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ABSTRACT: Understanding the linkages within complex and evolving marine 

food webs is essential to comprehend marine ecosystem structure and dynamics. 

Carbon (δ13C) and nitrogen (δ15N) stable isotope signatures are recognized to be 

powerful descriptors of the trophic ecology and trophic relationships within marine 

communities. Apex predators such as seabirds can influence the structure of 

communities by predating on lower trophic levels. They also convey information 

both over a range of spatial and temporal scales due to their high mobility and 

longevity, respectively. For this reason, here, we studied the trophic ecology of 

northern gannets and the extent of niche overlap with other apex predators within 

the Bay of Biscay (North-East Atlantic), a key feeding area for numerous 

predatory species. Mixing models indicated that northern gannets fed primarily 

on European anchovy Engraulis encrasicolus and on a mixed group composed 

of European sardine Sardina pilchardus, European sprat Sprattus sprattus, 

juvenile hake Merluccius merluccius, Atlantic mackerel Scomber scombrus and 

Atlantic horse mackerel Trachurus trachurus. Within the apex predator 

community, the northern gannets trophic niche overlapped the most with common 

guillemots Uria aalge (15.58%, based on Stable Isotope Bayesian Ellipses 

(SIBER)) and overlapped to a lesser extent with cetacean species occupying 

shelf habitats (i.e. the harbour porpoise Phocoena phocoena (9.99%) and the 

short-beaked common dolphin Delphinus delphis (10.37%)). Overall, the overlap 

found was moderate indicating trophic similarities and dissimilarities between 

these species. Information on trophic interactions between co-existing species is 

necessary for a holistic environmental management, particularly in areas where 

several megafauna species share their foraging grounds with fisheries activity. 

Keywords: Marine ecology, Megafauna, Seabirds, Migration, Stable isotopes, 

Isotopic mixing models. 
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1. INTRODUCTION 

The study of apex predators’ trophic ecology can reveal a great deal of 

information due to the importance of predator–prey relationships and their 

dynamics on the evolution and structure of animal communities (Forero et al. 

2004). Apex predators such as cetaceans, seabirds and large predatory fish 

constitute an ideal model for studying trophic relationships, as they tend to 

integrate long-term and large-scale ecosystem signals due to their high position 

in food webs (Einoder 2009; Abreu et al. 2020). Each component (i.e. functional 

group) in the food web occupies a trophic niche which can be shared among 

different species (Cury et al. 2003). Identifying the trophic niche of apex predators 

and the linkages between them is necessary to understand the non-linear 

dynamics, structure and functioning of marine ecosystems (Boyd et al. 2006; 

Speed et al. 2012; Giménez et al. 2017a; García-Barón et al. 2019).  

Among apex predators, the northern gannet (Morus bassanus) is a large 

migratory seabird widely distributed in the North Atlantic, breeding in colonies in 

latitudes ranging between 48° and 74°N (Nelson 2002; Barrett et al. 2017). 

Northern gannets individuals exhibit a southward-oriented chain migration from 

the breeding grounds to wintering areas (Fort et al. 2012), showing high site-

fidelity to their non-breeding destination over the years (Grecian et al. 2019). The 

pre-winter period, which takes place in September and October, is when birds 

are assumed to migrate to their wintering area (Nelson 2002; Fort et al. 2012; 

Grecian et al. 2019). They stay from October to March in the Bay of Biscay 

(Louzao et al. 2020) and they return to their breeding grounds during February 

and March (Fort et al. 2012). Northern gannets have a flexible feeding behaviour 

(Hamer et al. 2007), as they search for food both near the coast and further out 
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in the open sea, in addition to taking advantage of discards from fishing vessels 

(Valeiras 2003, Votier et al. 2010, Stauss et al. 2012, Le Bot et al. 2019, Louzao 

et al. 2020, Giménez et al. 2021). The trophic ecology of northern gannets during 

the breeding season is relatively well-known and widely studied using carbon and 

nitrogen stable isotopes (Hamer et al. 2000, 2007; Lewis et al. 2003; Grémillet et 

al. 2006; Stauss et al. 2012; Cleasby et al. 2015; Barrett 2016; Giménez et al. 

2021; Clark et al. 2021). However, knowledge of their trophic ecology in wintering 

areas, particularly in the eastern North Atlantic, remains limited. Grecian et al. 

(2019) studied the dietary flexibility in the migratory behaviour of northern gannets 

wintering in the Northeast Atlantic. They identified alternative trophic strategies 

using stable isotopes analysis. Northern gannets can specialize in fisheries 

discards or become small forage fish specialists, showing consistencies in diet 

during the non-breeding season across years. Individuals that wintered in the Bay 

of Biscay were all assigned to the first trophic strategy (i.e., fisheries discards). 

However, the specific diet of this species is completely unknown in the Bay of 

Biscay.  

For numerous megafauna species, the Bay of Biscay constitutes a key 

feeding area during certain periods of the year when marine apex predators, 

including seabirds, undertake seasonal feeding migrations into the area 

(Lezama-Ochoa et al. 2010; Stenhouse et al. 2012). Among those species the 

northern gannet has been identified as a central species, as it presents a high 

number of associations within the marine megafauna and pelagic prey 

community of the Bay of Biscay during the migration period (Astarloa et al. 2019). 

Traditionally, stomach contents have been one of the main methods applied to 

study trophic interactions. While it provides a ‘snapshot’ of the diet with potential 
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biases (e.g. in favour of species whose hard parts are accumulated in the gut), it 

allows a detailed taxonomic identification of prey species as well as an estimation 

of prey size (Pierce and Boyle 1991; Gannon et al. 1997; Spitz et al. 2011; Kiszka 

et al. 2014). Studying trophic interactions of migratory seabirds in non-breeding 

areas can be very complex in relation to individual monitoring and trophic data 

acquisition. Therefore, alternative methods such as stable isotope analysis of 

nitrogen and carbon in animal tissues are commonly used to study marine 

predators’ trophic ecology (Giménez et al. 2017a; Tixier et al. 2019). Animal 

tissues can integrate dietary components over different time-frames, depending 

on the specific turn-over rate of the chosen tissue. Muscle is one of the tissues 

that integrate a relatively long period of time (Hesslein et al. 1993; Pinnegar and 

Polunin 1999), allowing us to investigate the diet of northern gannets focusing on 

long-term feeding behaviours. The isotopic signature of a consumer’s tissues 

reflects the isotopic signatures of food sources (plus a diet-to-tissue 

discrimination factor) proportional to their dietary contribution (Bond and Jones 

2009; Alexandre 2020). δ13C values are generally used as a tracer of the feeding 

habitat or feeding zone, while δ15N values are mainly used as an indicator of the 

trophic position (France 1995; Hobson 1999). Computational developments such 

as stable isotope mixing models can also be used to estimate the contribution of 

sources (prey) to a mixture (predator) (Moore and Semmens 2008). Moreover, it 

is possible to compare isotopic niche widths and overlap among and within 

communities using Stable Isotope Bayesian Ellipses (SIBER) (Jackson et al. 

2011), which provides insights in how co-occurring species share the resources 

and the isotopic variance of consumer's diet.  
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Here, we used stable isotope analysis of carbon and nitrogen to study the 

trophic ecology of northern gannets and the extent of niche overlap with other 

apex predators within the Bay of Biscay. Firstly, we estimated the assimilated diet 

of northern gannets using stable isotope mixing models. We hypothesised that 

their diet in the Bay of Biscay during the non-breeding period would differ from 

their diet in northern areas during the breeding period, as the pelagic food web is 

dominated by different forage fish and northern gannets are known to exhibit 

great trophic plasticity (Hamer et al. 2007). Then, we assessed the trophic overlap 

of northern gannets with other apex predators within the megafauna community, 

including another seabird species (the common guillemot Uria aalge), one large 

predatory fish (the Atlantic bluefin tuna Thunnus thynnus), and five cetaceans 

(the long-finned pilot whale Globicephala melas, the harbour porpoise Phocoena 

phocoena, the striped dolphin Stenella coeruleoalba, the short-beaked common 

dolphin Delphinus delphis and the Cuvier's beaked whale Ziphius cavirostris). We 

hypothesised that trophic overlap would exist between different predators 

foraging in the same habitat and that the two seabird species would present the 

highest overlap between them. We also expected some overlap between 

northern gannets and cetaceans foraging near the sea surface, such as the short-

beaked common dolphin. Such information on the trophic interactions between 

co-existing species is needed to improve our understanding of ecosystem 

structure and functioning. 
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2. MATERIALS AND METHODS 

a. Predator data collection 

The selection of bird and cetacean species analysed in this study was 

based on the availability of carcasses, which allowed us to obtain trophic 

information from species otherwise very difficult to sample. Twenty-nine non-

breeding northern gannets collected between 2016 and 2017 in the southern 

coast of the Bay of Biscay (from Asturias to the Basque Country, North of Spain) 

were used, see table S1 (a). Samples were obtained from wildlife recovery 

centres (only individuals staying alive less than 24 h were sampled to avoid the 

bias derived from feeding in the recovery centre), stranded bird surveys and 

beach cleaning services (Franco et al. 2019). Dissections were performed 

following the methodology of van Franeker (2004). Age and sex were determined 

according to plumage and the maturity of sexual organs. Information on location, 

sex (female and male), and maturity stage (juvenile, immature or adult) were 

registered when possible. In the case of data from wildlife recovery centres, 

detailed information can be found in García-Barón et al. (2019). Birds were kept 

frozen (−20°C) until dissection. At the laboratory, northern gannets were 

dissected and pectoral muscle was sampled for stable isotope analyses.  

Concerning other apex predators present in the Bay of Biscay, stable 

isotope data were obtained for: (a) common guillemots (Uria aalge; n=50), from 

the same previous sampling programme as northern gannets (Franco et al. 

