closures or 
absence of individuals of one of the two species in the commercial 
catches, some data were unavailable for certain areas and months (see 
Table S1a). The fishing vessels of each of the three ports covered 
different fishing grounds (hereafter referred to as “areas”) with con-
trasting topographical and oceanographic characteristics. The total 
sampling area consists of mostly narrow continental shelfs crossed by 
submarine canyons in the north to the wider Ebro river delta in the 
south. The two northern areas generally show colder temperatures, are 
affected by strong winds and receive riverine inputs from the Muga and 
Rhône rivers. The southern area is warmer and is influenced by input 
from the Ebro river. Similarly to previous studies (Quattrocchi et al., 
2016), the study areas covered depth ranges from 35 to 200 m, which 
mainly covers the small pelagic fishery area (Fig. 1). 

Overall, 1,280 anchovies and 1,360 sardines were sampled along 
these three fishing grounds. Individuals’ weight (in grams), total length 
(in cm), sex (male, female, undetermined) and gonad weight (in grams) 
were recorded. For each species, fishing ground and month, a subset of 
individuals was selected and a skinned rectangular piece of dorsal white 
muscle was frozen (-20 ◦C) for stable isotope analysis at a later stage. In 

order to reduce individual variability due to sex and size, only females 
≥12 cm were subsampled for isotopic analysis (Table S1b). 

2.2. Body condition, fat content and reproduction period 

Body condition indices are commonly used as a measure of energy 
storage (Gatti et al., 2018). As both species present allometric growth 
(Van Beveren et al., 2014), we calculated the relative condition factor Kn 
(Le Cren, 1951) as a proxy for somatic condition and individual’s 
physiological status. Kn is an independent morphometric indicator based 
on the length-weight relationship and has been validated for sardine and 
anchovy (Brosset et al., 2015b). Kn values are distributed around 1, with 
values above 1 representing individuals in better condition than a 
standard individual of the same size and values below 1 representing 
individuals in worse condition. The index was computed for all the 
samples (see Table S2) as: Kn = W/Wr, where W is the mass of an in-
dividual (gutted weight, referring to total body weight of the individual 
minus the gonad weight, in gr) and Wr is the theoretical weight of an 
individual of a given length. Wr values were calculated from the length- 
weight relationship for the individual samples for each species: Wr = α 
TLβ, where TL is the total fish length (cm) and α and β are the regression 
coefficients calculated with our own data (sardine: a = 0.0029 and b =
3.368, anchovy: a = 0.0049 and b = 3.091). 

To account for the interplay between the energy invested in repro-
duction and maintenance, the gonadosomatic index (GSI) was calcu-
lated as a proxy for energy invested in reproduction. Only female 
individuals were considered, as population dynamics are generally more 
affected by the reproductive capacity of the females due to the high 
energetic cost of egg’s production compared to sperm (Brosset et al., 
2016b). GSI = (WG/WT) *100, where WG is the wet weight of the gonad 

Fig. 1. Map of the Catalan Sea, the study area in the Northwestern Mediterranean Sea. Shaded areas delineate the three areas included in the study (L’Escala, 
Barcelona and Tarragona). 
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(in gr) and WT is the gutted weight (total body weight of the individual 
minus the gonad weight, in gr). 

We measured indirect condition index based on tissues properties by 
using a Distell Fish fatmeter, model FFM992 (Distell, 2010), which 
produces a low-power microwave transmission through tissue that es-
timates lipid content (Kent, 1990). It uses the water content of the tissues 
and relates it to the amount of lipids stored in the subdermal reserves. 
The internal calibration of the device for sardines and anchovies was 
used. The sensor of the fatmeter was placed over the lateral line and two 
measurements were taken from each side of the fish. The mean value of 
the four measurements was calculated and is referred hereafter, as fat 
content. This methodology has been previously used for the two study 
species (Brosset et al., 2015a) and provided a good surrogate for energy 
density through calorimetry analysis for both SPF (Campanini et al., 
2021). 

2.3. Trophic analysis 

Stable isotopes analysis (SIA) of nitrogen and carbon in white muscle 
were used as a proxy for the assimilated diet of sardines and anchovies 
(Costalago et al., 2012). Only the SIA values of females (≥12 cm) were 
analyzed to reduce the potential variability associated with the sex and 
size of the individuals. Muscle samples from the dorsolateral part of 117 
female sardines were collected for stable isotope analyses (see Table S5) 
(10 per season and area, except for L’Escala-Autumn where n = 7) and 
114 female anchovies (10 per season and area, except for L’Escala- 
Autumn where n = 6, L’Escala-Winter, n = 9 and Barcelona-Autumn, n 
= 9). All samples were freeze-dried and powdered, and 0.8 (0.70-0.85) 
mg of each sample was packed into tin capsules. Stable isotopes analysis 
was performed at the “Servizo de Apoio à Investigação” (SAI) of the 
University of A Coruña (Spain). Samples were combusted at 1020 ◦C 
using a continuous flow isotope-ratio mass spectrometry system by 
means of a Carlo ErbaCHNSO 1108 elemental analyser (ThermoFinni-
gan, Italy) coupled to a Finnigan Matt Delta Plus isotope ratio mass 
spectrometer). The isotopic composition was expresses as delta (δ) per 
mil notation (‰), relative to Vienna Pee Dee Belemnite (δ13C) and at-
mospheric N2 (δ15N). The precision (±Standard Error of 4 replicates) of 
the standards and samples for the two isotopes is <0.05 and <0.04‰ 
respectively. USGS40 and L-alanine from the International Atomic En-
ergy Agency were used, as well as internal acetanilide standards. For 
those samples with a C:N ratio higher than 3.5‰, the δ13C values were 
corrected following (Post et al., 2007) to account for the presence of 
lipids in muscle samples. 

