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ABSTRACT 
 
Aim: The movement patterns of marine top predators are likely to reflect responses to prey distributions, which themselves can be influenced by factors such as climate and fisheries. The critically endangered Balearic shearwater Puffinus mauretanicus has shown a recent northwards shift in non-breeding distribution, tentatively linked to changing forage fish distribution and/or fisheries activity. Here, we provide the first information on the foraging ecology of this species during the non-breeding period. 

Location: Breeding grounds in Mallorca, Spain and non-breeding areas in the northeast Atlantic and western Mediterranean.

Methods: Bird-borne geolocation was used to identify non-breeding grounds. Information on feather moult (from digital images) and stable isotopes (of both primary wing feathers and potential prey items) was combined to infer foraging behaviour during the non-breeding season.

Results: Almost all breeding shearwaters (n = 32) migrated to non-breeding areas in the Atlantic from southern Iberia to the French Atlantic coast, where the majority of primary feather moult took place. Birds foraging off western Iberia yielded feather isotope ratios consistent with a diet composed largely of pelagic fishes, while the isotopic composition of birds foraging in the Bay of Biscay suggested an additional contribution of benthic prey, most likely from demersal fishery discards.

Main Conclusions: Combined application of geolocators and stable isotopes indicates both spatial variation in dietary behaviour and interactions with fisheries. Our results imply that both pelagic fish and fisheries discards are important components of diet during the non-breeding period, which may have implications for the at-sea distribution of this migratory species. These findings will contribute to bycatch mitigation in non-breeding areas and provide baseline data that should inform future assessment of seabird responses to changing fishery practices and prey distributions.
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INTRODUCTION 

The distributions and population dynamics of marine top predators are inextricably linked to their feeding ecology and patterns of food availability (Newton, 1998; Sydeman et al., 2015). Understanding dietary behaviour and the factors that influence this is therefore important, particularly during the non-breeding season when most mortality occurs (Barbraud & Weimerskirch, 2003), and both diet and habitat-quality can have consequences for fitness (Harrison et al., 2011). 	
The post-breeding movements of migratory species can cause exposure to a range of natural and anthropogenic pressures, amongst which fisheries are one of the most severe (e.g. Block et al., 2005; Witt et al., 2011). Bycatch in fishing gear is a major source of mortality in marine vertebrates, with seabirds one of the worst affected groups owing to a tendency to scavenge on discards and bait (Anderson et al., 2011; Lewison et al., 2014). Fisheries interactions therefore provide both a food subsidy and mortality risk, resulting in potential for positive and negative effects on populations (Furness, 2003). Climate-induced change in marine food supply, in synergy with fisheries effects, also has the potential to influence distributions, reproductive performance and population dynamics, with wider consequences for marine ecosystems (Grémillet & Boulinier, 2009; Sydeman et al., 2015). Effective conservation management of marine vertebrates therefore requires an understanding of their distribution and foraging ecology, as well as the potential role of fisheries, particularly during the non-breeding season (Croxall et al., 2012; Lewison et al., 2012).
Miniaturized biologgers have become valuable tools for studying the ecology of highly mobile marine vertebrates (Costa et al., 2012; Hazen et al., 2012). Nevertheless, despite technologically-driven advances in our understanding of long distance animal movements, the study of foraging behaviour during non-breeding periods remains challenging (Bograd et al., 2010). While tracking devices such as geolocators can provide information on location and activity, they are unable to reconstruct diet. Biogeochemicals such as tissue stable isotope compositions therefore provide a powerful complimentary method for studying trophic and spatial ecology (Ramos & González-Solís, 2012; Trueman et al., 2012). The isotopic composition of carbon (𝛿13C) and nitrogen (𝛿15N) within consumer tissues reflects feeding during the period of tissue synthesis, and therefore consequently metabolically inert tissues (e.g. feathers) can represent useful remote tracers of diet during inaccessible periods (Hobson & Clark, 1992). The isotopic composition of carbon and nitrogen at the base of the marine food web also varies spatially (Montoya, 2007; Graham et al., 2010). Unambiguous interpretations of stable isotope compositions therefore require knowledge of underlying spatial variations in the isotopic composition of the prey field (Post, 2002; Jennings & Warr, 2003). Efforts to develop isotopic maps (‘isoscapes’) for marine systems with large-scale persistent isotopic gradients (e.g. Cherel & Hobson, 2007; Jaeger et al., 2010; Hansen et al., 2012), and to model spatial variability in stable isotopes at regional and oceanic scales are being made (e.g. McMahon et al., 2013; MacKenzie et al., 2014). Nevertheless, in many marine regions, patterns of spatio-temporal variability in stable isotopes remain poorly resolved (Ramos & González-Solís, 2012). Combined use of loggers and isotopic information concerning both consumers and prey is therefore often needed to elucidate the ecology of migratory species at sea (e.g. Roscales et al., 2011; Zbinden et al., 2011).	Comment by Rhiannon Meier: Deleted: Roscales et al., 2011;	Comment by Rhiannon Meier: the location of the animal during tissue growth, and
Here, we studied the migration and non-breeding foraging behaviour of the Balearic shearwater Puffinus mauretanicus, a critically endangered procellariiform that breeds in the western Mediterranean (Arcos, 2011). While habitat-use, movements and diet of this species have been documented during breeding (e.g. Arcos & Oro, 2002; Louzao et al., 2012; Meier et al., 2015), its non-breeding ecology remains poorly studied (Luczak et al., 2011; Jones et al., 2014). Important Atlantic non-breeding areas have been identified through geolocation tracking (Guilford et al., 2012), and a recent northwards range expansion in northeast Atlantic waters has been attributed to climate-driven changes in forage fish availability (Wynn et al., 2007; Luczak et al., 2011), or possibly fisheries (Votier et al., 2008). Nevertheless, little is known about foraging ecology outside the breeding range (e.g. Le Mao & Yésou, 1993). Such knowledge gaps hinder conservation of this species, which is threatened both at sea (e.g. from fisheries bycatch, climate and/or fisheries-driven changes in prey availability and pollution) and on land (from unregulated predation at colonies and habitat destruction; see Arcos, 2011). 
Interactions with fishing vessels, and subsequent bycatch mortality, have been assessed as the most acute at-sea threat to Balearic shearwaters, responsible for an estimated half of all adult mortality (Arcos, 2011; Genovart et al., 2016). Despite this severity, fisheries interactions and bycatch rates are poorly understood. Added uncertainties exist over the impact of changing discard policies and associated change in food availability (Bicknell et al., 2013). Therefore, understanding the relative importance of pelagic fish and fisheries discards in the diet has significance for understanding the movement behaviour and conservation of this critically endangered species.  	Comment by Rhiannon Meier: of the Balearic shearwater
This study combines stable isotope, geolocation and moult phenology data to provide the first investigation of the feeding ecology of Balearic shearwaters during the non-breeding period. The key goals are to compare foraging behaviour between different non-breeding areas, and identify the relative contribution of natural pelagic prey and scavenged demersal prey to the diet.