2019),(b) Atlantic bluefin tunas (T. thynnus; n=120), from commercial fishing in 

the oceanic waters of the Bay of Biscay in 2009 (Goñi et al. 2010), and (c) five 

cetacean species stranded along the French coast of the Bay of Biscay, 
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recovered and examined by members of the French Stranding Network between 

2000 and 2009: long-finned pilot whales (G. melas; n=16), harbour porpoises (P. 

phocoena; n=10), striped dolphins (S. coeruleoalba; n=11), short-beaked 

common dolphins (Delphinus delphis; n=26) and Cuvier's beaked whales (Z. 

cavirostris; n=11) (Chouvelon et al. 2012). Atlantic bluefin tunas were divided into 

two separate groups, juveniles vs. adults. Seabird and cetacean muscles were 

delipidated before stable isotope analyses as lipids can affect the δ13C values 

(Bond and Jones 2009; Giménez et al. 2017b), whereas tuna samples were not 

originally delipidated before stable isotope analyses. Therefore, a posterior 

mathematical correction was applied on δ13C values of tunas, following Logan et 

al. (2008).  

b. Prey data collection 

The diet of northern gannets is not fully known in the Bay of Biscay, but it 

has been studied in northern European breeding locations (Hamer et al. 2000, 

2007; Lewis et al. 2003; Grémillet et al. 2006; Barrett 2016). Therefore, potential 

prey species were selected according to the following five criteria (see Table 1);  

a) Taxonomically similar (at the family level) prey species, identified based 

on regurgitates from the breeding colonies (Hamer et al. 2000, 2007; Lewis et al. 

2003; Grémillet et al. 2006; Barrett 2016), showing a medium or high abundance 

in the Bay of Biscay using AquaMaps information (Kaschner et al. 2019) and AZTI 

abundance database. Therefore, we excluded absent and scarce species in our 

study area. The selected species included the Atlantic mackerel (S. scombrus), 

the European sprat (S. sprattus), the whiting (Merlangius merlangius) and the red 

gurnard (Aspitrigla cuculus);  
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b) Distributional co-occurrence patterns validated with trophic evidence 

(Astarloa et al. 2019), which included the Atlantic horse mackerel (T. trachurus) 

and the European sardine (S. pilchardus);  

c) Alternative prey species of the Gadidae and Triglidae families, as these 

families were detected in the diet information on the breeding colonies (Hamer et 

al. 2000, 2007; Lewis et al. 2003; Grémillet et al. 2006), with medium to high 

abundance in the Bay of Biscay. These species corresponded to the pouting 

(Trisopterus luscus), the poor cod (T. minutus), the blue whiting (Micromesistius 

poutassou), the tub gurnard (Chelidonichthys lucerna) and the grey gurnard 

(Eutrigla gurnardus);  

d) Important discarded species in terms of biomass in the Bay of Biscay 

(i.e. the juvenile European hake) (Rochet et al. 2014; Valeiras et al. 2015); and 

e) The European anchovy (E. encrasicolus) as it is a highly abundant 

pelagic species in the Bay of Biscay (Boyra et al. 2013; Masse et al. 2018). This 

species has not been reported in the diet of northern gannets during the breeding 

season as anchovies are relatively scarce in the areas where northern gannets 

breed. However, anchovies do represent an important feeding resource for 

similar taxonomic species in other biogeographical areas (e.g., the cape gannet 

Morus capensis in the southern hemisphere) (Pichegru et al. 2007; Connan et al. 

2017). Therefore, it was considered as a potential prey. 

In summary, 13 species were considered as potential prey species of non-

breeding northern gannets in the Bay of Biscay (Table 1). Pelagic prey samples 

(European anchovy, European sardine, Atlantic horse mackerel, Atlantic 

mackerel and European sprat) were obtained from the JUVENA annual 
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integrated ecosystem surveys in September 2013. From each specimen, a 

sample of white muscle from the dorsal myotome (away from the dorsal fin) was 

taken and then stored frozen at -20ºC. For the remaining potential prey species, 

stable isotope values were taken from (Chouvelon et al. 2012). For detailed 

information about the number of individuals collected per year for each of these 

prey species (collection in autumn (October) each year, on “EVHOE” fishery 

surveys, Chouvelon et al. 2012), see Table S1 (b). For whiting and hake species, 

individuals 350 mm were selected and for blue whiting <300mm. We assumed 

that larger prey would be rarely consumed based on the diet consumed on 

colonies (Hamer et al. 2000, 2007; Lewis et al. 2003; Barrett 2016). 

 

 

 

 

 

 

 

 

 



Table 1: Descriptive table of prey stable isotope data used in mixing models. Only potential prey with medium 

to high abundance in the Bay of Biscay were considered based on: (a) diet evidence in breeding areas, (b) 

spatial co-occurrence in the Bay of Biscay (Astarloa et al. 2019), (c) alternative prey of the same family of 

the species consumed in the breeding areas with medium to high abundance in the Bay of Biscay, (d) 

discarded species with trophic evidence, and (e) highly abundant species in the Bay of Biscay. SD standard 

deviation.  

 Family 

Species 

common 

name 

Species 

scientific 

name 

Abundance 

Bay of 

Biscay 

n 
Mean δ13C 

±SD 

Mean δ15N 

±SD 
Source 

a) Diet evidence in breeding areas      

 Scombridae 
Atlantic 

mackerel 

Scomber 

scombrus 
High 30 ̶ 18.31 ±0.67 11.81 ±0.55 JUVENA survey 

 Clupeidae 
European 

sprat 

Sprattus 

sprattus 

Medium-

high 
10 ̶ 17.91 ±0.19 11.99 ±0.40 JUVENA survey 

 Gadidae Whiting 
Merlangius 

merlangus 

Medium-

high 
32 ̶ 16.80 ±0.30 14.30 ±0.60 Chouvelon et al. (2012) 

 Triglidae Red gurnard 
Aspitrigla 

cuculus 
High 10 ̶ 17.20 ±0.30 13.10 ±0.60 Chouvelon et al. (2012) 

b) Co-occurrence       

 Carangidae 
Atlantic horse 

mackerel 

Trachurus 

trachurus 
High 41 ̶ 18.52 ±0.32 12.11 ±0.42 JUVENA survey 

 Clupeidae 
European 

sardine 

Sardina 

pilchardus 
High 30 ̶ 17.89 ±0.71 11.78 ±0.41 JUVENA survey 

c) Alternative prey       

 Gadidae Pouting 
Trisopterus 

luscus 
High 14 ̶ 16.60 ±0.30 14.10 ±0.20 Chouvelon et al. (2012) 

 Gadidae Poor cod 
Trisopterus 

minutus 

Medium-

high 
65 ̶ 17.10 ±0.40 13.10 ±0.60 Chouvelon et al. (2012) 

 Gadidae Blue whiting 
Micromesistiu

s poutassou 
High 78 ̶ 18.20 ±0.50 11.10 ±0.70 Chouvelon et al. (2012) 

 Triglidae Tub gurnard 
Chelidonichth

ys lucerna 
High 5 ̶ 16.80 ±0.60 13.20 ±0.50 Chouvelon et al. (2012) 

 Triglidae Grey gurnard 
Eutrigla 

gurnardus 
High 18 ̶ 16.90 ±0.30 13.10 ±0.50 

Chouvelon et al.  

(2012) 

d) Discards (with trophic evidence)      

 Merlucciida

e 

European 

hake 

Merluccius 

merluccius 
High 57 ̶ 18.10 ±0.40 12.20 ±0.70 

Chouvelon et al.  

(2012) 

e) High abundance species      

 Engraulidae 
European 

anchovy 

 Engraulis 

encrasicolus 
High 50 ̶ 18.82 ±0.53 10.55 ±1.16 JUVENA survey 

https://es.wikipedia.org/wiki/Engraulis_encrasicolus


North Norwegian gannets target four main prey during the chick-rearing 

period; herring Clupea harengus, mackerel, sandeels and saithe Pollachius 

virens (Barrett 2016). However, herring, sandeels and saithe were not considered 

as potential prey species in the Bay of Biscay. Herring is absent in the southern 

part of the Bay of Biscay and their abundance in the northern part is low. Although 

sandeels are an important component (> 25 %) of the diet of breeding gannets in 

northern Europe, they were not considered in the mixing model as the species 

has a very low abundance or is even absent in some areas of the Bay of Biscay. 

Saithe ranges from the Barents Sea to the north of the Bay of Biscay in the 

eastern Atlantic. However, the abundance in the Bay of Biscay is negligible 

(Kaschner et al. 2019). Garfish Belone belone, has also been detected in the diet 

of northern gannets. In the Rouzic Island colony in France, it appears to be an 

important prey item (Grémillet et al. 2006). However, its occurrence and biomass 

are documented as low in the Bay of Biscay (Hamer et al. 2000, 2007; Lewis et 

al. 2003),  as it is only found in the northern part and with rather low abundance 

(Kaschner et al. 2019). In the Western hemisphere, capelin Mallotus villosus is a 

large contributor to the biomass of prey in the north-west Atlantic (Montevecchi 

1997). However, this species is not found in the Bay of Biscay (Kaschner et al. 

2019).  

c. Stable isotope analyses 

Northern gannets, common guillemots and pelagic prey stable isotope 

analyses were carried out at the “Laboratorio de Isótopos Estables - Estación 

Biológica de Doñana” (LIE-EBD, Spain; www.ebd.csic.es). All samples were 

delipidated previously to stable isotope measurements by sequential extractions 
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with 2:1 chloroform:methanol solution. Isotopic analysis was performed using a 

continuous flow isotope-ratio mass spectrometry system by means of Flash HT 

Plus coupled to an elemental analyser, Delta-V Advantage isotope ratio mass 

spectrometer via a CONFLO IV interface (Thermo Fisher Scientific, Bremen, 

Germany). Replicate assays of standards routinely inserted within the sampling 

sequence indicated analytical measurement errors of ±0.1 ‰ and ±0.2 ‰ for δ13C 

and δ15N, respectively.  

Atlantic bluefin tuna muscle samples were thawed, lightly rinsed with 

deionized water, and dried in glass scintillation vials at 60°C for at least 48h. 

Samples were homogenized to obtain a fine powder. Aliquots of the homogenized 

samples (0.6 – 1.2 mg) were packed into tin cups and analysed for δ13C and δ15N 

by continuous flow, using an elemental analyser coupled with an isotope ratio 

mass spectrometer.   