2.4. Statistical analyses 

Two statistical procedures were applied. First, a 2-way semi-
parametric permutation multivariate analyses tests (PERMANOVA tests) 
on the Bray-Curtis distance matrix was used to test for differences of the 
mean fat content, GSI and Kn values between areas (i.e. fishing grounds) 
and seasons for each species. Pairwise tests were performed in the case 
of significant differences between areas or seasons (p < 0.05). For all 
statistical analysis, monthly samples were aggregated into seasons: 
summer (July to September), autumn (October to December), winter 
(January to March), and spring (April to June) (Table S1). To test for 
differences in δ15N and δ13C values between areas and seasons for each 
species, we also performed 2-way PERMANOVA tests on the Euclidian 
distance matrix. In the case of significance difference, the pairwise tests 
were also performed. PERMANOVA and pairwise tests were executed in 
the software PRIMER-E v6 with PERMANOVA (Anderson et al., 2008). 

Secondly, we used Generalized Additive Models (GAMs) to assess 
which variables (environmental and/or trophic) could explain most of 
the variance of the fitness indices (Kn, mean fat content and GSI). To 
avoid possible ontogenetic changes in energy dynamics and trophic 
ecology, only female individuals ≥12 cm (for which we had information 
on stable isotopes) were included in the GAM analysis. GAMs were 

developed for each species, considering area and season as factors to 
capture the impact of the spatiotemporal variation. GAMs included three 
key environmental parameters (Agostini and Bakun, 2002) as explana-
tory variables (i.e. surface chlorophyll-a (Chl-a, in mg/m3), sea surface 
temperature (SST, in ◦C) and salinity (PSU)). These environmental 
variables were selected as they were found relevant in previous studies 
(Pennino et al., 2020; Albo-Puigserver et al., 2021; Fernández-Corredor 
et al., 2021). Monthly mean maps of salinity data from the top 150 m 
(see Fig. 1) was obtained from the Copernicus Marine Environment 
Monitoring Service (https://marine.copernicus.eu); monthly mean 
maps of Chl-a and SST from the MODIS data were obtained from the 
NASA Earth Observations (NEO) service (https://neo.sci.gsfc.nasa.go 
v/). In addition, δ13C and δ15N were included as continuous explana-
tory variables in the models, as a proxy for the trophic niche. 

In addition, we run a separate set of GAMs to test for a temporal lag 
in the environmental drivers to asses if sardine and anchovy were 
affected by the environmental conditions in previous nine months. Lag 
length was selected based on previous studies into these species in the 
area (Pennino et al., 2020). Such a lag could be particularly important to 
consider for European sardine as its capital breeder behaviour results in 
accumulation of mesenteric fat during the spring-summer season prior 
to the reproduction period, which approximately corresponds to a 9 
months’ time lag. All explanatory variables were tested for collinearity 
and correlation, calculating the generalized variation inflation factor 
(GVIF) (Fox and Weisberg, 2011) and Pearson’s correlation test, 
respectively. High correlation (>0.7 and GVIF > 3) were found between 
Chl-a and SST and between lag-Chl-a and lag-SST, and thus, these var-
iables were not included together in the same model. 

All GAMs were run for each species and index using the function gam 
included in the library mgcv (Wood, 2003, 2011) in the R software (R 
version 3.6.2) (R Core Team, 2019). The default thin plate regression 
spline was applied for all the main predictors except factor predictors 
(“season” and “area”). Restricted maximum likelihood (REML) was used 
for smoothing parameter estimation and the number of knots were 
restricted to 3 or 4 to avoid overfitting. A Gaussian distribution with 
identity link was used in for Kn and mean fat content indices for both 
species, as the data followed a normal distribution. On the other hand, a 
logarithmic transformation was applied when normality assumptions 
were not achieved, which was the case for GSI values for both species. 
Best-to-fit models were selected based on the explained deviance, the 
Akaike Information Criterion (AIC) (Burnham and Anderson, 2002) and 
ecological sense. The R library visreg (Breheny and Burchett, 2017) was 
used for GAM visualization. 

Overall, to test different hypothesis, we considered four types of 
variables: environmental (Chl-a, SST, Salinity), environmental with a 9 
month time-lag, spatiotemporal factors (season, area) and trophic var-
iables (δ13C, δ15N). We considered different combinations of variables 
(Table 1). Nineteen core models were tested for each species and index, 
and models were simplified following one-by-one deletion, starting from 
the least significant variable until only significant variables were kept 
(see Table S7 for more details of the models assessed) (Heinze et al., 
2018). 