METHODS

Study site and bio-logging 

The study was conducted between 2011 and 2013 at one of the world’s largest colonies of Balearic Shearwaters (Sa Cella cave, Mallorca; 39°36’N, 002°21’E; Fig. 1), under licence from the Balearic Islands Government (permit snumbers: CAP31/2011, CEP04/2012, CEP03/2013) and using established protocols to minimise disturbance (see Guilford et al., 2012). 
Shearwaters’ non-breeding movements were tracked using BAS geolocators (British Antarctic Survey, Cambridge, UK; Models: MK15, MK18, MK19; Weight: 1.9-2.5g; 0.46 ± 0.08% of body mass). Devices were attached to the tarsi of birds during March-April 2011 (n = 39) and 2012 (n = 26), using customised plastic rings and two small cable ties, and were recovered during the following season. Birds were handled for a mean duration of 25 (± SD 10) minutes. To test for potential device effects, breeding success of experimental nests (n = 23) and unhandled control nests (n = 72) was measured. Birds were sexed from DNA within blood (Vetgenomics, Spain) or breast feathers (Avian Biotech, UK), collected following device recovery.

Moult phenology

Feather stable isotope compositions reflect diet at the time of feather growth, therefore, to enable unambiguous interpretations of isotope data, the timing and location of primary feather moult was determined using dated images of Balearic shearwaters taken within the northeast Atlantic and Mediterranean between 2000 and 2014 (n = 755; see Appendix S1 in Supporting Information for contributing photographers). A subset of higher quality images in which individual primaries were visible (n = 520) was used to determine moult based on a simple moult score criterion (modified from Ginn & Melville, 1983), where 0 = an old feather, 1 = a missing feather, 2 = a new feather in growth and 3 = a new fully grown feather. A total primary moult score ranging from 0-30, and consisting of the sum of individual feather scores (i.e. where 0 represents all old, and 30 all new feathers), was then assigned (Appendix S1). 

Stable isotope sampling

Small basal sections (<15mm) of the base of primary and secondary feather vanes were sampled from tracked birds after device recovery. Based on knowledge of moult chronology (see Results and Appendix S1), primary feathers 1 (P1) and 6 (P6) were sampled in both years to represent diet during the early and central parts of the non-breeding period, respectively. In 2013, primary 3 (P3), primary 9 (P9) and a single secondary feather (S19) were also sampled (Fig. 2a). Primaries were numbered in ascending order, from innermost to outermost, and secondaries in descending order (Ginn & Melville, 1983).
To characterise the stable isotope composition of the prey field, potential food sources (Table 1) were sampled within shearwater non-breeding grounds (Fig. 1), during the post-breeding moult period. Pelagic fish, demersal fish and squid were sampled in July 2012 from: (i) trawlers, purse seiners and gill netters operating out of Laurent, France (47°44’N, 003°21’W) and (ii) Beach seiners, longliners and trawlers from Aveiro, Portugal (40°38’N, 008°43’W). A sample of dorsal white muscle tissue (~2cm in length) was taken from each fish/squid and stored frozen until preparation for stable isotope analysis. Additional small pelagic fishes (European anchovy Engraulis encrasicolus and European sardine Sardina pilchardus) were sampled within the Bay of Biscay during Ifremer Pelgas cruises in May 2011 and 2012 (see Chouvelon et al., 2015, for sampling details of ). 

Stable isotope analysis

Feather samples were washed in a 0.25M sodium hydroxide solution (following methods in Bearhop et al., 2002), and cut into ~1mm pieces with sterilised stainless steel scissors prior to weighing. Potential prey samples were freeze-dried and ground to a powder in preparation for isotope analysis.
All fish and squid samples collected from fisheries were analysed without lipid extraction. To account for contributions from 13C-depleted lipids within muscle samples, lipid-extracted and untreated duplicates were analysed to derive end-member values for mathematical corrections applied to all samples (McConnaughey & McRoy, 1979; Alexander et al., 1996; Kiljunen et al., 2006). The performance of alternative lipid-correction equations was assessed through a comparison of the mathematically corrected and lipid-extracted subsamples (see Meier, 2015). Lipid-normalisation equations from Kiljunen et al. (2006) were subsequently used to predict lipid-extracted 𝛿13C values for species with C:N ratios >3.15. Lipid extraction was undertaken using 8ml of cyclohexane on ~200mg of dried ground sample (following Chouvelon et al., 2011; full details in Meier, 2015). ~0.5-0.7mg of both treated and untreated samples was weighed into tin capsules for analysis. 
Stable isotope analyses were conducted at the Natural Environment Research Council Life Science Mass Spectrometry Facility, East Kilbride by continuous flow isotope mass spectrometry. Samples were analysed using either a Flash HT elemental analyser (2012) or Elementar vario PYRO cube elemental analyser (2013), coupled with a Thermo Electro Delta XP isotope ratio mass spectrometer (IRMS), or a Costech ECS 4010 elemental analyser coupled with a Thermo Scientific Delta V plus IRMS (2013). Isotope ratios were expressed in 𝛿 notation in parts per thousand (‰) relative to Pee Dee Belemnite (𝛿13C) or air (𝛿15N) standards. Multiple measurements of internal laboratory standards (gelatine, glycine and alanine) and a fish muscle standard indicated that measurement error was ≤0.2‰ for 𝛿15N and ≤0.1‰ for 𝛿13C. Pelagic fish samples collected during Ifremer cruises were processed and analysed as outlined in Chouvelon et al. (2015).