With the exception of European anchovy, European sardine, Atlantic horse 

mackerel, Atlantic mackerel and European sprat, prey samples and also 

cetacean muscle samples were freeze-dried, homogenised to powder and 

delipidated using cyclohexane, as described by Chouvelon et al. (2011). Then 

0.40 ± 0.05 mg subsamples of lipid-free powder were weighed for stable isotope 

analyses. Isotopic analyses were performed with an elemental analyser coupled 

to a Thermo Scientific Delta V Advantage mass spectrometer coupled to a 

Thermo Scientific Flash EA1112 elemental analyser. Based on replicate 

measurements of internal laboratory standards, the experimental precision was 

±0.15 ‰ and ±0.20 ‰ for δ13C and δ15N, respectively (Chouvelon et al. 2012). 
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All isotopic compositions are reported in delta (δ) per mil notation (‰), 

relative to Vienna Pee Dee Belemnite and atmospheric N2. 

d. Isotopic mixing models 

Bayesian isotopic mixing models were applied using the R-package 

“MixSIAR” (Stock and Semmens 2016a) to estimate the proportional contribution 

of potential prey taxa to the diet of northern gannets. the discrimination power 

declines remarkably with an increasing number of potential prey sources (Phillips 

et al., 2014), a priori aggregation of isotopically similar sources was done. Ward's 

Hierarchical cluster analysis based on the similarities of isotopic values was 

conducted to group prey species before model fitting, as recommended by 

Phillips et al. (2014). 

When studying the trophic ecology of migratory species, the tissue 

turnover must be taken into consideration. The period for which isotopic values 

reflect diet depends upon the isotopic turnover rate in that tissue (Hobson and 

Clark 1993). Tissues with high turnover rates, such as liver and plasma, reflect 

recent diet while tissues such as muscle present slower turnover rates and reflect 

longer-term dietary average (Hobson and Clark 1993). However, isotopic 

turnover rates in birds are poorly understood. In the case of the bird muscle 

tissue, Hobson and Clark (1992) established a half-life turnover rate of 12.4 days 

for δ13C in captive individuals of the grown Japanese quail (Coturnix japonica). 

Similar estimates were found for other species such as the zebra finch 

(Taeniopygia guttata), the house sparrow (Passer domesticus) or chickens 

(Gallus gallus domesticus), with turnover rates varying between 14.5-18.1, 23.5, 

and 2.4-10 days respectively (Cruz et al. 2005; Carleton et al. 2008; Bauchinger 
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and McWilliams 2009). Accordingly, we only selected muscle for northern 

gannets during the non-breeding period, from October to March, considering a 

complete turnover of one month.  

As no specific experimental diet to muscle discrimination factor is available 

for gannets, we used the taxonomically closer value available. Thus, mixing 

models were fitted with the diet to muscle discrimination factor obtained from 

Ringbilled gulls (Larus delawarensis) (Hobson and Clark 1992). Values used 

were 0.3 0.4 ‰ for δ13C and 1.4 0.1 ‰ for δ15N (Hobson and Clark 1992). A 

mixing polygon following Smith et al. (2013) was constructed to evaluate the 

isotopic mixing model and to identify consumers whose isotopic signature is 

unlikely to be explained by the proposed putative prey. Consumers that are not 

within the 95% mixing region (n=8) must be removed from the mixing model to 

proceed, as recommended by Smith et al. (2013). The reason why a consumer 

falls outside the mixing polygon can be diverse, such as the inaccuracy of the 

diet-to-tissue discrimination factor, the lack of a consumed prey, individual 

specialization or simply some outliers due to contamination, to an error in the 

isotopic measurement or during the sampling process. We used an 

“uninformative”/generalist prior to run the mixing models because we did not have 

previous knowledge about the proportions of each species consumed by northern 

gannets in the Bay of Biscay. The model was run in long setting (300,000 chains, 

using Markov chain Monte Carlo (MCMC) technique and a burn-in of 200,000 

draws, a thinning of 100 and 3 chains) (Stock and Semmens 2016a). 

Sex (female or male) and maturity stage (juvenile, immature and adult) 

were included in the models as fixed covariates (Table S2). Then, we evaluated 



 17 

the relative support for each model. The multiplicative residual × process error 

structure was used in all cases as recommended by Stock and Semmens (2016a, 

b). The function compare_models from the “MixSIAR” R-package was used to 

compare the predictive accuracy of the models constructed (Stock and Semmens 

2016a). The relative support for each model was calculated using Leave-One-

Out cross-validation (LOO) weights (Vehtari et al. 2017). Model convergence was 

assessed with the Gelman-Rubin diagnostic, which compares estimates of 

variance between and within Markov chains, with values < 1.01 indicating 

convergence (Gelman et al. 2013).  

e. Isotopic niche area and overlap 

To investigate isotopic niche space and isotopic niche overlap among 

predator species, we used Stable Isotope Bayesian Ellipses in the “SIBER” R-

package (Jackson et al. 2011). Standard ellipses represent the core isotopic 

niche for a species (ca. 40% of the data). Standard ellipses areas were corrected 

for small sample sizes (SEAc) to be able to compute the overlap of species. 

Furthermore, its Bayesian equivalent (SEAb) was also calculated to have a 

measure of uncertainty through computing credible intervals around the 

measurement, with the aim of evaluating the variability in the isotopic niche area 

(Jackson et al. 2011).  

3. RESULTS 

a. Isotopic mixing models 

Twenty-one out of the twenty-nine isotopic signatures from northern 

gannets fell inside the 95% mixing region defined by potential prey adjusted by 
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diet-to-tissue discrimination factors (DTDF) and were kept for the analysis 

(Fig.1a). In addition, two additional individuals were not included in the models 

as information on sex was missing. Then, from the original 29 individuals, only 19 

could be included in the mixing model analysis (12 females and 7 males of those 

6 were immature, 11 juvenile and 2 adult individuals). Ward’s hierarchical 

clustering of the stable isotope values of potential prey identified 5 isotopically 

different clusters (Fig. 1b). Cluster 1 was composed by whiting and pouting, 

Cluster 2 by red gurnard, poor cod, tub gurnard and grey gurnard, Cluster 3 by 

European sardine, European sprat, juvenile hake, Atlantic mackerel and Atlantic 

horse mackerel, Cluster 4 by blue whiting and finally Cluster 5 by European 

anchovy.  

Fig. 1 a Mixing polygon for predator-prey δ13C and δ15N data. Northern gannets are represented as white 

and black dots corresponding to analysed and excluded individuals, respectively. The potential prey sources 

(mean ± SD) are represented as colour dots (corresponding to the species present in the dendrogram) and 

white error bars. Probability contours are coloured every 10% level. b Ward’s hierarchical clustering of the 

potential prey species, aggregated into 5 groups 
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Among the four models tested (see Table S2), the best model did not 

include any covariate (model weight: 33.7%). According to the best model, the 

highest median contributions to the diet of northern gannets in the Bay of Biscay 

were those of Cluster 3 and Cluster 5, with a median contribution of 33.9% (5.5-

63.1) and 35% (12.3-60.4), respectively (Fig. 2). 

 

Fig. 2 Diet proportions in the different clusters of wintering northern gannets in the Bay of Biscay. Cluster 1: 
Whiting (M. merlangus), pouting (T. luscus); Cluster 2: Red gurnard (A. cuculus), poor cod (T. minutus), tub 

gurnard (C. lucerna), grey gurnard (E. gurnardus); Cluster 3: European sprat (S. sprattus), European sardine 

(S. pilchardus), European hake (M. merluccius), Atlantic mackerel (S. scombrus), Atlantic horse mackerel 

(T. trachurus); Cluster 4: Blue whiting (M. poutassou); Cluster 5: European anchovy (E. encrasicolus). Black 

horizontal line depicts the median value 

 

b. Predator isotopic niche area   

Some niche overlap (> 10%) was found between northern gannets’ 

isotopic niche and other predator species niches. Specifically, the northern 

gannets isotopic niche overlapped the most with those of common guillemots 

(15.6%), followed by the short-beaked common dolphin (10.4%) and the harbour 

porpoise (10%) (Fig. 3a, Table S3). For all niche overlaps see Table S3. 

Remaining species showed low overlap with northern gannets (< 10%) such as 

the long-finned pilot whale (6.5%), the striped dolphin (2%), the Cuvier’s whale 
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(0.2%) and both adults (0%) and juveniles of the Atlantic bluefin tuna (0.1%). 

Among the megafauna community, northern gannets had the largest isotopic 

niche area (3.5 ‰2), followed by the long-finned pilot whale (2.7 ‰2) and the 

Atlantic bluefin tuna (adults: 2 ‰2; juveniles: 1.3 ‰2), while common guillemots 

(0.6 ‰2) and the Cuvier's beaked whale (0.3 ‰2) occupied the smallest isotopic 

niche areas (Fig. 3b, Table S4). The Kruskal-Wallis rank-sum test and the Dunn’s 

posthoc test indicated the existence of statistical differences between all species 

considered (Kruskal-Wallis test: Chi square = 31,974, p>0.01, df = 8, Dunn’s 

posthoc test: all p-values < 0.01). 

 

Fig 3. a Standard Ellipse Area corrected (SEAc) for the top predator community of the Bay of Biscay. 
Northern gannet (M. bassanus), common guillemot (U. aalge), Atlantic bluefin tuna (T. thynnus) juveniles (j) 
and adults (a) groups, long-finned pilot whale (G. melas), harbour porpoise (P. phocoena), striped dolphin 
(S. coeruleoalba), short-beaked common dolphin (D. delphis) and Cuvier's beaked whale (Z. cavirostris). b 
Density plot showing Bayesian estimated posterior distributions of isotopic niche size (SEAb) with 50, 75 
and 95% credible intervals in shaded boxes, and mean values of SEAb indicated by black dots 

 

4. DISCUSSION 

Elucidating the diet of northern gannets in time and space is fundamental 

to fully understand the trophic ecology of this species. In this study, we estimated 
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that pelagic fish are the main contributors to northern gannets’ diet in the Bay of 

Biscay. We also found that northern gannets trophic niche overlapped the most 

with common guillemots and overlapped to a lesser extent with cetacean species 

occupying shelf habitats. These results improve our knowledge of how northern 

gannets interacts with prey and other predators in the Bay of Biscay, which is 

essential to discern the structure of the pelagic community (Boyd et al. 2006; 

Speed et al. 2012). 

a. Trophic ecology of northern gannets 

In the Bay of Biscay, mixing models suggested that northern gannets 

primarily consumed European anchovies and a mixed group of species 

composed by the European sardine, the European sprat, juveniles of the 

European hake, the Atlantic mackerel and the Atlantic horse mackerel. The 

European anchovy was identified as an important potential prey, as it is highly 

abundant in the Bay of Biscay (Boyra et al. 2013; Masse et al. 2018), and northern 

gannets and European anchovies share the same habitats, with both species 

feeding in both neritic and offshore areas (Chouvelon et al. 2014). The Atlantic 

mackerel and the European sprat are also common and abundant prey 

consumed by northern gannets in their breeding locations (Hamer et al. 2000, 

2007; Lewis et al. 2003; Grémillet et al. 2006; Barrett 2016), and these two prey 

species also share similar habitat preferences (i.e. pelagic and neritic habitats) 

with northern gannets in the Bay of Biscay (Astarloa et al. 2019). The Atlantic 

horse mackerel and juveniles of the European hake have been described to be 

less relevant species in the diet of northern gannets from northern Europe (Lewis 

et al. 2003), although they are still present in their diet. The Atlantic horse 

mackerel, together with the European sardine, represent potential prey species 
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of northern gannets in the Bay of Biscay according to co-occurrence analysis 

(Astarloa et al. 2019), while the European hake is the most abundant predatory 

fish in the demersal community of the Bay of Biscay (ICES 2019), available to 

northern gannets mostly through fisheries discards of the commercial trawling 

fleet (Rochet et al. 2014; Valeiras et al. 2015).  