3. Results 

3.1. Changes in body condition, fat content and reproductive period 

Results showed spatial and seasonal variations for both species in 
terms of body condition index, fat content and reproductive period 
(Fig. 2 and Table S4). The spatial variation of the three indices for the 
two species did not follow a clear latitudinal trend. Table S2 and S3 
present a general summary of the values of body condition, fat content 
and reproductive index per species, area and season and Table S4 the 
corresponding PERMANOVA and pairwise analyses. 

Regarding anchovies, we found statistical differences (p-values <
0.05) in Kn and fat content values between seasons (Kn: Pseudo-F =
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138.42, mean fat content: Pseudo-F = 32.19; Fig. 2 and Table S4a), areas 
(Kn: Pseudo-F = 35.01, mean fat content: Pseudo-F = 19.17; Table S4a), 
and for the interaction of area with season (Kn: Pseudo-F = 3.55, mean 
fat content: Pseudo-F = 10.82; Table S2a, S3a and S4a) (see also Fig. S1). 
Maximum mean GSI values occurred from May to September (spring and 
summer), indicating a peak of reproduction in July (mean and SD of the 
highest values for Barcelona summer: 2.406 ± 1.238, Table S3a). A 
shorter reproduction period was only observed in L’Escala, where GSI 
values showed a sharp decline in August. Seasonal and spatial variance 
in GSI was proven to be significant, with some exceptions (see Table S4a 
and b and Fig. S1). 

For sardines, Kn and mean fat content showed significant difference 
(p-values < 0.01) across areas (Kn: Pseudo-F = 27.82, mean fat content: 
Pseudo-F = 138.93; Table S4), and seasons (Kn: Pseudo-F = 297.66 and 
mean fat content: Pseudo-F = 446.85; Table S4) and for their interaction 
area with season (Kn: Pseudo-F = 9.7 and mean fat content: Pseudo-F =
22.33; Table S4). They peaked from March to August, showing an 
increasing accumulation of fat reserves during spring and summer, 
before the reproduction period, followed by a decline during autumn 
and winter. Mean fat content values were generally higher in Barcelona 
(mean ± SD seasonal range = 7.83 ± 1.94 to 16.83 ± 2.04; Table S2b) 
compared to the other two areas, and lowest in Tarragona for most of the 
months (mean ± SD seasonal range = 7.10 ± 1.76 to 10.29 ± 3.34; 
Table S2b), but differences were especially noticeable in July, August, 
September and October (mainly summer). In the Barcelona area, high 
values of fat reserves were maintained longer than in the other two areas 
(Figs. 2 and S1). GSI presented spatiotemporal variation, with high 
values from September to February (autumn and winter) and generally 
higher values in Barcelona (mean ± SD winter value: 2.565 ± 2.575) 
and L’Escala (mean ± SD winter values: 2.433 ± 2.040) compared to 
Tarragona (mean ± SD winter value: 1.262 ± 1.02; Table S3b) (with 
factors area pseudo-F = 6.57, season, pseudo-F = 100.62 and area*-
season, pseudo-F = 6.62, and p-values < 0.01; see Table S4a and Fig. 2). 

3.2. Changes in trophic ecology 

δ13C and δ15N values showed seasonal variations for both species 
with differences between areas, some of which were significant (Fig. 3 
and Table S5, S6). For Anchovy, δ13C values differed between area 
(Pseudo-F = 28.31, p-values < 0.01) and season (Pseudo-F = 31.46, p- 
values < 0.01) without a significant interaction between both factors (p 
> 0.05). We observed a consistent pattern within regions, maintained 
across areas, with similar values in summer and autumn, decreasing in 
winter and with an even further decrease in spring. Comparing within 
season values, a latitudinal trend was observed in most cases, with 
increasing values from north to south (Fig. 3). On the other hand, δ15N 
values also showed spatial and seasonal differences (between area, 
Pseudo-F = 16.82 and season, Pseudo-F = 10.69, p-values < 0.01; 
Table S6a). δ15N showed similar values for summer and autumn, fol-
lowed by a decrease in winter and increase in spring. Here again, the 
seasonal trend was maintained for the three areas. A latitudinal varia-
tion was observed with lower values at the north slightly increasing 
towards the south (Fig. 3). 

For sardine, δ13C values differed between season (Pseudo-F = 8.54, 
p-value < 0.01), being the interaction of season and area also statisti-
cally significant (Pseudo-F = 2.55, p-value < 0.05; Fig. 3, Table S6). 
δ15N values also showed differences between areas (Pseudo-F = 41.13, 
p-value < 0.01; Table S6), seasons (Pseudo-F = 19.34, p-value < 0.01; 
Table S6) and their interaction (Pseudo-F = 2.59, p-value > 0.05; 
Table S6). δ15N values showed a mostly consistent seasonal pattern, 
similar to anchovy, with resembling values for summer and autumn 
followed by a sharp decrease in winter and then, an increase in spring. 
The seasonal trend was also maintained across the three areas. These 
observations were mostly supported by the pairwise statistical analysis. 
Furthermore, a latitudinal variation with lower values at the north 
increasing towards the south was also recorded (Fig. 3). 