Data analysis

Geolocation light-level data were processed with BAStrak software (BAS, Cambridge, UK), using well-established methodologies (Guilford et al., 2012; details in see Appendix S2). Non-breeding periods were defined as the interval between the last and first colony visits to the colony. Night visits were identified as periods of continuous nocturnal dryness (≥2h) in salt-water immersion data. Non-breeding locations between May-July (P1) and July-August (P6) were used to assign birds to different spatial areas. Analysis of moult phenology indicated that most birds in the NE Atlantic had finished P1 growth by August, while the main period of P6 re-growth was predominantly occurred between July and August (see Results). 
Non-breeding areas were determined using fixed kernel density estimation (KDE) in the ‘KernSmooth’ package in R (Wand, 2013) (data projection: lambert conformal conic; cell size: 1km2). Optimised KDE Plugin bandwidths were obtained for each bird using the ‘ks’ package (Duong, 2013). Using 50% KDE centroids, birds were assigned to one of three areas: (i) the northern Bay of Biscay (latitude >44°N), (ii) western Iberia (latitude range: >37.5°N-<44°N) and (iii) southern Iberia including waters around of the Strait of Gibraltar or within theand Mediterranean (latitude <37.5°N & Mediterranean locations) (Appendix S2). 
A binomial generalized linear model (GLM) with a logit link function was used to investigate the relationship between moult and Julian day. Normalised mean daily primary moult scores  data were fitted as a response, while Julian day and region were tested as fixed effects (images from western Iberia and the Mediterranean were omitted due to insufficient sample sizes). Model selection was performed using second-order Akaike Information Criteria (AICc). 
To calculate the isotopic niche space occupied by birds  groups using different non-breeding areas, standard ellipse areas (corrected for small sample sizes: SEAc) and convex hulls were calculated in the ‘SIAR’ package in R (Parnell & Jackson, 2013), after testing for bivariate normality with the Henze-Zirkler’s test (Korkmaz et al., 2014). We also adopted the SIBER approach (Stable Isotope Bayesian Ellipses in R; Jackson et al., 2011) for calculating ellipse-based metrics of isotope niche width, and obtained posterior estimates of ellipse covariance matrices (Appendix S2). Linear discriminant function analysis was used to examine how well stable isotopes  markers differentiated between feathers (P1 and P6) grown in different non-breeding areas. Discriminant functions were developed using isotope data from 22 tracked birds and a jackknife leave-one-out cross-validation procedure (training data; no repeated individual measures). Additional data from 10 tracked birds sampled in a second year were used to test discriminant function efficiency.
To investigate temporal variability in avian isotope values, differences in 𝛿15N and 𝛿13C values of P1 and P6in feathers between 2011 and 2012 were tested using linear mixed-effects models (LMMs), with a random ‘individual’ intercept. Likelihood ratio tests (LRTs) were used to compare full models with null models containing no fixed effect. 
While the prey of Balearic shearwaters during the non-breeding period are largely unknown, existing dietary observations collected during breeding (Oro & Ruiz, 1997; Arcos & Oro, 2002) were used to suggest four likely prey fish functional groups (pelagic spp. and demersal species both <>17cm and ><17cm in length, demersal spp. >17cm and <17cm in length; Table 1). All sSampled fishes were assigned to groups, and isotopic compositions were compared using one-way ANOVA and Tukey’s post-hoc tests. In cases wWhere heteroscedasticity was detected, data were log-transformed or one-way ANOVA tests with Welch’s correction were applied.
To examine diet during the non-breeding period, feather isotope ratios were compared to fish/squid data from known non-breeding areas (Guilford et al., 2012). Birds spending the non-breeding perioddistributed around the Strait of Gibraltar were excluded from dietary analysis as no matching prey samples were obtained here. Isotopic discrimination factors between feather protein and prey muscle protein have not been published for adult Procellariiformes. Therefore, to compare feather isotopes to prey data, the mean of published discrimination values for comparable species was applied to predator data (𝛿15N: 3.7‰, 𝛿13C: 1.9‰; Table S4). Standard deviations of ±1‰ for 𝛿15N and ±0.5‰ for 𝛿13C were added to account for uncertainty in discrimination factors.
To aid interpretation of feather isotope data, we examined levels of fishing activity within core non-breeding grounds of the tracked population. Fisheries effort data for the two ICES fishing areas closest to core Balearic shearwater non-breeding areas in 2012 were obtained (STECF, Report 14-20; STECF, 2014). Yearly totals of hours fished in ICES fishing rectangles were calculated for four gear groups (demersal seines/trawlers, pelagic seines/trawlers, longlines and unspecified gear types) and mapped in relation to core non-breeding areas. Only data from 2012 were used due to poor data coverage off western Iberia in 2011 (STECF, 2014). All analyses were carried out in R version 3.0.2 (R Core Team, 2013) and ArcGIS version 10.0. 


RESULTS

Device impacts

There were no significant differences in hatching success (proportion of eggs hatched) or fledging success (proportion of eggs hatched and fledged) between control and experimental nests (Hatching success: experimental = 0.74, control = 0.81; Fledging success: experimental = 0.65, control = 0.72; Fisher’s exact tests, P >0.05; n: experimental = 72, control = 23; Table S5).

Moult phenology

Based on 755 images, Balearic shearwaters predominantly moulted primaries between June and October, when most birds were in the northeast Atlantic (Fig. 2b, Appendix S1). No differences were found in timing and progression of moult for birds sighted in the three Atlantic areas (Fig. 2c). The optimal model containing Julian day (z-value = 2.364, P = <0.001) explained 76.4% of the deviance (Table 2). Of 67 birds scored from images taken in the Mediterranean (April-June), only one showed signs of primary moult. By September, the majority ofmost birds photographed in the northeast Atlantic had completed P1-P8 feather re-growth (Overall: 91%, n = 85; Bay of Biscay: 90%, n = 57; English Channel: 89%, n = 18; Strait of Gibraltar: 100%, n = 7) (Appendix S1). A larger proportion of birds were still growing P9 and P10 during September and October (Sept, P9: 54%; P10: 75%, n = 85; Oct, P9: 16%; P10: 37%, n = 43), coinciding with the species’ main period of return migration. We therefore confirm that P1 primarily reflects the period of arrival and early moult in non-breeding areas, while P6 reflects the core of the non-breeding period.

Non-breeding distributions

Forty-six geolocators were recovered, yielding 32 non-breeding tracks from 22 individuals for which feather isotope data were collected (n, 2011: males = 8, females = 9, 2012: males = 7, females = 8; birds sampled in both years = 11). Geolocators on three birds failed within 6 weeks of the first colony visit, but as most of the non-breeding season was captured these data were retained. 
Core non-breeding areas of the tracked population were similar between years (Fig. 3). Balearic shearwaters migrated to waters stretching from the Alboran Sea in the western Mediterranean to northern France in the northeast Atlantic, utilizing three main non-breeding areas (Bay of Biscay, coastal western Iberia, coastal southern Iberia; Fig. 3). 72% of birds spent the non-breeding season in the northeast Atlantic, while 28% of birds utilized both Atlantic and Mediterranean regions. Only one bird remained entirely in the Mediterranean. Over two years, all but one bird visiting the Bay of Biscay was female, but both sexes used waters off Iberia.	Comment by Rhiannon Meier: to varying extents	Comment by Rhiannon Meier: during non-breeding