Remaining potential prey groups contributed less than 20% to the overall 

northern gannets’ diet. One of the clusters was composed of the blue whiting, 

which is an abundant species in the area (Sánchez et al. 2002) and one of the 

most discarded species in the Bay of Biscay (Valeiras 2003). Blue whiting is a 

species inhabiting deeper waters of the continental shelf and slope, which may 

be consumed by northern gannets mostly when feeding on fishing discards. 

Remaining clusters were composed by demersal species of the Gadidae and 

Triglidae families and contributed the least to the diet of northern gannets in the 

Bay of Biscay. Most of the analysed species from these families were identified 

in the diet of northern gannets in northern Europe, such as whiting and red and 

grey gurnards (Hamer et al. 2000, 2007; Lewis et al. 2003). Gadoids are an 

important food resource in other foraging areas (Hamer et al. 2000; Lewis et al. 

2003; Hamer et al. 2007), but their contribution to the diet of northern gannets in 

the Bay of Biscay in winter appeared to be negligible.  

b. Apex predator community 

The comparison of isotopic niche areas among the apex predator 

community allowed us to determine differences and similarities in trophic niche 

space utilization (Jackson et al. 2011; Giménez et al. 2018). Northern gannets 

had the largest isotopic niche area, followed by the long-finned pilot whale. The 
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variation in the isotopic niche width is mainly observed for δ15N values, which 

likely reflects the consumption of prey species of different trophic levels (Bearhop 

et al. 2004). The long-finned pilot whale had the second-largest isotopic niche 

area, which can be explained by the fact that this species forages in different 

habitats, consuming both oceanic and neritic species (Spitz et al. 2011). Common 

guillemots had the smallest isotopic niche area, indicating a more specialized 

trophic behaviour. Previous studies showed that during the non-breeding season 

they consume small readily digestible fish of high energy density (Hislop et al. 

1991). The common guillemot’ narrower δ13C width could also indicate a more 

restricted feeding zone (Hobson 1999). 

Within the analysed megafauna community, some niche overlap (> 10%) 

was found between northern gannets and other predator species such as 

common guillemots, harbour porpoises and short-beaked common dolphins. The 

northern gannet is widely distributed over the continental shelf and frontal areas, 

and it is possible to observe the species in slope areas as well (Camphuysen 

2011; Louzao et al. 2019), coexisting with most of the apex predators considered 

in this study (Camphuysen and Webb 1999; Veit and Harrison 2017). Northern 

gannets and common guillemots were the only seabird species considered here 

and common guillemots had a small niche that overlaps almost entirely with 

northern gannets’ niche. These results are in agreement with at sea observations, 

in which northern gannets and common guillemots have been observed feeding 

sympatrically in the northwest Atlantic (Bennett et al. 2013). Both species benefit 

from multispecies flock feeding (Camphuysen and Webb 1999), a strategy in 

which a group of different seabird species join each other and ‘operate’ together 

while foraging (Hoffman et al. 1981). In addition, relevant species in the diet of 
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northern gannets in the Bay of Biscay such as the horse mackerel and the sprat 

were also found in stomachs of common guillemots (Blake et al. 1985; Ouwehand 

et al. 2004; Sonntag and Hüppop 2005 and Franco pers. comm.). The difference 

in niche widths could be associated with the more flexible trophic behaviour of 

northern gannets in comparison with common guillemots, which have a more 

specialized trophic behaviour. The two seabird species studied here are 

abundant species, especially during winter. However, further studies including 

the most abundant seabird species throughout the annual cycle, such as larids 

and procellarids (Franco et al. 2004; ICES 2019) would help unravel the isotopic 

niche partitioning among seabird species, and better understand the interactions 

occurring between them in the Bay of Biscay. 

Concerning the overlap with cetaceans, northern gannets have also been 

reported in association with harbour porpoises, which facilitates feeding resource 

acquisition by driving prey to the surface (Camphuysen and Webb 1999). The 

harbour porpoise is a neritic species commonly found in the northern continental 

shelf of the Bay of Biscay (Lambert et al. 2017; Laran et al. 2017). It feeds on 

pelagic schooling fish species (e.g. mackerel), but also on demersal (e.g. hake) 

and benthic fish (e.g. whiting) (Santos and Pierce 2003; Spitz et al. 2006b), which 

can explain the overlap seen with northern gannets but also with other 

piscivorous marine predators of this study (Santos and Pierce 2003). The 

common dolphin can be found in both neritic and oceanic areas (Lambert et al. 

2017; Laran et al. 2017), feeding preferentially on small pelagic fish (sardine, 

anchovy, sprat and horse mackerel) in the neritic area (Meynier et al. 2008), 

coinciding with the main prey of northern gannets (this study).  
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Other cetaceans such as the striped dolphin, the long-finned pilot whale, 

the Cuvier’s beaked whale along with the bluefin tuna, presented low overlap with 

northern gannets. The habitat of the striped dolphin is mainly oceanic (Spitz et al. 

2006a; Ringelstein et al. 2006), but its diet in the Bay of Biscay appears to be a 

combination of both oceanic and neritic species including fish and cephalopods, 

maybe due to temporary incursions over the shelf (Spitz et al. 2006a). The 

oceanic prey species of this dolphin species are all from the vertically migrating 

mesopelagic community, while the neritic ones are mostly epibenthic (Spitz et al. 

2006a). In the case of the long-finned pilot whale, this oceanic cetacean is 

frequently associated with the continental slope (Abend and Smith 1999; 

Cañadas and Sagarminaga 2000) and feeds primarily on small cephalopods, but 

it also consumes demersal and pelagic fish, such as the hake and the horse 

mackerel (Spitz et al. 2011). Finally, the highly oceanic habits of both Cuvier’s 

beaked whale and the Atlantic bluefin tuna compared to those of northern 

gannets, together with differences in prey preferences (Spitz et al. 2011; Varela 

et al. 2013) can explain the low overlap observed with northern gannets. 

c.   Limits of the isotopic approach 

Our results should be interpreted carefully. Information derived from stable 

isotope analysis should be combined with information derived from other 

approaches, such as stomach content analysis (Hamer et al. 2000, 2007; Lewis 

et al. 2003), fatty acids (Owen et al. 2013) and DNA metabarcoding (Carreiro et 

al. 2020) to fully elucidate the trophic ecology of the species in the Bay of Biscay. 

Also, samples were taken from the same biogeographic area but from different 

years and specific locations, which could potentially generate some biases. At 

the ecosystem scale, temporal variations found in Chouvelon et al. (2012) 
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suggested that ecological studies conducted using stable isotopes should be 

sampled over short time periods. However, it may be possible to use individuals 

sampled over several years to obtain an average value for certain species 

(Chouvelon et al. 2012) whose biological material is rarely obtained (i.e. 

strandings of protected species). 

Stranded animals could present potential bias in stable isotope analysis 

due to fasting. Starving animals ‘‘feed on themselves’’ while drawing on their 

endogenous reserves, the mechanism by which their tissues become enriched in 

15N (Gannes et al. 1997). Depending on a bird's life stage, body condition and 

strategy for dealing with intermittent food shortages, enrichment in δ 15N may or 

may not occur (Sears et al. 2008). A wide variety of birds spontaneously fast in 

association with breeding, incubation, migration, and moulting (Cherel et al. 

1988) or they can be routinely exposed to variable food availability (Durant et al. 

2004). 

 For instance, significant enrichment in δ15N occurred in the muscle tissue 

of both nutritionally stressed captive and fasting wild birds during incubation 

(Hobson et al. 1993). Nevertheless, other studies failed in finding any evidence 

of δ15N enrichment in response to nutritional stress in birds (Gloutney et al. 1999; 

Kempster et al. 2007). Species-specific divergences in physiological response to 

nutritional restriction may be responsible for divergences between studies 

(Williams et al. 2007). Therefore, although δ15N enrichment in response to fasting 

may not be a universally applicable pattern across all circumstances, we should 

consider it as a potential bias. 
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Tissue decomposition could also influence isotopic signatures of stranded 

individuals. However, changes in magnitude of the isotopic signature appeared 

to be negligible up to eight days in the air and four days under water (Yurkowski 

et al. 2017; Peiman et al. 2021). Thus, the δ13C and δ15N values derived from 

tissue rotting for a week are reliable and useable for stable isotope analysis. 

Meanwhile, Payo-Payo et al. (2013) did not detect any evidence of change over 

time in decomposing muscle samples exposed to air and reaching an advanced 

decomposition stage. In our study, the stranded species analysed were fresh or 

in a moderate decomposition stage, therefore not generating any bias in this 

study as far as we know.  

The muscle samples of northern gannets were collected relying on 

availability, which led us to a bigger sample of females than males to run the 

mixing models (12 females vs 7 males), which could result in a sex bias (Fig. S1).  

Furthermore, no experimental diet to muscle discrimination factor was available 

for gannets; therefore, we used the value for the taxonomically closer species 

available, i.e. the ring-billed gull (Larus delawarensis) (Hobson and Clark 1992). 

Despite being the most appropriate discrimination factor currently available, we 

thus have to be careful when interpreting the results as the use of inappropriate 

discrimination factor can bias the results (Barton et al. 2019).  

5. CONCLUSIONS 

The European anchovy, the European sardine, the European sprat, 

juveniles of the European hake, the Atlantic mackerel and the Atlantic horse 

mackerel were identified as the main contributors to northern gannets’ diet in the 

Bay of Biscay, with a low contribution of demersal prey species. This indicates 
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that demersal discards are not a big component of the diet within the wintering 

northern gannets in the Bay of Biscay, suggesting that foraging on small pelagic 

species is the preferential strategy in this area. However, species such as the 

Atlantic mackerel and the Atlantic horse mackerel can be discarded due to quota 

exhaustion or because they are under the minimum landing size (Valeiras et al. 