Table 1 
Summary of the hypothesis tested and the corresponding 19 core models from which the best fitted model selection was based. Acronyms stand for: chlorophyll-a (Chl- 
a), sea surface temperature (SST), lag chlorophyll-a (lag-Chl-a) and lag sea surface temperature (lag-SST).  

Hypothesis Combination of variables Core models 

Only one type of variables (environmental, lag-environmental, spatiotemporal or 
trophic) affects fitness indices 

Only continuous environmental variables Chl-a + Salinity 
SST + Salinity 

Only factor drivers Season + Area 

Only trophic variables δ15N + δ13C 

Only lag-continuous environmental variables lag-Chl-a + lag-Salinity 
lag-SST + lag-Salinity 

Combination of continuous environmental variables with spatiotemporal factors 
and/or trophism affects fitness indices 

Continuous environmental variables + factorial 
drivers 

Chl-a + Salinity + Season + Area 
SST + Salinity + Season + Area 

Continuous environmental variables + factorial 
drivers + trophic variables 

δ15N + δ13C + Chl-a + Salinity +
Season + Area 
δ15N + δ13C + SST + Salinity +
Season + Area 

Continuous environmental variables + trophic 
variables 

δ15N + δ13C + Chl-a + Salinity 
δ15N + δ13C + SST + Salinity 

Combination of continuous lag-environmental variables with spatiotemporal 
factors and/or trophism affects fitness indices 

Continuous lag-environmental variables + factorial 
drivers 

lag-Chl-a + lag-Salinity + Season +
Area 
lag-SST + lag-Salinity + Season +
Area 

Continuous lag-environmental variables + factorial 
drivers + trophic variables 

δ15N + δ13C + lag-Chl-a + lag- 
Salinity + Season + Area 
δ15N + δ13C + lag-SST + lag-Salinity 
+ Season + Area 

Continuous lag-environmental variables + trophic 
variables 

δ15N + δ13C + lag-Chl-a + lag-Salinity 
δ15N + δ13C + lag-SST + lag-Salinity 

Combination of spatiotemporal factors with trophism affects fitness indices Factorial drivers + trophic variables δ15N + δ13C + Season + Area  
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3.3. Relationship between body condition, fat content and reproduction 
period with environmental and trophic variables 

Selected GAMs explained between 44.6% and 75.5% of the variance 
for anchovy and sardine indices (see Table 2 and Figs. 4 and 5). In some 
case, for both species, two models were selected as best fits due to the 
high similarity between AIC, percentage of deviance explained and 
combination of explanatory variables (see Table S7 for more informa-
tion on the GAMs selection). 

For anchovy, salinity, season, area and δ15N values explained be-
tween 61.5% and 62.1% of the variance in Kn index, with salinity having 
broadly a positive effect and the trophic variables a negative one. For 
this same species, in the case of mean fat content, the best fitted model 
explained 44.6% of the deviance, with the trophic component of δ13C 
values showing a slight u-shape/negative effect and the environmental 
variable of salinity a mostly positive impact. The combination of sea-
sonality, trophic metrics (δ15N and δ13C with mixed and u-shape effect 
respectively) and temperature (SST) with mainly positive impact, 

Fig. 2. Boxplots of monthly variation of GSI, mean fat content and Kn indices for European anchovy (A, B and C) and European sardine (D, E and F) for the three 
areas (L’Escala, Barcelona and Tarragona). Boxplots hinges represent the 1st and 3rd quartiles. Horizontal lines represent the median values. 
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explained 74.4% of the deviance observed for GSI values in anchovies 
(Table 2 and Fig. 4). 

For sardines, the two best fitted models for Kn index explained 

between 57% and 57.8% of the deviance, with lag-Chl-a and lag-salinity 
having a mostly negative impact and the factors season and area being 
significant. In the case of fat content, the selected model explained 

Fig. 3. δ13C and δ15N for European anchovy (A and C) and European sardine (B and D) for each area (L’Escala, Barcelona and Tarragona) and season (summer, 
autumn, winter and spring). Boxplots hinges represent the 1st and 3rd quartiles. Horizontal lines represent the median values. 

Table 2 
Summary of the best fitted GAMs selected for each species and body index (Kn, mean fat content and GSI). %DV represent the percentage of explained deviance and R2 

the proportion of the variance explained by the model. The partial effect that each continuous variable has on the response variable is represented in green for mainly 
positive effect (+), in red for mainly negative effect (-) and in yellow for mixed (~) or u-shapped (∪) effect. Uncoloured variables represent factors; area and season.  
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75.5% of the deviance with δ15N showing a mainly negative effect, δ13C 
and lag-Chl-a a u-shape effect and including the factor of seasonality. For 
GSI, the selected model explained 67.1% of the variation and presented 
a predominantly positive effect of lag-Chl-a and also included the spatial 
and seasonal factors (Table 2 and Fig. 5). 