Spatial patterns in feather isotope compositions

Isotope data were recovered from 32 tracked and nine untracked individuals (Table 3; Appendix S2). 𝛿15N and 𝛿13C values of P6 feathers and 𝛿15N values of P1 feathers were similar across years (LRTs, P1 𝛿15N: χ 21 = 0.019, P = 0.444, P6 𝛿15N: χ 21 = 0.297, P = 0.586, 𝛿13C: χ 21 = 3.287, P = 0.070; n2011 = 23, n2012 = 18; Fig. 3a & c, Table 3). However, P1 𝛿13C values were significantly higher in 2012 than 2011 (LRTs, P1 𝛿13C: χ 21 = 10.969, P = 0.001; Fig. 3c, Table 3). There were no significant isotopic differences between males and females utilizing non-breeding areas off Iberia (Wilcoxon rank sum test, 𝛿15N: W test-statistic range = 33-41, P >0.05; 𝛿13C: W range = 37-44, P >0.05; 1000 bootstrap iterations with no repeated ‘individual’ measures), although sample sizes for sexes occupying this breeding area were small.
Despite some overlap, birds foraging in the three non-breeding areas largely occupied different isotope niche space, with differences attributed predominantly to 𝛿15N values (Fig. 3a,c; Appendix S2). The isotope niche areas occupied by birds off western Iberia were smaller than those of birds in the Bay of Biscay and southern Iberia (P1: 63% and 83% of MCMC simulated posterior ellipse areas, respectively; P6: 97% and 96% of MCMC simulated posterior ellipse areas; Fig. S6). 
Two discriminant functions differentiated between stable isotopes in feathers from birds utilizing the different non-breeding areas (P1: Wilk’s lambda = 0.121, χ24 = 39.042, P <0.001; P6: Wilk’s lambda = 0.158, χ24 = 34.142, P <0.001; Table 4). The first and second discriminant functions accounted for 81% of the between-group variance for P1, and 74% of the between-group variance for P6. Discriminant functions correctly classified 91% of birds to their core non-breeding area in the P1 training data, and 86% of birds in the P6 training data. DFA accuracy for assigning birds in the test data to their non-breeding area was 70% and 60% for P1 and P6 feathers, respectively. Misclassifications almost exclusively occurred between birds from western Iberia and the areas further north or south.

Isotopic variation in potential prey

𝛿15N and 𝛿13C values differed among fish from both western Iberia and the Bay of Biscay (one-way ANOVA, western Iberia 𝛿15N: F3.76 = 45.49, P <0.001, 𝛿13C: F3,76 = 55.24, P <0.001; Bay of Biscay 𝛿15N: F3,117 = 46.66, P <0.001, 𝛿13C: FWELCH 3,29 = 30.41, P <0.001; Fig. 4). Significant differences predominantly occurred between pelagic and demersal fishes (post-hoc tests: P <0.05). No differences were found between the two pelagic size classes in either region (post-hoc tests: P >0.05), however demersal size classes differed in 𝛿15N and 𝛿13C values within the Bay of Biscay, and in 𝛿13C values off western Iberia (post-hoc tests: P <0.05). When fishes were grouped into single pelagic and demersal classes regardless of size, and compared alongside squid, isotope values differed significantly amongst the three prey groups, with the exception of demersal fishes and squid from western Iberia (one-way ANOVA, western Iberia 𝛿15N: F2,84  = 65.37, P <0.001, 𝛿13C: F2,84 = 56.60, P <0.001; Bay of Biscay 𝛿15N: FWELCH 2,26 = 46.59, P <0.001, 𝛿13C: FWELCH 2,35 = 17.33, P <0.001; Fig. 4). Demersal fishes and squid were enriched in 15N and 13C compared to pelagic species in both regions (post-hoc tests, P <0.001). Demersal fishes were also more enriched in 15N and 13C than squid in the Bay of Biscay (post-hoc tests, P <0.05), although not off western Iberia (post-hoc tests, 𝛿15N: P = 0.396, 𝛿13C: P = 0.802).

Linking isotopes in shearwaters and prey to infer foraging

For birds that foraged off western Iberia in 2012, fractionation-corrected feather isotope values were contained within observed pelagic fish niche space (Fig. 4). This indicates either natural foraging or consumption of discards from pelagic fisheries. For birds that foraged in the Bay of Biscay, fractionation-corrected feather isotope values overlapped with both pelagic and demersal prey niche space (Fig. 4), indicating partial dependence on discards from demersal fisheries. 
The core non-breeding grounds of birds in both the Bay of Biscay and off western Iberia overlapped with areas of relatively high demersal fishing effort (for vessels >10m in length) in 2012 (Fig. 5). STECF estimates of fishing effort for all gear types were similar in both non-breeding areas. 	Comment by Rhiannon Meier: four


DISCUSSION 

Here, we combined geolocation, stable isotope data and information on moult phenology to identify the feeding ecology of Balearic shearwaters during the non-breeding season. Our study provides strong indications that this species relies on a combination of pelagic and demersal prey, and suggests that foraging varies spatially within the NE Atlantic. The implications of our results with respect to likely drivers of changing distribution of this critically endangered seabird (e.g. climate and fisheries-induced change) and the threat of fisheries interactions are discussed below.

Non-breeding movements and feather isotopes

The core non-breeding distributions of Balearic shearwaters in areas off western Iberia and the Bay of Biscay are consistent with previous studies (Guilford et al., 2012). Furthermore, our results confirm that the main period of primary feather moult occurs between June and September when most Balearic shearwaters are distributed within Atlantic waters (Yésou, 1985; Mouriño et al., 2003). While isotope ratios in P1 and P6 provided information on diet during the early and central non-breeding period, a significant number of birds were still growing distal feathers (P9 and P10) during the main period of return migration to the Mediterranean.
While no consistent spatial differences were found in carbon isotopes of flight feathers (in accordance with similar studies, i.e. Roscales et al., 2011), we found a clear increase in feather 𝛿15N values from southern to northern non-breeding areas, which could reflect either trophic differences or spatial differences in baseline isotopes. Pelagic forage fish showed no difference in 𝛿15N values between Portuguese and French sampling sites, implying that the difference in feather 𝛿15N values likely reflects differences in dietary behaviour rather than differences in regional isotope baselines between the two Atlantic non-breeding areas. Existing food web studies in the NE Atlantic suggest complex patterns of spatio-temporal variability in isotopes, but do not point to large differences in 𝛿15N values between western Iberia and the Bay of Biscay (Bode et al., 2007; Chouvelon et al., 2012; Mèndez-Fernandez et al., 2012). The potential influence of different local sources of nitrogen on 𝛿15N in feathers cannot be ruled out in coastal Atlantic areas off Portugal and France, which are influenced by complex hydrological processes (Koutsikopoulos & Le Cann, 1996; Montoya, 2007; Relvas et al., 2007). Nevertheless, our coupled predator-prey data are consistent with previous work in the NE Atlantic, suggesting that differences in feeding ecology are the primary factors responsible for variations in isotopic compositions among seabirds in this region (i.e. Roscales et al., 2011).
Feather isotope compositions were relatively successful at assigning birds to NE Atlantic areas, but this discrimination appears to be based on dietary habits, and is likely to be specific to the population and time periods of sampling. Birds feeding in Mediterranean food webs, or in Atlantic waters influenced by Mediterranean outflow (Relvas et al., 2007), were generally more depleted in 15N than those that remained within NE Atlantic systems during the summer months. We could not differentiate trophic and spatial isotope influences on this group in the absence of prey data from southern Iberia. However, our findings are consistent with previous work, demonstrating potential use of stable isotopes for tracing regional-scale movement between Mediterranean and Atlantic systems (Gómez-Díaz & González-Solís, 2007; Ramos et al., 2009; Militão et al., 2013).