2015). Therefore, in this case, we cannot discern the strategy used when northern 

gannets forage on these species. Different trophic strategies were detected in 

this seabird species; northern gannets can specialize on fisheries discards or 

became small forage fish specialists (Bodey et al. 2018; Grecian et al. 2019), 

showing consistencies in movement and diet during the non-breeding season 

over the years (Grecian et al. 2019). Trophic niche overlap was found with 

common guillemots and, to a lesser extent, with some cetacean species, which 

can be explained by the similarities in their habitat and prey preferences. We 

cannot fully elucidate the reason for the large isotopic niche area of northern 

gannets, but it could be associated with a flexible trophic behaviour due to 

changes in resource availability, which was already identified in previous studies, 

with a more widespread spatial distribution at sea leading to isotopic niche 

expansion and/or due to a mixture of individuals of variable condition and 

sampling years. The network of feeding interactions between co-existing species 

is needed knowledge to improve our understanding of ecosystem structure and 

functioning. This knowledge can be used in an ecosystem-based management 

approach, which is critical to predict and manage the consequences of 

environmental variability and human impacts, particularly in areas such as the 

Bay of Biscay, where several megafauna species share their foraging grounds 

with fisheries activity. 



 29 

BIBLIOGRAPHY 

Abend AG, Smith TD (1999) Review of distribution of the long-finned pilot whale 
(Globicephala melas) in the North Atlantic and Mediterranean. NOAA Tech 
Memo NMFS-NE 117 

Abreu J, Phillips RA, Ceia FR, Ireland L, Paiva VH, Xavier JC (2020) Long-term 
changes in habitat and trophic level of Southern Ocean squid in relation to 
environmental conditions. Sci Rep 10:15215. 
https://doi.org/10.1038/s41598-020-72103-6 

Alexandre P (2020) Isotopes and the Natural Environment, 1st edn. Springer 
Nature, Switzerland 

Astarloa A, Louzao M, Boyra G, Martinez U, Rubio A, Irigoien X, Hui FKC, Chust 
G (2019) Identifying main interactions in marine predator–prey networks 
of the Bay of Biscay. ICES J Mar Sci 76:2247–2259. 
https://doi.org/10.1093/icesjms/fsz140 

Barrett RT (2016) Diet of Northern Gannet Morus bassanus chicks in North 
Norway. Ornis Nor 39:45–52. https://doi.org/10.15845/on.v39i0.1051 

Barrett RT, Strøm H, Melnikov M (2017) On the polar edge: the status of the 
northern gannet (Morus bassanus) in the Barents Sea in 2015-16. Polar 
Res 36. https://doi.org/10.1080/17518369.2017.1390384 

Barton M, Litvin S, Vollenweider J, Heintz R, Norcross B, Boswell K (2019) 
Implications of trophic discrimination factor selection for stable isotope 
food web models of low trophic levels in the Arctic nearshore. Mar Ecol 
Prog Ser 613:211–216. https://doi.org/10.3354/meps12893 

Bauchinger U, McWilliams S (2009) Carbon Turnover in Tissues of a Passerine 
Bird: Allometry, Isotopic Clocks, and Phenotypic Flexibility in Organ Size. 
Physiol Biochem Zool 82:787–797. https://doi.org/10.1086/605548 

Bearhop S, Adams CE, Waldron S, Fuller RA, Macleod H (2004) Determining 
trophic niche width: A novel approach using stable isotope analysis. J 
Anim Ecol 73:1007–1012. https://doi.org/10.1111/j.0021-
8790.2004.00861.x 

Bennett SG, Burke CM, Hedd A, Montevecchi WA (2013) Comparison of Capelin 
Mallotus villosus in the prey loads of Common Murres Uria aalge and 
Northern Gannets Morus bassanus foraging from the same breeding site 
in the Northwest Atlantic. Mar Ornithol 41:179-182. 

Blake BF, Dixon TJ, Jones PH, Tasker ML (1985) Seasonal changes in the 
feeding ecology of guillemots (Uria aalge) off north and east Scotland. 
Estuar Coast Shelf Sci 20:559–568. https://doi.org/10.1016/0272-
7714(85)90107-6 

Bodey T, Cleasby I, Votier S, Hamer K, Newton J, Patrick S, Wakefield E, 



 30 

Bearhop S (2018) Frequency and consequences of individual dietary 
specialisation in a wide-ranging marine predator, the northern gannet. Mar 
Ecol Prog Ser 604:251–262. https://doi.org/10.3354/meps12729 

Bond AL, Jones IL (2009) A practical introduction to stable-isotope analysis for 
seabird biologists: approaches, cautions and caveats. Mar Ornithol 
37:183-188. 

Boyd IL, Wanless S, Camphuysen CJ (2006) Top Predators in Marine 
Ecosystems: Their Role in Monitoring and Management, 1st edn. 
Cambridge University Press, New York 

Boyra G, Martínez U, Cotano U, Santos M, Irigoien X, Uriarte A (2013) Acoustic 
surveys for juvenile anchovy in the Bay of Biscay: abundance estimate as 
an indicator of the next year’s recruitment and spatial distribution patterns. 
ICES J Mar Sci 70:1354–1368. https://doi.org/10.1093/icesjms/fst096 

Camphuysen CJ (2011) Northern gannets in the North Sea: foraging distribution 
and feeding techniques around the Bass Rock. Br Birds 104:60–76 

Camphuysen CJ, Webb A (1999) Multi-species feeding associations in North Sea 
Seabirds: Jointly exploiting a patchy environment. Ardea 87:177–198 

Cañadas A, Sagarminaga R (2000) The Northeastern Alboran Sea, an important 
breeding and feeding ground for the Long Finned Pilot Whale 
(Globicephala Melas) in the Mediterranean Sea. Mar Mammal Sci 16:513–
529. https://doi.org/10.1111/j.1748-7692.2000.tb00948.x 

Carleton SA, Kelly L, Anderson-Sprecher R, del Rio CM (2008) Should we use 
one-, or multi-compartment models to describe 13 C incorporation into 
animal tissues? Rapid Commun Mass Spectrom 22:3008–3014. 
https://doi.org/10.1002/rcm.3691 

Carreiro AR, Paiva VH, Medeiros R, Franklin KA, Oliveira N, Fagundes AI, 
Ramos JA (2020) Metabarcoding, stables isotopes, and tracking: 
unraveling the trophic ecology of a winter-breeding storm petrel 
(Hydrobates castro) with a multimethod approach. Mar Biol 167. 
https://doi.org/10.1007/s00227-019-3626-x 

Cherel Y, Robin J-P, Maho YL (1988) Physiology and biochemistry of long-term 
fasting in birds. Can J Zool 66:159–166. https://doi.org/10.1139/z88-022 

Chouvelon T, Chappuis A, Bustamante P, Lefebvre S, Mornet F, Guillou G, 
Violamer L, Dupuy C (2014) Trophic ecology of European sardine Sardina 
pilchardus and European anchovy Engraulis encrasicolus in the Bay of 
Biscay (north-east Atlantic) inferred from δ13C and δ15N values of fish and 
identified mesozooplanktonic organisms. J Sea Res 85:277–291. 
https://doi.org/10.1016/j.seares.2013.05.011 

Chouvelon T, Spitz J, Caurant F, Mèndez-Fernandez P, Chappuis A, Laugier F, 
Le Goff E, Bustamante P (2012) Revisiting the use of δ15N in meso-scale 
studies of marine food webs by considering spatio-temporal variations in 



 31 

stable isotopic signatures – The case of an open ecosystem: The Bay of 
Biscay (North-East Atlantic). Prog Oceanogr 101:92–105. 
https://doi.org/10.1016/j.pocean.2012.01.004 

Chouvelon T, Spitz J, Cherel Y, Caurant F, Sirmel R, Mèndez-Fernandez P, 
Bustamante P (2011) Inter-specific and ontogenic differences in δ13C and 
δ15N values and Hg and Cd concentrations in cephalopods. Mar Ecol Prog 
Ser 433:107–120. https://doi.org/10.3354/meps09159 

Clark B, Cox S, Atkins K, Bearhop S, Bicknell A, Bodey T, Cleasby I, Grecian W, 
Hamer K, Loveday B, Miller P, Morgan G, Morgan L, Newton J, Patrick S, 
Scales K, Sherley R, Vigfúsdóttir F, Wakefield E, Votier S (2021) Sexual 
segregation of gannet foraging over 11 years: movements vary but 
isotopic differences remain stable. Mar Ecol Prog Ser 661:1–16. 
https://doi.org/10.3354/meps13636 

Cleasby I, Wakefield E, Bodey T, Davies R, Patrick S, Newton J, Votier S, 
Bearhop S, Hamer K (2015) Sexual segregation in a wide-ranging marine 
predator is a consequence of habitat selection. Mar Ecol Prog Ser 518:1–
12. https://doi.org/10.3354/meps11112 

Connan M, Bonnevie BT, Hagen C, van der Lingen CD, McQuaid C (2017) Diet 
specialization in a colonial seabird studied using three complementary 
dietary techniques: effects of intrinsic and extrinsic factors. Mar Biol 164:1–
20. https://doi.org/10.1007/s00227-017-3201-2 

Cruz VC, Ducatti C, Pezzato AC, Pinheiro DF, Sartori JR, GonÇalves JC, Carrijo 
AS (2005) Influence of diet on assimilation and turnover of 13 C in the 
tissues of broiler chickens. Br Poult Sci 46:382–389. 
https://doi.org/10.1080/0071660500126847 

Cury P, Shannon L, Shin YunneJai SY (2003) The functioning of marine 
ecosystems: a fisheries perspective. In: Sinclair M, Valdimarsson G (eds) 
Responsible fisheries in the marine ecosystem. CABI, Wallingford, pp 
103–123 

Durant J, Stenseth NC, Anker-Nilssen T, Harris M, Thompson P, Wanless S 
(2004) Marine Birds and Climate Fluctuation in the North Atlantic. In: 
Stenseth NC, Ottersen G (eds) Marine Ecosystems and Climate Variation: 
The North Atlantic: A Comparative Perspective, 1st edn. Oxford University 
Press, New York, pp 95–105 