Overall, results from the selected best fitted models confirmed that 
the spatial and/or seasonal component was essential as both factors, 
either in combination or alone, were included in most of the selected 
models (Table 2). Additionally, results showed that environmental pa-
rameters (mostly salinity followed by Chl-a) and trophic variables 
improve the explained variability of our data. Trophic variables were 
more important in anchovy models than for sardines. The trophic vari-
ables presented either mostly negative, mixed or u-shape effects. 
Regarding anchovy, all models for all three indices included concurrent 
variables, with mainly positive effects on the response variable. For 
sardines, lag-variables were selected that showed mostly negative effects 
in all except one of the models. 

4. Discussion 

In this study we provide information about the environmental and 
trophic factors that drive the seasonal energy dynamics at local scales of 
sardine and anchovy, an aspect that has not been extensively investi-
gated. Overall, our results highlight that at local scale the fitness of 
sardine and anchovy differ spatial and seasonally in the Western Med-
iterranean Sea. These differences are driven, at least partially, by local 
variability of environmental and trophic conditions of both species. This 
result highlights the interplay of the energetic distribution and feeding 

behaviour of two highly commercial SPF in the Mediterranean Sea, 
along a latitudinal gradient, and can be of use to understand the fluc-
tuations of their populations and recent trends. 

4.1. Spatial and seasonal variation in fitness 

Although certain differences were observed between the three fish-
ing grounds, the general pattern of the body condition, energy and 
reproduction period corresponded to previous studies (Albo-Puigserver 
et al., 2020; Brosset et al., 2015). Higher annual values and greater 
annual variations in fat content and Kn were recorded for sardine. 
Variability was lower for anchovy as was expected by their opposite 
breeding strategies. Sardine follows mainly a capital breeder strategy 
accumulating high quantities of energy previous to the reproduction, 
while anchovy follows mainly an income breeder strategy using the 
energy directly for reproduction and generally presents lower levels of 
energy reserves than sardine (Albo-Puigserver et al., 2017, 2020). 

Regarding sardines, Kn values indicated a relatively good condition 
before the reproduction period and matched with their capital breeding 
strategy (Pethybridge et al., 2014). The generally higher and longer- 
lasting fat reserves in the Barcelona area compared to Tarragona and 
L’Escala could also explain the higher GSI values in the former site and 
suggest that the areas with higher influence of the rivers Ebro and Rhône 
(Tarragona and L’Escala respectively), may correspond to areas with 
lower quality of food and lower energy availability. Although one could 
expect higher food availability in the areas with higher influence of river 
discharges, in both rivers, it was recorded a decrease in river runoff 
(Lloret et al., 2004), with less nutrients transported (Feuilloley et al., 

Fig. 4. Partial effect plots for each variable included in the GAMs for European anchovy; In orange for the models of Kn index (A-F) in green for mean fat content (G- 
I) and in purple for the gonadosomatic index (J-M). The range of the explicative variables is presented on the x-axis and the response variables in the y-axis. Shaded 
areas indicate the 95% confidence interval and dots the partial residuals. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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2020) and thus affecting the plankton dynamics and consequently the 
SPF population. In fact, past studies already showed the importance of 
the Ebro riverine inputs for the population dynamics of SPF (Lloret et al., 
2004; Salat et al., 2011; Feuilloley et al., 2020). 

Regarding anchovies, the lower seasonal variability of fat reserves 
and Kn support their income breeder strategy. However, low fat reserves 
and Kn values (during the end of the reproduction period) suggest a 
relatively poor condition, more evident in the northernmost area 
(L’Escala) as reproduction was also compromised (lower GSI values and 
a shorter reproduction period). Despite the significant spatial–temporal 
changes in condition and reproduction recorded for the Catalan coast, 
spatial variation does not follow a clear latitudinal gradient, as it was 
found in recent research for the entire Mediterranean Spanish coast 
(Albo-Puigserver et al., 2021) and might result from finer local scale 
processes (Salgado-Hernanz et al., 2019). 

Despite size ranges being fairly similar between seasons and fishing 
areas (Table S2), spatial and temporal variations in GSI and fat content 
(in this case only for sardine) should be handled with caution as small 
but significant correlations were found between these indices and in-
dividual’s body length. Some of the variations recorded in GSI and fat 
content (for sardine) might be partially influenced by minor ontogenetic 
changes in energy allocation. Our data were obtained from commercial 
purse seine vessels; which catch is representative of the population 
structure of the area (with the exception of very small individuals that 
are below the minimum allowable catch size). It could be interesting in 
future studies to compare our results with fishery independent data that 
also includes smaller individuals to cover the entire size of the 

population. 

4.2. Contribution of environmental variables to fitness variance 

Variability in sardine and anchovy fitness was partially explained by 
environmental variables. These factors are known to be linked to SPF 
landings, abundance, biomass, recruitment success and condition traits 
in the Mediterranean basin (Quattrocchi and Maynou, 2017; Pennino 
et al., 2020; Fernández-Corredor et al., 2021). Salinity and Chl-a 
explained most of the variance in species’ condition, fat content and 
reproduction, but SST also played a role. 