Non-breeding diet and implications for fisheries interactions

Our results suggest that Balearic shearwaters feed on a combination of pelagic fishes and fisheries discards. Off western Iberia pelagic fish dominated the diet. This is consistent with dietary and vessel-based studies within the Mediterranean, which demonstrate the importance of small schooling species such as European anchovies and sardines (Rebassa et al., 1998; Louzao et al., 2006; Navarro et al., 2009; Käkelä et al., 2010), as well as casual observations of birds feeding on pelagic fishes within Atlantic waters (Le Mao & Yésou, 1993; Gutiérrez & Figuerola, 1995). It is also possible that some pelagic fish are scavenged from pelagic fisheries, given recent reports of Balearic shearwater bycatch in purse seines, longlines and static nets off western Iberia (Oliveira et al., 2015). Fractionation-corrected 15N values in P1 feathers grown off western Iberia extended beyond the occupied niche space of pelagic fishes (Fig. 4), suggesting additional contributions of lower trophic level prey than those sampled. Indeed, recent evidence of krill consumption, and isotope compositions of macrozooplankton, suggest that zooplankton are more important for Balearic shearwaters than previously thought (Logan et al., 2011; Chouvelon et al., 2012; Varela et al., 2013; Louzao et al., 2015). 
For birds foraging in the Bay of Biscay, feather isotopes suggested a mixed diet of pelagic and demersal prey; similar generalist foraging has also been reported during the breeding season (Arcos et al., 2000; Arcos & Oro, 2002; Louzao et al., 2015). Since the diving range of Balearic shearwaters is limited (Meier et al., 2015), the most likely source of demersal fish is from fisheries discards. This interpretation is consistent with bycatch reports (Oliveira et al., 2015), anecdotal observations of Balearic shearwaters associating with fisheries in the Atlantic (e.g. Le Mao & Yésou, 1993), and the large number of images taken of the species at sea in close proximity to vessels. Nonetheless, we cannot discount the possibility that some dietary functional groups and nutrient sources may have been under-represented in the sampled prey base. Isotopic gradients in inshore-offshore and benthic-pelagic marine food webs have been documented within Atlantic study areas (Chouvelon et al., 2012; Mèndez-Fernandez et al., 2012), and the observed variation in isotopes could potentially reflect birds in the Bay of Biscay relying on more coastal food webs than those off western Iberia. However, existing knowledge of Atlantic distributions does not support this suggestion (Mayol-Serra et al., 2000; Mouriño et al., 2003; Poot, 2005; Guilford et al., 2012), and feathers from northern feeding birds were not depleted in 13C as would be expected in birds foraging further inshore (Hobson et al., 1994).

Implications for distribution shifts, changing fishery practices and conservation management

Our analysis suggests that changes in pelagic fish distribution and fisheries activity could both be contributing factors to observed changes in non-breeding distribution of the Balearic shearwater (Wynn et al., 2007; Votier et al., 2008; Luczak et al., 2011). Pelagic fish are clearly a primary food source during the non-breeding period, but evidence for demersal prey in the diet of Balearic shearwaters in the Bay of Biscay, and the lack of a similar signature in birds feeding off western Iberia, could reflect differences in the nature of fisheries discards targeted in the two areas. The apparent absence of demersal dietary components off western Iberia could equally reflect a lower propensity to scavenge on fisheries discards here or limited discarding. Interestingly, we found no evidence to suggest that birds in the Bay of Biscay were preferentially exposed to fishing activity compared to those feeding in western Iberian food webs, although cautious use of regional fishing effort estimates is recommended (STECF, 2014). 
The sensitivity of seabirds to discard availability is of particular interest given reforms to the European Union’s Common Fisheries Policy. A major component of these reforms is a landing obligation for all fish with a Total Allowable Catch, which will greatly reduce the amount of fish available to scavengers (Bicknell et al., 2013). For the Balearic shearwater, fisheries represent an important resource that may contribute significantly to energetic requirements (Arcos & Oro, 2002), influence foraging movements (Bartumeus et al., 2010) and affect breeding success (Louzao et al., 2006). Management changes may therefore impact this species, although it is unclear how birds will respond to altering practices given their generalist behaviour (Bicknell et al., 2013). Our isotope data form a reference for identifying future dietary shifts of this facultative scavenger in response to changing discard availability. Furthermore, our results emphasize the need to improve knowledge of fisheries interactions, bycatch rates and their spatio-temporal occurrence throughout the species’ distribution range, in order to understand the likely influence of changing fisheries practices on fitness and population viability. 
The importance of pelagic fishes to shearwaters utilizing NE Atlantic waters highlights the potential for prey field changes to cause population-level effects. Seabird populations can be influenced by environmental change through indirect effects on prey (Sydeman et al., 2015). In the case of the Balearic shearwater, prey-driven changes in non-breeding habitat use or behaviour (i.e. Luczak et al., 2011) could have negative downstream consequences for breeding ecology and survival (Harrison et al., 2011). A fuller understanding of prey distributions and their response to climate change is therefore imperative for understanding and managing future population trends of this threatened species. 
In summary, we show that Balearic shearwaters feed on both pelagic and demersal prey during the non-breeding season, although their relative dietary contribution varies with location. Fisheries have been assessed as a serious threat to Balearic shearwaters, therefore our findings emphasise the need to address major knowledge gaps regarding fisheries interactions, and to implement bycatch mitigation within key non-breeding areas. We additionally highlight the utility of complementary tracking techniques for understanding feeding ecology during important at-sea phases, provide baseline data that should allow future identification of shifting dietary habits, and demonstrate the potential of stable isotope approaches for identifying movements of Balearic shearwaters between distinct ocean basins. 

Acknowledgements 

Authors thank the Government of the Balearic Islands Servei de Protecció de Espècies and staff of the Natural Park of Sa Dragonera for research permits and field accommodation. Thanks to Rui Vieira, Marina Cunha, Laurence Pennors, CESAM - University of Aveiro, and staff of Station Ifremer de Lorient for field support and laboratory space. We thank Greg Morgan, Gavin Meier, Lavinia Suberg, Alice Jones and Biel Sevilla for field assistance, Anna Peel and Teresa Donohue for assistance with moult scoring and laboratory work, Jeroen Van Der Kooij and STECF for access to fisheries data, and photographers who contributed photographs (see SI). We thank Paco Bustamante and Christine Dupuy from LIENSs, and the European project REPRODUCE (EratNet-Marifish, FP7) for funding fieldwork and isotope analysis of fishes collected during IFREMER PELGAS 2011 and 2012 cruises (thanks to staff of both cruises for facilitating sampling, particularly Jacques Masse and Mathieu Doray). Isotope analysis of these samples was further supported by a PhD grant of A. Dessier (funding Conseil Régional de Poitou Charentes) and post-doctoral fellowship of T. Chouvelon (funding “Agence Nationale pour la Recherche Scientifique”), and was undertaken by the “Plateforme isotopique” from the LIENSs laboratory. This study was funded by the Natural Environment Research Council, UK (grant no. NE/J500227/1; EK 192-02/12), the Total Foundation and the National Oceanography Centre.



