Einoder LD (2009) A review of the use of seabirds as indicators in fisheries and 
ecosystem management. Fish Res 95:6–13. 
https://doi.org/10.1016/j.fishres.2008.09.024 

Forero MG, Bortolotti GR, Hobson KA, Donazar JA, Bertelloti M, Blanco G (2004) 
High trophic overlap within the seabird community of Argentinean 
Patagonia: a multiscale approach. J Anim Ecol 73:789–801. 
https://doi.org/10.1111/j.0021-8790.2004.00852.x 

Fort J, Pettex E, Tremblay Y, Lorentsen S-H, Garthe S, Votier S, Pons J-B, Siorat 



 32 

F, Furness RW, Grecian WJ, Bearhop S, Montevecchi WA, Grémillet D 
(2012) Meta-population evidence of oriented chain migration in northern 
gannets (Morus bassanus). Front Ecol Environ 10:237–242. 
https://doi.org/10.1890/110194 

France RL (1995) Carbon-13 enrichment in benthic compared to planktonic 
algae: foodweb implications. Mar Ecol Prog Ser 124:307–312. 
https://doi.org/10.3354/meps124307 

Franco J, Etxezarreta J, Galarza A, Gorospe G, Hidalgo J (2004) Chapter 20 - 
Seabird populations. In: Borja Á, Collins M (eds) Oceanography and 
Marine Environment of the Basque Country, 1st edn. Elsevier, 
Amsterdam, pp 515–529 

Franco J, Fort J, García-Barón I, Loubat P, Louzao M, del Puerto O, Zorita I 
(2019) Incidence of plastic ingestion in seabirds from the Bay of Biscay 
(southwestern Europe). Mar Pollut Bull 146:387–392. 
https://doi.org/10.1016/j.marpolbul.2019.06.077 

Gannes LZ, O’Brien DM, del Rio CM (1997) Stable isotopes in animal ecology: 
Assumptions, caveats and call for more laboratory experiments. Ecology 
78:1271–1276. https://doi.org/10.1890/0012-
9658(1997)078[1271:SIIAEA]2.0.CO;2 

Gannon DP, Ready AJ, Craddock JE, Mead JG (1997) Stomach contents of long-
finned pilot whales (Globicephala melas) stranded on the U.S. mid-Atlantic 
coast. Mar Mammal Sci 13:405–418. https://doi.org/10.1111/j.1748-
7692.1997.tb00648.x 

García-Barón I, Santos MB, Uriarte A, Inchausti JI, Escribano JM, Albisu J, Fayos 
M, Pis-Millán JA, Oleaga Á, Alonso Mier FE, Hernández O, Moreno O, 
Louzao M (2019) Which are the main threats affecting the marine 
megafauna in the Bay of Biscay? Cont Shelf Res 186:1–12. 
https://doi.org/10.1016/j.csr.2019.07.009 

Gelman A, Carlin JB, Stern HS, Dunson DB, Vehtari A, Rubin DB (2013) 
Bayesian Data Analysis, 3rd edn. Chapman and Hall, New York 

Giménez J, Arneill GE, Bennison A, Pirotta E, Gerritsen HD, Bodey TW, Bearhop 
S, Hamer KC, Votier S, Jessopp M (2021) Sexual mismatch between 
vessel-associated foraging and discard consumption in a marine top 
predator. Front Mar Sci 8. https://doi.org/10.3389/fmars.2021.636468 

Giménez J, Cañadas A, Ramírez F, Afán I, García-Tiscar S, Fernández-
Maldonado C, Castillo JJ, de Stephanis R (2018) Living apart together: 
Niche partitioning among Alboran Sea cetaceans. Ecol Indic 95:32–40. 
https://doi.org/10.1016/j.ecolind.2018.07.020 

Giménez J, Marçalo A, Ramírez F, Verborgh P, Gauffier P, Esteban R, Nicolau 
L, González-Ortegón E, Baldó F, Vilas C, Vingada J, G. Forero M, de 
Stephanis R (2017a) Diet of bottlenose dolphins (Tursiops truncatus) from 
the Gulf of Cadiz: Insights from stomach content and stable isotope 



 33 

analyses. PLOS ONE 12. https://doi.org/10.1371/journal.pone.0184673 

Giménez J, Ramírez F, Forero MG, Almunia J, de Stephanis R, Navarro J 
(2017b) Lipid effects on isotopic values in bottlenose dolphins (Tursiops 
truncatus) and their prey with implications for diet assessment. Mar Biol 
164. https://doi.org/10.1007/s00227-017-3154-5 

Gloutney ML, Alisauskas RT, Hobson KA, Afton AD (1999) Use of Supplemental 
Food by Breeding Ross’s Geese and Lesser Snow Geese: Evidence for 
Variable Anorexia. The Auk 116:97–108. https://doi.org/10.2307/4089457 

Goñi N, Fraile I, Arregui I, Santiago J, Boyra G, Irigoien X, Lutcavage M, Galuardi 
B, Logan J, Estonba A, Zudaire I, Grande M, Murua H, Arrizabalaga H 
(2010) On-Going Bluefin Tuna Research in the Bay of Biscay (Northeast 
Atlantic): the “Hegalabur 2009” Project. Collect Vol Sci Pap ICCAT 
65:755–769 

Grecian WJ, Williams HJ, Votier SC, Bearhop S, Cleasby IR, Grémillet D, Hamer 
KC, Le Nuz M, Lescroël A, Newton J, Patrick SC, Phillips RA, Wakefield 
ED, Bodey TW (2019) Individual Spatial Consistency and Dietary 
Flexibility in the Migratory Behavior of Northern Gannets Wintering in the 
Northeast Atlantic. Front Ecol Evol 7. 
https://doi.org/10.3389/fevo.2019.00214 

Grémillet D, Pichegru L, Siorat F, Georges J (2006) Conservation implications of 
the apparent mismatch between population dynamics and foraging effort 
in French northern gannets from the English Channel. Mar Ecol Prog Ser 
319:15–25. https://doi.org/10.3354/meps319015 

Hamer KC, Humphreys EM, Garthe S, Hennicke J, Peters G, Grémillet D, Phillips 
RA, Harris MP, Wanless S (2007) Annual variation in diets, feeding 
locations and foraging behaviour of gannets in the North Sea: Flexibility, 
consistency and constraint. Mar Ecol Prog Ser 338:295–305. 
https://doi.org/10.3354/meps338295 

Hamer KC, Phillips RA, Wanless S, Harris MP, Wood AG (2000) Foraging 
ranges, diets and feeding locations of gannets Morus bassanus in the 
North Sea: evidence from satellite telemetry. Mar Ecol Prog Ser 200:257–
264. https://doi.org/10.3354/meps200257 

Hesslein RH, Hallard KA, Ramlal P (1993) Replacement of Sulfur, Carbon, and 
Nitrogen in Tissue of Growing Broad Whitefish (Coregonus nasus)  in 
Response to a Change in Diet Traced by δ34S, δ13C, and δ15N. Can J Fish 
Aquat Sci 50:2071–2076. https://doi.org/10.1139/f93-230 

Hislop JRG, Harris MP, Smith JGM (1991) Variation in the calorific value and total 
energy content of the lesser sandeel (Ammodytes marinus) and other fish 
preyed on by seabirds. J Zool 224:501–517. 
https://doi.org/10.1111/j.1469-7998.1991.tb06039.x 

Hobson KA (1999) Tracing origins and migration of wildlife using stable isotopes: 
A review. Oecol 120:314–326. https://doi.org/10.1007/s004420050865 



 34 

Hobson KA, Alisauskas RT, Clark RG (1993) Stable-Nitrogen Isotope Enrichment 
in Avian Tissues Due to Fasting and Nutritional Stress: Implications for 
Isotopic Analyses of Diet. The Condor 95:388. 
https://doi.org/10.2307/1369361 

Hobson KA, Clark RG (1993) Turnover of 13C in Cellular and Plasma Fractions of 
Blood: Implications for Nondestructive Sampling in Avian Dietary Studies. 
The Auk 110:638–641. https://doi.org/10.2307/4088430 

Hobson KA, Clark RG (1992) Assessing Avian Diets Using Stable Isotopes II: 
Factors Influencing Diet-Tissue Fractionation. The Condor 94:189–197. 
https://doi.org/10.2307/1368808 

Hoffman W, Heinemann D, Wiens JA (1981) The ecology of seabird feeding 
flocks in alaska. The Auk 98:437–456 

ICES (2019) Bay of Biscay and the Iberian Coast ecoregion - Ecosystem 
overview. https://doi.org/10.17895/ICES.ADVICE.5751 

Jackson AL, Inger R, Parnell AC, Bearhop S (2011) Comparing isotopic niche 
widths among and within communities: SIBER - Stable Isotope Bayesian 
Ellipses in R. J Anim Ecol 80:595–602. https://doi.org/10.1111/j.1365-
2656.2011.01806.x 

Kempster B, Zanette L, Longstaffe FJ, MacDougall-Shackleton SA, WingfieldJC, 
Clinchy M (2007) Do stable isotopes reflect nutritional stress? Results from 
a laboratory experiment on song sparrows. Oecol 151:365–371. 
https://doi.org/10.1007/s00442-006-0597-7 

Kiszka J, Aubail A, Hussey NE, Heithaus MR, Caurant F, Bustamante P (2015) 
Plasticity of trophic interactions among sharks from the oceanic south-
western Indian Ocean revealed by stable isotope and mercury analyses. 
Deep Sea Res Part Oceanogr Res Pap 96:49–58. 
https://doi.org/10.1016/j.dsr.2014.11.006 

Kiszka J, Méndez-Fernandez P, Heithaus MR, Ridoux V (2014) The foraging 
ecology of coastal bottlenose dolphins based on stable isotope mixing 
models and behavioural sampling. Mar Biol 161:953–961. 
https://doi.org/10.1007/s00227-014-2395-9 

Lambert C, Pettex E, Dorémus G, Laran S, Stéphan E, Canneyt OV, Ridoux V 
(2017) How does ocean seasonality drive habitat preferences of highly 
mobile top predators? Part II: The eastern North-Atlantic. Deep Sea Res 
Part II Top Stud Oceanogr 141:133–154. 
https://doi.org/10.1016/j.dsr2.2016.06.011 