It is noteworthy to point out that time-lagged variables were selected 
for sardine models only, which is explained by its capital-breeder 
behaviour that results in high accumulation of mesenteric fat during 
the spring-summer season before the reproduction period. Lag-Chl-a 
showed mostly positive impact on sardine GSI, matching previous 
research (Ganias, 2009; Fernández-Corredor et al., 2021). This high-
lights that the reproduction success of this capital breeder partially de-
pends on the abundance of Chl-a nine months before. Accordingly, 
during reproductive period as the energy is spent in reproduction, so-
matic energy (i.e. mean fat content and Kn) declines to its minimum. 
This explains the predominantly negative correlation recorded between 
lag-Chl-a and Kn and mean fat content. The fact that for sardine Chl-a 
was a highly relevant driver, reinforced the idea that recent declines 
in body condition and other life-history traits for this species could be 
driven by bottom-up changes (Van Beveren et al., 2014; Brosset et al., 
2015b, 2016a). 

Fig. 5. Partial effect plots for each variable included in the GAMs for European sardine; in orange for the models of Kn index (A-F) in green for mean fat content (G-J) 
and in purple for the gonadosomatic index (K-M). The range of the explicative variables is presented on the x-axis and the response variables in the y-axis. Shaded 
areas indicate the 95% confidence interval and dots the partial residuals. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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Increases in salinity concentrations can be derived from a reduction 
of freshwater input with reduced nutrient availability and primary 
production. This can result in less food availability and worse fish con-
ditions (Zorica et al., 2013) partly matching the negative impact of lag- 
salinity on sardine’s Kn that we found. Worse fish conditions can affect 
the spawning success (egg quality and amount of reserves for larvae) and 
ultimately the recruitment, as shown for sardines (Garrido et al., 2007). 
In fact, in the Alboran Sea (southwestern Mediterranean Sea) it has been 
proposed that body condition of sardine spawners is the main factor 
limiting recruitment success (Vargas-Yáñez et al., 2020). Related to 
anchovy, a mostly positive effect was found between salinity, Kn and 
mean fat content values. Contrasting results about the impact of salinity 
in SPF were also reported in previous studies conducted in the same area 
(Quattrocchi et al., 2016; Quattrocchi and Maynou, 2017). This em-
phasizes the mixed effect that salinity may have over each SPF species 
and the differences between intra-annual vs inter-annual dynamics. 

Finally, the mostly positive effect of SST on anchovy’s GSI is not 
surprising as temperature is the main factor regulating the onset of 
spawning for this species, with reproduction starting when temperatures 
increase at the end of spring and the beginning of summer (Palomera, 
1992; Basilone et al., 2006; Palomera et al., 2007). Considering this 
relationship and the general increasing trend in temperature (actual and 
projected) in the area (MedEEC, 2019; MedECC, 2020; IPCC, 2021) we 
could expect an early onset in reproduction, similar to the observed in 
the Bay of Biscay (Erauskin-Extramiana et al., 2019). Different rates of 
phenological changes in prey-predator, such as early reproduction, can 
result in a mismatch between the early hatched larvae and their prey, 
impairing recruitment success (match-mismatch hypothesis, Cushing’s 
1990) (Checkley et al., 2017). Nevertheless, this study only covers data 
for one year and the long-term effects under scenarios of climate change 
can only be hypothesized. 

In addition to temperature change, the last IPCC predicts general 
intensification of the dry and wet seasons (IPCC, 2021), probably 
resulting in less precipitation and less river discharge, with increasing 
salinities and lower nutrient inputs and primary production. All this may 
affect plankton dynamics and compromise the energy available to 
higher trophic level organisms as SPF (i.e. for their growth and repro-
duction). Indeed, Feuilloley and colleagues analyzed the Rhône river 
discharge (specifically N and P nutrients inputs) and suggested that 
decrease in inputs could affect plankton dynamics and thus SPF pop-
ulations (Feuilloley et al., 2020). 

4.3. Spatial and seasonal variation in stable isotopes 

Trophic information also showed spatial and seasonal variations for 
anchovy and sardine. Although both species have a largely planktivo-
rous diet, seasonal differentiation on their intake has already been 
recorded (Costalago et al., 2012; Pethybridge et al., 2014; Albo- 
Puigserver et al., 2019; Chen et al., 2021). Consumption of diatoms 
has been reported for sardines, especially in winter (Nikolioudakis et al., 
2012; Costalago and Palomera, 2014; Bachiller et al., 2020). Diatoms, 
like other phytoplankton (and small-sized plankton) are generally less 
energetic and occupy lower trophic positions in the food-web than 
medium-sized zooplanktonic prey (Barroeta et al., 2017; Chen, 2019; 
Chen et al., 2019) which could partly explain the lower δ15N values 
showed in winter for both species. This is also in line with the higher 
abundance of phytoplankton (lower trophic position) in the area during 
winter (Salat et al., 2002; Lloret et al., 2004). On the other hand, during 
summer a preference of anchovy for cladocerans has been described, 
which tend to be δ13C depleted. These findings also match our low 
summer δ13C records from L’Escala and Tarragona (Costalago and Pal-
omera, 2014; Albo-Puigserver et al., 2016). Predation of anchovy on 
larger and higher energetic individuals during spring and summer has 
been detected on the southwestern Mediterranean Sea (Bacha and 
Amara, 2009), which also supports our results. A latitudinal pattern was 
noted in the spatial variations in δ15N, although not always significant, 