References

Alexander, S.A., Hobson, K.A., Gratto-Trevor, C.L. & Diamond, A.W. (1996) Conventional and isotopic determinations of shorebird diets at an inland stopover: the importance of invertebrates and Potamogeton pectinatus tubers. Canadian Journal of Zoology, 74, 1057-1068.
Anderson, O.R.J., Small, C.J., Croxall, J.P., Dunn, E.K., Sullivan, B.J., Yates, O. & Black, A. (2011) Global seabird bycatch in longline fisheries. Endangered Species Research, 14, 91-106.
Arcos, J.M. (2011) International species action plan for the Balearic shearwater, Puffinus mauretanicus. SEO/BirdLife and BirdLife International,
Arcos, J.M. & Oro, D. (2002) Significance of fisheries discards for a threatened Mediterranean seabird, the Balearic shearwater Puffinus mauretanicus. Marine Ecology Progress Series, 239, 209-220.
Arcos, J.M., Massutí, E., Abelló, P. & Oro, D. (2000) Fish associated with floating drifting objects as a feeding resource for Balearic Shearwaters Puffinus mauretanicus during the breeding season. Ornis Fennica, 77, 177-182.
Barbraud, C. & Weimerskirch, H. (2003) Climate and density shape population dynamics of a marine top predator. Proceedings of the Royal Society of London B: Biological Sciences, 270, 2111-2116.
Bartumeus, F., Giuggioli, L., Louzao, M., Bretagnolle, V., Oro, D. & Levin, S.A. (2010) Fishery discards impact on seabird movement patterns at regional scales. Current Biology, 20, 215-222.
Bearhop, S., Waldron, S., Votier, S.C. & Furness, R.W. (2002) Factors that influence assimilation rates and fractionation of nitrogen and carbon stable isotopes in avian blood and feathers. Physiological and Biochemical Zoology, 75, 451-458.
Bicknell, A.W., Oro, D., Camphuysen, K.C. & Votier, S.C. (2013) Potential consequences of discard reform for seabird communities. Journal of Applied Ecology, 50, 649-658.
Block, B.A., Teo, S.L.H., Walli, A., Boustany, A., Stokesbury, M.J.W., Farwell, C.J., Weng, K.C., Dewar, H. & Williams, T.D. (2005) Electronic tagging and population structure of Atlantic bluefin tuna. Nature, 434, 1121-1127.
Bode, A., Alvarez-Ossorio, M.T., Cunha, M.E., Garrido, S., Peleteiro, J.B., Porteiro, C., Valdés, L. & Varela, M. (2007) Stable nitrogen isotope studies of the pelagic food web on the Atlantic shelf of the Iberian Peninsula. Progress in Oceanography, 74, 115-131.
Bograd, S.J., Block, B.A., Costa, D.P. & Godley, B.J. (2010) Biologging technologies: new tools for conservation. Introduction. Endangered Species Research, 10, 1-7.
Cabral, H. & Murta, A. (2002) The diet of blue whiting, hake, horse mackerel and mackerel off Portugal. Journal of Applied Ichthyology, 18, 14-23.
Cherel, Y. & Hobson, K.A. (2007) Geographical variation in carbon stable isotope signatures of marine predators: a tool to investigate their foraging areas in the Southern Ocean. Marine Ecology Progress Series, 329, 281-287.
Chouvelon, T., Spitz, J., Cherel, Y., Caurant, F., Sirmel, R., Mèndez-Fernandez, P. & Bustamante, P. (2011) Inter-specific and and ontogenic differences in δ13C and δ15N values and Hg and Cd concentrations in cephalopods. Marine Ecology Progress Series, 433, 107-120.
Chouvelon, T., Violamer, L., Dessier, A., Bustamante, P., Mornet, F., Pignon-Mussaud, C. & Dupuy, C. (2015) Small pelagic fish feeding patterns in relation to food resource variability: an isotopic investigation for Sardina pilchardus and Engraulis encrasicolus from the Bay of Biscay (north-east Atlantic). Marine Biology, 162, 15-37.
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 stable isotopic signatures – The case of an open ecosystem: The Bay of Biscay (North-East Atlantic). Progress in Oceanography, 101, 92-105.
Costa, D.P., Breed, G.A. & Robinson, P.W. (2012) New insights into pelagic migrations: implications for ecology and conservation. Annual Review of Ecology, Evolution and Systematics, 43, 73-96. 
Croxall, J.P., Butchart, S.H.M., Lascelles, B., Stattersfield, A.J., Sullivan, B., Symes, A. & Taylor, P. (2012) Seabird conservation status, threats and priority actions: a global assessment. Bird Conservation International, 22, 1-34.
Duong, T. (2013) ks: Kernel smoothing. R package version 1.8.13.
Ferraton, F., Harmelin Vivien, M., Mellon-Duval, C. & Souplet, A. (2007) Spatio-temporal variation in diet may affect condition and abundance of juvenile European hake in the Gulf of Lions (NW Mediterranean). Marine Ecology Progress Series, 336, 197-208.
Furness, R.W. (2003) Impacts of fisheries on seabird communities. Scientia Marina, 67, 33-45.
Garrido, S., Ben-Hamadou, R., Oliveira, P.B., Cunha, M.E., Chícharo, M.A. & van der Lingen, C.D. (2008) Diet and feeding intensity of sardine Sardina pilchardus: correlation with satellite-derived chlorophyll data. Marine Ecology Progress Series, 354, 245-256.
Genovart, M., Arcos, J.M., Álvarez, D., McMinn, M., Meier, R., Wynn, R., Guilford, T. & Oro, D. (2016) Demography of the critically endangered Balearic shearwater: the impact of fisheries and time to extinction. Journal of Animal Ecology, doi: 10.1111/1365-2664.12622.
Ginn, H. & Melville, D. (1983) Moult in birds. British Trust for Ornithology, Tring,
Gómez-Díaz, E. & González-Solís, J. (2007) Geographic assignment of seabirds to their origin: Combining morphologic, genetic, and biogeochemical analyses. Ecological Applications, 17, 1484-1498.
Graham, B.S., Koch, P.L., Newsome, S.D., McMahon, K.W. & Aurioles, D. (2010) Using isoscapes to trace the movements and foraging behavior of top predators in oceanic ecosystems. Isoscapes: understanding movement, pattern, and process on Earth through isotope mapping (ed. by J. West, G. Bowen, T. Dawson and K. Tu), pp. 299-318. Springer, New York.