Laran S, Authier M, Blanck A, Doremus G, Falchetto H, Monestiez P, Pettex E, 
Stephan E, Van Canneyt O, Ridoux V (2017) Seasonal distribution and 
abundance of cetaceans within French waters- Part II: The Bay of Biscay 
and the English Channel. Deep Sea Res Part II Top Stud Oceanogr 
141:31–40. https://doi.org/10.1016/j.dsr2.2016.12.012 



 35 

Le Bot T, Lescroël A, Fort J, Péron C, Gimenez O, Provost P, Grémillet D (2019) 
Fishery discards do not compensate natural prey shortage in Northern 
gannets from the English Channel. Biol Conserv 236:375–384. 
https://doi.org/10.1016/j.biocon.2019.05.040 

Lewis S, Sherratt TN, Hamer KC, Harris MP, Wanless S (2003) Contrasting diet 
quality of northern gannets Morus bassanus at two colonies. Ardea 
91:167–176 

Lezama-Ochoa A, Boyra G, Goñi N, Arrizabalaga H, Bertrand A (2010) 
Investigating relationships between albacore tuna (Thunnus alalunga) 
CPUE and prey distribution in the Bay of Biscay. Prog Oceanogr 86:105–
114. https://doi.org/10.1016/j.pocean.2010.04.006 

Logan JM, Jardine TD, Miller TJ, Bunn SE, Cunjak RA, Lutcavage ME (2008) 
Lipid corrections in carbon and nitrogen stable isotope analyses: 
Comparison of chemical extraction and modelling methods. J Anim Ecol 
77:838–846. https://doi.org/10.1111/j.1365-2656.2008.01394.x 

Louzao M, Fernández-Martín P, Weidberg N, Santos MB, González-Quirós R 
(2020) Spatio-temporal patterns of northern gannet abundance in a 
migratory and wintering area. Zool 140:125776. 
https://doi.org/10.1016/j.zool.2020.125776 

Louzao M, Valeiras J, García-Barcelona S, González-Quirós R, Nogueira E, 
Iglesias M, Bode A, Vázquez JA, Murcia JL, Saavedra C, Pierce GJ, 
Fernández R, García-Barón I, Santos MB (2019) Marine megafauna niche 
coexistence and hotspot areas in a temperate ecosystem. Cont Shelf Res 
186:77–87. https://doi.org/10.1016/j.csr.2019.07.013 

Masse J, Uriarte A, Angelico MM, Carrera P (2018) Pelagic survey series for 
sardine and anchovy in ICES subareas 8 and 9 – Towards an ecosystem 
approach. ICES Coop Res Rep. https://doi.org/10.17895/ICES.PUB.4599 

Meynier L, Pusineri C, Spitz J, Santos MB, Pierce GJ, Ridoux V (2008) 
Intraspecific dietary variation in the short-beaked common dolphin 
Delphinus delphis in the Bay of Biscay: importance of fat fish. Mar Ecol 
Prog Ser 354:277–287. https://doi.org/10.3354/meps07246 

Montevecchi W (1997) Centurial and decadal oceanographic influences on 
changes in northern gannet populations and diets in the north-west 
Atlantic: implications for climate change. ICES J Mar Sci 54:608–614. 
https://doi.org/10.1006/jmsc.1997.0265 

Moore JW, Semmens BX (2008) Incorporating uncertainty and prior information 
into stable isotope mixing models. Ecol Lett 11:470–480. 
https://doi.org/10.1111/j.1461-0248.2008.01163.x 

Nelson B (2002) The Atlantic gannet, 2nd edn. Fenix Books, Great Yarmouth 

Ouwehand J, Leopold MF, Camphuysen KCJ (2004) A comparative study of the 
diet of Guillemots Uria aalge and Razorbills Alca torda killed during the 



 36 

Tricolor oil incident in the south-eastern North Sea in january 2003. Atl 
Seab 6:147–164 

Owen E, Daunt F, Moffat C, Elston DA, Wanless S, Thompson P (2013) Analysis 
of fatty acids and fatty alcohols reveals seasonal and sex-specific changes 
in the diets of seabirds. Mar Biol 160:987–999. 
https://doi.org/10.1007/s00227-012-2152-x 

Peiman KS, Lin H-Y, Power M, Hinch SG, Patterson DA, Cooke SJ (2021) Effects 
of short-term decomposition on isotope values of fish tissues under natural 
conditions. Aquat Ecol 56:173–181. https://doi.org/10.1007/s10452-021-
09907-9 

Phillips DL, Inger R, Bearhop S, Jackson AL, Moore JW, Parnell AC, Semmens 
BX, Ward EJ (2014) Best practices for use of stable isotope mixing models 
in food-web studies. Can J Zool 92:823–835. https://doi.org/10.1139/cjz-
2014-0127 

Pichegru L, Ryan P, van der Lingen C, Coetzee J, Ropert-Coudert Y, Grémillet 
D (2007) Foraging behaviour and energetics of Cape gannets Morus 
capensis feeding on live prey and fishery discards in the Benguela 
upwelling system. Mar Ecol Prog Ser 350:127–136. 
https://doi.org/10.3354/meps07128 

Pierce GJ, Boyle PR (1991) A review of methods for diet analysis in piscivorous 
marine mammals. Oceanogr Mar Biol Annu Rev 29:409–486 

Pinnegar JK, Polunin NVC (1999) Differential fractionation of δ13C and δ15N 
among fish tissues: implications for the study of trophic interactions. Funct 
Ecol 13:225–231. https://doi.org/10.1046/j.1365-2435.1999.00301.x 

Ringelstein J, Pusineri C, Hassani S, Meynier L, Nicolas R, Ridoux V (2006) Food 
and feeding ecology of the striped dolphin, Stenella coeruleoalba, in the 
oceanic waters of the north-east Atlantic. J Mar Biol Assoc United Kingd 
86:909–918. https://doi.org/10.1017/S0025315406013865 

Rochet MJ, Arregi L, Tereza F, Pereira J, Perez N, Ruiz Gondra J, Valeiras J 
(2014) Demersal discard atlas for the South Western Waters 

Sánchez F, Gándara F de la, Gancedo R (2002) Atlas de los peces demersales 
y de los invertebrados de interés comercial de Galicia y el Cantábrico, 
otoño 1997-1999, 1a. ed. Instituto Español de Oceanografía, Madrid 

Santos MB, Pierce GJ (2003) The diet of harbour porpoise (Phocoena phocoena) 
in the Northeast Atlantic. Oceanogr Mar Biol Annu Rev 41:355–390 

Sears J, Hatch SA, O’Brien DM (2008) Disentangling effects of growth and 
nutritional status on seabird stable isotope ratios. Oecol 159:41–48. 
https://doi.org/10.1007/s00442-008-1199-3 

Smith JA, Mazumder D, Suthers IM, Taylor MD (2013) To fit or not to fit: 
evaluating stable isotope mixing models using simulated mixing polygons. 



 37 

Methods Ecol Evol 4:612–618. https://doi.org/10.1111/2041-210X.12048 

Sonntag N, Hüppop O (2005) Snacks from the depth: summer and winter diet of 
common Guillemots Uria aalge around the Island of Helgoland. Atl Seab 
7:1–14 

Speed CW, Meekan MG, Field IC, McMahon CR, Abrantes K, Bradshaw CJA 
(2012) Trophic ecology of reef sharks determined using stable isotopes 
and telemetry. Coral Reefs 31:357–367. https://doi.org/10.1007/s00338-
011-0850-3 

Spitz J, Cherel Y, Bertin S, Kiszka J, Dewez A, Ridoux V (2011) Prey preferences 
among the community of deep-diving odontocetes from the Bay of Biscay, 
Northeast Atlantic. Deep Sea Res Part Oceanogr Res Pap 58:273–282. 
https://doi.org/10.1016/j.dsr.2010.12.009 

Spitz J, Richard E, Meynier L, Pusineri C, Ridoux V (2006a) Dietary plasticity of 
the oceanic striped dolphin, Stenella coeruleoalba, in the neritic waters of 
the Bay of Biscay. J Sea Res 55:309–320. 
https://doi.org/10.1016/j.seares.2006.02.001 

Spitz J, Rousseau Y, Ridoux V (2006b) Diet overlap between harbour porpoise 
and bottlenose dolphin: An argument in favour of interference competition 
for food? Estuar Coast Shelf Sci 70:259–270. 
https://doi.org/10.1016/j.ecss.2006.04.020 

Stauss C, Bearhop S, Bodey TW, Garthe S, Gunn C, Grecian WJ, Inger R, Knight 
ME, Newton J, Patrick SC, Phillips RA, Waggitt JJ, Votier SC (2012) Sex-
specific foraging behaviour in northern gannets Morus bassanus: 
Incidence and implications. Mar Ecol Prog Ser 457:151–162. 
https://doi.org/10.3354/meps09734 

Stenhouse IJ, Egevang C, Phillips RA (2012) Trans-equatorial migration, staging 
sites and wintering area of Sabine’s Gulls Larus sabini in the Atlantic 
Ocean: Sabine’s Gull migration. Ibis 154:42–51. 
https://doi.org/10.1111/j.1474-919X.2011.01180.x 

Stock BC, Semmens BX (2016a) MixSIAR GUI User Manual Version 3.1. 
https://doi.org/10.5281/zenodo.1209993 

Stock BC, Semmens BX (2016b) Unifying error structures in commonly used 
biotracer mixing models. Ecol 97:2562–2569. 
https://doi.org/10.1002/ecy.1517 

Tixier P, Giménez J, Reisinger R, Méndez-Fernandez P, Arnould J, Cherel Y, 
Guinet C (2019) Importance of toothfish in the diet of generalist 
subantarctic killer whales: implications for fisheries interactions. Mar Ecol 
Prog Ser 613:197–210. https://doi.org/10.3354/meps12894 

Valeiras J (2003) Attendance of scavenging seabirds at trawler discards off 
Galicia, Spain. Sci Mar 67:77–82. 
https://doi.org/10.3989/scimar.2003.67s277 



 38 

Valeiras J, Pérez N, Araujo H, Salinas I, Bellido M (2015) Atlas de los descartes 
de la flota de arrastre y enmalle en el caladero nacional Cantábrico-
Noroeste. Instituto Español de Oceanografía, 1st edn. Instituto Español de 
Oceanografía, Santiago de Compostela 

van Franeker JA (2004) Save the North Sea fulmar-litter-ecoQO manual Part 1: 
Collection and dissection procedures. Alterra, Wageningen 