which could suggest consumption of higher trophic organisms in the 
southern area. These findings are in line with Bachiller et al. (2020), 
who also observed this latitudinal variation in δ15N (for the entire 
peninsula coast) and whose results were also partly supported by their 
stomach content and DNA metabarcoding analysis. Nevertheless, it is 
important to indicate that we did not control for potential baseline ef-
fects. Some spatial and temporal changes recorded for δ15N might derive 
from natural baseline variations in the stable isotope values (Graham 
et al., 2010; Lorrain et al., 2015). High δ15N values could be associated 
to enriched-δ15N sources derived from spatiotemporal, environmental or 
anthropogenic conditions such as upwelling and river discharge 
(Chouvelon et al., 2012). Previous research including our study area 
looked into spatial variations in baseline values and despite they found 
some spatial differences, not significant differences were found along 
the latitudinal coast of the Iberian Peninsula (Rueda et al., 2019). Given 
this, and the small range of latitudes included in the study, we consider 
that the latitudinal variation should not be playing a major role in our 
results. Nevertheless, the absence of baseline isotopic values in the area 
is a limitation that we encourage to further explore in future studies. 

4.4. Contribution of trophic variables to fitness variance 

Overall, GAMs results suggest that trophic measurements, as a rep-
resentation of species food consumption, appeared to be linked to the 
condition, fat content and reproductive indices. This means that varia-
tion in the prey abundance, composition and quality can have an impact 
on SPF populations and also supports the bottom-up theory for driving 
the changes in their populations that have been observed in the past 
decades (Van Beveren et al., 2014; Brosset et al., 2016a; Saraux et al., 
2019). This contrasts with results from the Bay of Biscay which showed 
that changes in abundance for SPF were probably not linked to their 
trophic ecology (Chouvelon et al., 2015). 

The direction of the effect of the trophic measurements on the 
response variables differed and δ15N mainly showed a negative effect on 
condition, fat content and reproduction indices. Previous research in 
European hake suggested indirect links between body condition and 
trophic position, as isotopic values are not necessarily a representation 
of energetic value intakes (Rueda et al., 2019). Feeding on higher tro-
phic positions thus might not always mean feeding on higher nutritional 
value prey, or vice versa. It is generally reasoned that smaller prey in-
dividuals should present lower δ15N with lower energy density and 
lower diet quality for their consumers (Rau et al., 1990; Rolff, 2000; 
Barroeta et al., 2017; Queiros et al., 2019). However, to our best 
knowledge, few studies have directly analyzed the isotopic values of 
zooplanktonic prey with their energy density and nutritional quality in 
this area. To fully understand how variations in consumed prey may 
affect SPF populations, there is a need for further research into the en-
ergetic value and nutritional quality of prey combined with stable iso-
topes on a seasonal basis (Chen, 2019). 

In our study area, the changes in river discharge combined with other 
anthropogenic impacts (Lloret et al., 2004; Ludwig et al., 2009) could 
have affected the quality of the plankton and result in SPF consuming 
larger concentrations of “junk-food” (Österblom et al., 2008). Moreover, 
as suggested for other regions (Brodeur et al., 2019), there could be a 
link between SPF condition and their increasing consumption of gelat-
inous plankton that has been recorded in the area (Albo-Puigserver 
et al., 2019; Bachiller et al., 2020). Gelatinous plankton is generally 
considered energy-poor (Chen, 2019; Chen et al., 2019; Harmelin-Vivien 
et al., 2019) but some studies identify that certain species are more 
nutritionally valuable than previously thought (Henschke et al., 2016; 
Lüskow et al., 2021). The mixed size-ranges and energetics of the 
gelatinous community combined with their predicted biomass increase 
derived from climate warming (Brotz et al., 2012; Purcell, 2012) urges 
the need to further investigate how their increasing consumption might 
alter SPF fitness (Báez et al., 2022). 

Our best-fitted models indicate a stronger trophic impact on the 
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fitness of anchovy compared to sardine. This disparity might derive from 
their respective preying abilities related to the morphology of the 
feeding apparatus in combination with trophic behaviours. Although 
both SPF show particulate feeding capacity, adult sardines have a 
greater filter-feeding capability due to the higher number of gill rakers 
which allows feeding on a wider range of prey sizes. Instead, anchovy 
tends to rely on larger prey (Van der Lingen et al., 2009; Costalago and 
Palomera, 2014; Bachiller et al., 2020). Under scenarios of potential 
food variations or constraints (e.g. more small prey available, changes in 
prey density, diversity or size, etc.), sardines might more easily adapt by 
relying on filter-feeding to maintain their intake or combining it with 
selective particulate-feeding (Chen et al., 2021). As anchovy seem to 
rely mainly on one feeding mode (particulate-feeding), it might make 
their health more conditioned to their diet (type and size of prey 
available). Another plausible explanation is that sardines are more 
affected by time-lagged environmental and ecological factors rather 
than by concurrent variables (as seen for the environmental drivers). 
The required information was not available for time-lag trophic com-
ponents to test this hypothesis, for which times series of diet proxies are 
needed. 