Grémillet, D. & Boulinier, T. (2009) Spatial ecology and conservation of seabirds facing global climate change: a review. Marine Ecology Progress Series, 391, 121-137.
Guilford, T., Wynn, R., McMinn, M., Rodríguez, A., Fayet, A., Maurice, L., Jones, A. & Meier, R. (2012) Geolocators reveal migration and pre-breeding behaviour of the critically endangered Balearic shearwater Puffinus mauretanicus. PLoS ONE, 7, e33753.
Gutiérrez, R. & Figuerola, J. (1995) Wintering distribution of the Balearic Shearwater (Puffinus Yelkouan Mauretanicus, Lowe 1921) off the Northeastern coast of Spain. Ardeola, 42, 161-166.
Hansen, J.H., Hedeholm, R.B., Sünksen, K., Christensen, J.T. & Grønkjær, P. (2012) Spatial variability of carbon (δ13C) and nitrogen (δ15N) stable isotope ratios in an Arctic marine food web. Marine Ecology Progress Series, 467, 47-59.
Harrison, X.A., Blount, J.D., Inger, R., Norris, D.R. & Bearhop, S. (2011) Carry‐over effects as drivers of fitness differences in animals. Journal of Animal Ecology, 80, 4-18.
Hazen, E.L., Maxwell, S.M., Bailey, H., Bograd, S.J., Hamann, M., Gaspar, P., Godley, B.J. & Shillinger, G.L. (2012) Ontogeny in marine tagging and tracking science: technologies and data gaps. Marine Ecology Progress Series, 457, 221-240.
Hislop, J., Robb, A., Bell, M. & Armstrong, D. (1991) The diet and food consumption of whiting (Merlangius merlangus) in the North Sea. ICES Journal of Marine Science, 48, 139-156.
Hobson, K.A. & Clark, R.G. (1992) Assessing avian diets using stable isotopes I: Turnover of 13C in tissues. Condor, 94, 181-188.
Inger, R. & Bearhop, S. (2008) Applications of stable isotope analyses to avian ecology. Ibis, 150, 447-461.
Jackson, A.L., Inger, R., Parnell, A.C. & Bearhop, S. (2011) Comparing isotopic niche widths among and within communities: SIBER–Stable Isotope Bayesian Ellipses in R. Journal of Animal Ecology, 80, 595-602.
Jaeger, A., Lecomte, V.J., Weimerskirch, H., Richard, P. & Cherel, Y. (2010) Seabird satellite tracking validates the use of latitudinal isoscapes to depict predators' foraging areas in the Southern Ocean. Rapid Communications in Mass Spectrometry, 24, 3456-3460.
Jardas, I., Šantić, M. & Pallaoro, A. (2004) Diet composition and feeding intensity of horse mackerel, Trachurus trachurus (Osteichthyes: Carangidae) in the eastern Adriatic. Marine Biology, 144, 1051-1056.
Jennings, S. & Warr, K. (2003) Environmental correlates of large-scale spatial variation in the δ15N of marine animals. Marine Biology, 142, 1131-1140.
Jones, A., Wynn, R., Yésou, P., Thébault, L., Collins, P., Suberg, L., Lewis, K. & Brereton, T. (2014) Using integrated land-and boat-based surveys to inform conservation of the Critically Endangered Balearic shearwater Puffinus mauretanicus in northeast Atlantic waters. Endangered Species Research, 25, 1-18.
Käkelä, R., Käkelä, A., Martinez-Abraín, A., Sarzo, B., Louzao, M., Gerique, C., Villuendas, E., Strandberg, U., Furness, R.W. & Oro, D. (2010) Fatty acid signature analysis confirms foraging resources of a globally endangered Mediterranean seabird species: calibration test and application to the wild. Marine Ecology Progress Series, 398, 245-258.
Kiljunen, M., Grey, J., Sinisalo, T., Harrod, C., Immonen, H. & Jones, R.I. (2006) A revised model for lipid‐normalizing δ13C values from aquatic organisms, with implications for isotope mixing models. Journal of Applied Ecology, 43, 1213-1222.
Korkmaz, S., Goksuluk, D. & Zararsiz, G. (2014) MVN: An R package for assessing multivariate normality. The R Journal, 6, 151-163.
Koutsikopoulos, C. & Le Cann, B. (1996) Physical processes and hydrological structures related to the Bay of Biscay anchovy. Scientia Marina, 60, 9-19.
Langøy, H., Nøttestad, L., Skaret, G., Broms, C. & Fernö, A. (2012) Overlap in distribution and diets of Atlantic mackerel (Scomber scombrus), Norwegian spring-spawning herring (Clupea harengus) and blue whiting (Micromesistius poutassou) in the Norwegian Sea during late summer. Marine Biology Research, 8, 442-460.
Le Mao, P. & Yésou, P. (1993) The annual cycle of Balearic shearwaters and western Mediterranean Yellow-legged gulls: some ecological considerations.  Status and Conservation of Seabirds - Proceedings of the 2nd Mediterranean Seabird Symposium (ed by J.S. Aguilar, X. Monbailliu and A.M. Paterson), pp. 135-145.  Madrid, Spain.
Lewison, R.L., Oro, D., Godley, B.J., Underhill, L., Bearhop, S., Wilson, R.P., Ainley, D., Arcos, J.M., Boersma, P.D., Borboroglu, P.G., Boulinier, T., Frederiksen, M., Genovart, M., González-Solis, J., Green, J.A., Grémillet, D., Hamer, K.C., Hilton, G.M., Hyrenbach, K.D., Martínez-Abraín, A., Montevecchi, W.A., Phillips, R.A., Ryan, P.G., Sagar, P.M., Sydeman, W.J., Wanless, S., Watanuki, Y., Weimerskirch, H. & Yorio, P. (2012) Research priorities for seabirds: improving conservation and management in the 21st century. Endangered Species Research, 17, 93-121.
Lewison, R.L., Crowder, L.B., Wallace, B.P., Moore, J.E., Cox, T., Zydelis, R., McDonald, S., DiMatteo, A., Dunn, D.C., Kot, C.Y., Bjorkland, R., Kelez, S., Soykan, C., Stewart, K.R., Sims, M., Boustany, A., Read, A.J., Halpin, P., Nichols, W.J. & Safina, C. (2014) Global patterns of marine mammal, seabird, and sea turtle bycatch reveal taxa-specific and cumulative megafauna hotspots. Proceedings of the National Academy of Sciences of the United States of America, 111, 5271-5276.
Logan, J.M., Rodríguez-Marín, E., Goñi, N., Barreiro, S., Arrizabalaga, H., Golet, W. & Lutcavage, M. (2011) Diet of young Atlantic bluefin tuna (Thunnus thynnus) in eastern and western Atlantic foraging grounds. Marine Biology, 158, 73-85.