Varela JL, Rodríguez-Marín E, Medina A (2013) Estimating diets of pre-spawning 
Atlantic bluefin tuna from stomach content and stable isotope analyses. J 
Sea Res 76:187–192. https://doi.org/10.1016/j.seares.2012.09.002 

Vehtari A, Gelman A, Gabry J (2017) Practical Bayesian model evaluation using 
leave-one-out cross-validation and WAIC. Stat Comput 27:1413–1432. 
https://doi.org/10.1007/s11222-016-9696-4 

Veit RR, Harrison NM (2017) Positive Interactions among Foraging Seabirds, 
Marine Mammals and Fishes and Implications for their Conservation. 
Front Ecol Evol 5:121. https://doi.org/10.3389/fevo.2017.00121 

Votier SC, Bearhop S, Witt MJ, Inger R, Thompson D, Newton J (2010) Individual 
responses of seabirds to commercial fisheries revealed using GPS 
tracking, stable isotopes and vessel monitoring systems. J Appl Ecol 
47:487–497. https://doi.org/10.1111/j.1365-2664.2010.01790.x 

Williams CT, Buck CL, Sears J, Kitaysky AS (2007) Effects of nutritional 
restriction on nitrogen and carbon stable isotopes in growing seabirds. 
Oecol 153:11–18. https://doi.org/10.1007/s00442-007-0717-z 

Yurkowski DJ, Hussey AJ, Hussey NE, Fisk AT (2017) Effects of decomposition 
on carbon and nitrogen stable isotope values of muscle tissue of varying 
lipid content from three aquatic vertebrate species: Effects of tissue 
decomposition on stable isotopes. Rapid Commun Mass Spectrom 
31:389–395. https://doi.org/10.1002/rcm.7802 

 

 

 

 

 

 

 

 

 



 39 

STATEMENTS AND DECLARATIONS 

Funding 

This study is a contribution to the EPELECO project (Evaluating the 

pelagic realm from an integrated ecosystem based perspective in a changing 

world: insights from the NE Atlantic, RTI2018-101591-B-I00) supported by the 

“Ministerio de Ciencia, Innovación y Universidades”, the “Agencia Estatal de 

Investigación” and the “Fondo Europeo de Desarrollo Regional”, to the 

“Incidencia y cuantificación de microplásticos en depredadores marinos en el 

Golfo de Bizkaia” project, funded by Fundación Biodiversidad-Ecoembes (call for 

projects to combat marine litter), the PLASTFAUNA project funded by the 

“Departamento de Medio Ambiente, Planificación Territorial y Vivienda” (call for 

projects to generate knowledge for the conservation of Natural Heritage), and the 

Marie Curie Career Integration Grant CONPELHAB (PCIG09-GA-2011-293774) 

project and an ACAP (Agreement on the Conservation and Petrels) funded 

project (reference: 2013-12). CPER (Contrat de Projet Etat-Région) and the 

FEDER (Fonds Européen de Développement Régional) funded the IRMS of 

LIENSs laboratory. The IUF (Institut Universitaire de France) supported P. 

Bustamante as a Senior Member. M. Louzao was funded by a Ramón y Cajal 

(RYC-2012-09897) postdoctoral contract of the Spanish Ministry of Economy, 

Industry and Competitiveness. J. Giménez was supported by the Spanish 

National Program Juan de la Cierva-Formación (FJC2019-040016-I). This work 

acknowledges the ‘Severo Ochoa Centre of Excellence’ accreditation 

(CEX2019-000928-S) to the Institute of Marine Science (ICM-CSIC). 

 



 40 

Competing Interests 

The authors have no competing interests to disclose. 

Author Contributions 

Maite Louzao and Joan Giménez conceived the study; Maite Louzao, 

Javier Franco, Tiphaine Chouvelon, Nicolás Goñi and Claudia Gaspar collected 

the data; Claudia Gaspar and Joan Giménez performed the analysis; Joan 

Giménez produced the plots; Claudia Gaspar led the writing of the manuscript 

with input from Joan Giménez and Maite Louzao, all authors mentioned before 

and Xavier Corrales, Eider Andonegui, Amaia Astarloa, Paco Bustamante and 

Jérôme Spitz contributed to subsequent revisions, agreed to be listed and 

approved the submitted version of the manuscript. 

Data Availability 

The datasets generated during and/or analysed during the current study 

are available from the corresponding author upon reasonable request. 

Ethics approval 

No approval of research ethics committees was required to accomplish the 

goals of this study because experimental work was conducted with carcasses of 

mammals and seabirds, and fish were obtained from scientific and commercial 

fishing activities. The seabirds tissue samples were obtained from wildlife 

recovery centres, stranded bird surveys and beach cleaning services. The five 

cetacean species stranded were recovered and examined by members of the 

French Stranding Network. Tissue samples of the Atlantic Bluefin tuna used in 

this study were collected from commercial fishing in the oceanic waters of the 



 41 

Bay of Biscay within the Total Allowed Catch quotas assigned by the International 

Commission for the Conservation of Atlantic Tunas (ICCAT). Other fish species 

tissue samples were obtained from JUVENA, EVHOE and PELGAS surveys. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 42 

Supplementary Material 

 

 

Table S1 a Summary of northern gannet samples analysed, split by year and month of 

collection. b Summary of the number of prey individuals per year, collected in autumn (in 

October) and primarily analysed for stable isotope compositions by Chouvelon et al. 

(2012) 

 

a 

Month/Year 2016 2017 Total 

October 3 3 6 

November  2 2 

December  10 10 

January  6 6 

February    
March 2 3 5 

Total 5 24 29 
 

b 

 N (total) 2006 2007 2008 2009 2010 

Merlangius merlangus 32   16 16  

Aspitrigla cuculus 10   10   

Trisopterus luscus 14 4 5 5   

Trisopterus minutus 65 20 10 15 5 15 

Micromesistius poutassou 78 28 15 15 5 15 

Chelidonichthys lucerna 5   5   

Eutrigla gurnardus 18   18   

Merluccius merluccius 57   15 42  
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Table S2 Model selection through leave-one-out cross-validation (LOO). LOOic = LOO 

information criterion; se LOOic = standard error of LOOic; dLOOic = difference between 

each model and the model with lowest LOOic; se dLOOic = standard error of the 

difference between each model and the model with lowest LOOic; weight = relative 

support for each model, calculated as Akaike weights (Burnham and Anderson 2002) 

 

Model LOOic se LOOic dLOOic se dLOOic Weight 

Null 75.4 6.3 0 NA 0.346 

Stage 75.9 6.0 0.5 1 0.270 

Sex 76.3 6.4 0.9 0.7 0.221 

Sex + Stage 76.9 6.2 1.5 1 0.164 
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Table S3 Bayesian Standard Ellipses Areas Overlap (in %) for predators of the Bay of 

Biscay. In brackets, the range of values correspond to the 50, 75 and 95% credible 

intervals. For Atlantic bluefin tuna (T. thynnus), j= juveniles, a= adults 

 

 M. 
bassanus 

U. aalge 
T. thynnus 

(j) 
T. thynnus 

(a) 
G. 

melas 
P. 

phocoena 
S. 

coeruleoalba 
D. delphis 

Z. 
cavirostris 

M. bassanus - 
15.58 

[9.93-23.32] 
0.08 

[0-0.33] 
0 

6.45 
[0-24.19] 

9.99 
[0-24.28] 

2.04 
[0-10.88] 

10.37  
[1.24-21.86] 

0.15  
[0-0.20] 

U. aalge 
84.57 

[58.93-100] 
- 0 0 0 

1.58 
[0-7.97] 

0 0 0 

T. thynnus (j) 
0.23 

[0-1.26] 
0 - 

14.59 
[0-51.45] 

0 0 
1.94  

[0-12.67] 
0.63  

[0-3.57] 
0 

T. thynnus (a) 0 0 
8.27 

[0-26.79] 
- 0 0 0 0 0 

G. melas 
7.57 

[0-29.11] 
0 0 0 - 

11.18 
[0-31.89] 

3.55  
[0-16.41] 

10.20  
[0-28.83] 

4.19 
[0-12.44] 

P. phocoena 
44.42 

[0-99.92] 
1.08 

[0-5.60] 
0 0 

42.05 
[0-100] 

- 
1.97  

[0-14.83] 
15.60  

[0-56.87] 
1.05 

[0-7.42] 

S. coeruleoalba 
7.66 

[0-32.32] 
0 

2.28 
[0-16.71] 

0 
14.07 

[0-57.66] 
2.04 

[0-11.54] 
- 

18.92  
[0-55.99] 

0.08  
[0-0.52] 

D. delphis 
39.78 

[3.87-87.11] 
0 

0.66 
[0-4.22] 

0 
33.41 

[0-90.76] 
14.66 

[0-52.37] 
17.19  

[0-50.74] 
- 

2.12  
[0-13.38] 

Z. cavirostris 
2.03 

[0-3.52] 
0 0 0 

45.77 
[0-100] 

3.69 
[0-17.33] 

0.31  
[0-1.83] 

6.87  
[0-62.76] 

- 

 

 

 

 

 

 

 

 

 



 45 

Table S4 Standard Ellipses Areas corrected for small samples size (SEAc) and Bayesian 

Standard Ellipses Areas (SEAB) mean, in ‰2, for predators in the Bay of Biscay. In 

brackets, the range of values correspond to the 50, 75 and 95% credible intervals. For 

Atlantic bluefin tuna (T. thynnus), j=juveniles, a=adults 

 

 SEAc SEAB 

M. bassanus 3.48 3.39 [2.99-3.88] 

U. aalge 0.62 0.61 [0.55-0.67] 

T. thynnus (j) 1.25 1.25 [1.17-1.33] 

T. thynnus (a) 1.97 1.87 [1.57-2.23] 

G. melas 2.71 2.93 [2.48-3.46] 

P. phocoena 0.78 0.76 [0.62-0.96] 

S. coeruleoalba 0.88 0.82 [0.67-1.01] 

D. delphis 0.90 0.88 [0.77-1.01] 

Z. cavirostris 0.27 0.26 [0.20-0.32] 
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Fig. S1 Differences in isotopic signatures of carbon (δ13C) and nitrogen (δ15N) between northern 

gannet (M. bassanus) females in brown and males in blue 

 

−19.0

−18.5

−18.0

−17.5

Female Male

Sex

d
1
3
C

 (
‰

)

A

12

13

14

15

Female Male

Sex

d
1
5
N

 (
‰

)

B