5. Conclusions 

Our results showed that sardine and anchovy fitness, in terms of body 
condition, fat content and reproduction activity, largely depends on 
environmental factors. This emphasizes their potential vulnerability to 
not only long-term environmental changes, but also to inter-annual 
variations in the seasonal environmental conditions. Furthermore, the 
isotopic values as a proxy for diet were also relevant for explaining SPF 
fitness seasonal dynamics, highlighting the impact that changes in 
plankton phenology may have on SPF. Although the importance of large 
scale processes on animal populations is well known (Stenseth and 
Mysterud, 2005), focusing on small-scale processes and considering 
finer local environmental information can help understand regional 
differences (Brosset et al., 2017; Salgado-Hernanz et al., 2019). Despite 
the population corresponds to a single stock (Antoniou et al., 2021) with 
potential connectivity among areas, we found spatial differences at 
local-scale without clear latitudinal patterns. Our study shows that 
spatial-seasonal factors at local scales can be relevant when looking at 
the SPF condition, fat content and reproduction dynamics, as both fac-
tors (area and season) were selected in the best-fitted models. As sea-
sonal differences in energetic values are linked to the life-history 
strategy of each species, considering seasonality can help detect changes 
in the onset of reproduction or other phenological variations. 

Better insights into the spatial and seasonal interplay of the fitness 
variation of sardine and anchovy and their relations with local envi-
ronmental and trophic conditions are needed to understand the fluctu-
ations of SPF population and recent declining trends. These indicators of 
SPF health are important for a proactive and adaptive conservation and 
management of the natural resources. Effective management needs to 
adapt intensity and time of exploitation to the seasonally shifting envi-
ronmental conditions and must consider scenarios of environmental 
change to better predict future projections of commercial species. 
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Bachiller, E., Albo-Puigserver, M., Giménez, J., Pennino, M.G., Marí-Mena, N., 
Esteban, A., Lloret-Lloret, E., Jadaud, A., Carro, B., Bellido, J.M., Coll, M., 2020. 
A trophic latitudinal gradient revealed in anchovy and sardine from the Western 
Mediterranean Sea using a multi-proxy approach. Sci. Rep. 10 (17598) https://doi. 
org/10.1038/s41598-020-74602-y. 

Báez, J.C., Pennino, M.G., Albo-Puigserver, M., Coll, M., Giraldez, A., Bellido, J.M., 2022. 
Effects of environmental conditions and jellyfish blooms on small pelagic fish and 
fisheries from Western Mediterranean Sea. Estuar. Coast Shelf Sci. 264 (107699) 
https://doi.org/10.1016/j.ecss.2021.107699. 

Barroeta, Z., Olivar, M.P., Palomera, I., 2017. Energy density of zooplankton and fish 
larvae in the southern Catalan Sea (NW Mediterranean). J. Sea Res. 124, 1–9. 
https://doi.org/10.1016/j.seares.2017.04.008. 

Basilone, G., Guisande, C., Patti, B., Mazzola, S., Cuttitta, A., Bonanno, A., Vergara, A.R., 
Maneiro, I., 2006. Effect of habitat conditions on reproduction of the European 
anchovy (Engraulis encrasicolus) in the Strait of Sicily. Fish. Oceanogr. 15 (4), 
271–280. https://doi.org/10.1111/j.1365-2419.2005.00391.x. 

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

Breheny, P., Burchett, W., 2017. Visualization of Regression Models Using visreg. 9, 
56–71. 

Brodeur, R.D., Hunsicker, M.E., Hann, A., Miller, T.W., 2019. Effects of warming ocean 
conditions on feeding ecology of small pelagic fishes in a coastal upwelling 
ecosystem: a shift to gelatinous food sources. Mar. Ecol. Prog. Ser. 617, 149–163. 
https://doi.org/10.3354/meps12497. 

Brosset, P., Le Bourg, B., Costalago, D., Bănaru, D., Van Beveren, E., Bourdeix, J.H., 
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Costalago, D., Navarro, J., Álvarez-Calleja, I., Palomera, I., 2012. Ontogenetic and 
seasonal changes in the feeding habits and trophic levels of two small pelagic fish 
species. Mar. Ecol. Prog. Ser. 460, 169–181. https://doi.org/10.3354/meps09751. 

Costalago, D., Palomera, I., 2014. Feeding of European pilchard (Sardina pilchardus) in 
the northwestern Mediterranean: From late larvae to adults. Sci. Mar. 78, 41–54. 
https://doi.org/10.3989/scimar.03898.06D. 

Cury, P., Bakun, A., Crawford, R.J.M., Jarre, A., Quiñones, R.A., Shannon, L.J., et al., 
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