Lopez-Lopez, L., Preciado, I., Velasco, F., Olaso, I. & Gutiérrez-Zabala, J. (2011) Resource partitioning amongst five coexisting species of gurnards (Scorpaeniforme: Triglidae): Role of trophic and habitat segregation. Journal of Sea Research, 66, 58-68.
Louzao, M., García, D., Rodríguez, B. & Abelló, P. (2015) Evidence of krill in the diet of Balearic shearwaters Puffinus mauretanicus. Marine Ornithology, 43, 49-51.
Louzao, M., Delord, K., García, D., Boué, A. & Weimerskirch, H. (2012) Protecting persistent dynamic oceanographic features: transboundary conservation efforts are needed for the critically endangered Balearic shearwater. PLoS ONE, 7, e35728.
Louzao, M., Igual, J.M., McMinn, M., Aguilar, J.S., Triay, R. & Oro, D. (2006) Small pelagic fish, trawling discards and breeding performance of the critically endangered Balearic shearwater: improving conservation diagnosis. Marine Ecology Progress Series, 318, 247-254.
Luczak, C., Beaugrand, G., Jaffré, M. & Lenoir, S. (2011) Climate change impact on Balearic shearwater through a trophic cascade. Biology Letters, 7, 702-705.
MacKenzie, K.M., Longmore, C., Preece, C., Lucas, C.H. & Trueman, C.N. (2014) Testing the long-term stability of marine isoscapes in shelf seas using jellyfish tissues. Biogeochemistry, 121, 441-454.
McConnaughey, T. & McRoy, C. (1979) Food-web structure and the fractionation of carbon isotopes in the Bering Sea. Marine Biology, 53, 257-262.
McMahon, K.W., Hamady, L.L. & Thorrold, S.R. (2013) A review of ecogeochemistry approaches to estimating movements of marine animals. Limnology and Oceanography, 58, 697-714.
Meier, R.E. (2015) The at-sea behaviour and ecology of the critically endangered Balearic shearwater. PhD Thesis, University of Southampton, UK.
Meier, R.E., Wynn, R.B., Votier, S.C., McMinn Grivé, M., Rodríguez, A., Maurice, L., van Loon, E.E., Jones, A., Suberg, L., Arcos, J.C., Morgan, G., Josey, S.A. & Guilford, T. (2015) Consistent foraging areas and commuting corridors of the critically endangered Balearic shearwater Puffinus mauretanicus in the northwestern Mediterranean. Biological Conservation, 190, 87-97.
Mèndez-Fernandez, P., Bustamante, P., Bode, A., Chouvelon, T., Ferreira, M., López, A., Pierce, G.J., Santos, M.B., Spitz, J., Vingada, J.V. & Caurant, F. (2012) Foraging ecology of five toothed whale species in the Northwest Iberian Peninsula, inferred using carbon and nitrogen isotope ratios. Journal of Experimental Marine Biology and Ecology, 413, 150-158.
Militão, T., Bourgeois, K., Roscales, J.L. & González-Solís, J. (2013) Individual migratory patterns of two threatened seabirds revealed using stable isotope and geolocation analyses. Diversity and Distributions, 19, 317-329.
Montoya, J.P. (2007) Natural abundance of 15N in marine planktonic ecosystems. Stable Isotopes in Ecology and Environmental Science (ed. by R. Michener and K. Lajtha), pp. 176-201. Blackwell Publishing, Oxford.
Mouriño, J., Arcos, F., Salvadores, R., Sandoval, A. & Vidal, C. (2003) Status of the Balearic shearwater (Puffinus mauretanicus) on the Galician coast (NW Iberian Peninsula). Scientia Marina, 67, 135-142.
Navarro, J., Louzao, M., Igual, J.M., Oro, D., Delgado, A., Arcos, J.M., Genovart, M., Hobson, K.A. & Forero, M.G. (2009) Seasonal changes in the diet of a critically endangered seabird and the importance of trawling discards. Marine Biology, 156, 2571-2578.
Newton, I. (1998) Population limitation in birds. Academic press, London.
Olaso, I., Gutiérrez, J.L., Villamor, B., Carrera, P., Valdés, L. & Abaunza, P. (2005) Seasonal changes in the north-eastern Atlantic mackerel diet (Scomber scombrus) in the north of Spain (ICES Division VIIIc). Journal of the Marine Biological Association of the United Kingdom, 85, 415-418.
Oliveira, N., Henriques, A., Miodonski, J., Pereira, J., Marujo, D., Almeida, A., Barros, N., Andrade, J., Marçalo, A., Santos, J., Oliveira, I.B., Ferreira, M., Araújo, H., Monteiro, S., Vingada, J. & Ramírez, I. (2015) Seabird bycatch in Portuguese mainland coastal fisheries: An assessment through on-board observations and fishermen interviews. Global Ecology and Conservation, 3, 51-61.
Oro, D. & Ruiz, X. (1997) Exploitation of trawler discards by breeding seabirds in the north-western Mediterranean: Differences between the Ebro Delta and the Balearic Islands areas. ICES Journal of Marine Science, 54, 695-707.
Parnell, A. & Jackson, A.L. (2013) siar: Stable Isotope Analysis in R. R package version 4.2. http://CRAN.R-project.org/package-siar.
Pierce, G.J., Boyle, P.R., Hastie, L.C. & Santos, M.B. (1994) Diets of squid Loligo forbesi and Loligo vulgaris in the northeast Atlantic. Fisheries Research, 21, 149-163.
Plounevez, S. & Champalbert, G. (1999) Feeding behaviour and trophic environment of Engraulis encrasicolus (L.) in the Bay of Biscay. Estuarine, Coastal and Shelf Science, 49, 177-191.
Post, D.M. (2002) Using stable isotopes to estimate trophic position: models, methods, and assumptions. Ecology, 83, 703-718.
Quéro, J.-C., Desoutter, M. & Lagardère, F. (1986) Soleidae. Fishes of the North-eastern Atlantic and the Mediterranean (ed. by P.J.P. Whitehead, M.-L. Bauchot, J.-C. Hureau, J. Nielsen and E. Tortonese). UNESCO, Paris.
R Core Team (2013) R: A language and environment for statistical computing. R Foundation for Statistical Computing.
Ramos, R. & González-Solís, J. (2012) Trace me if you can: the use of intrinsic biogeochemical markers in marine top predators. Frontiers in Ecology and the Environment, 10, 258-266.
Ramos, R., González-Solís, J. & Ruiz, X. (2009) Linking isotopic and migratory patterns in a pelagic seabird. Oecologia, 160, 97-105.
Rebassa, M., Suàrez, M. & Sunyer, J. (1998) Notes on the foraging behaviour of the Balearic Shearwater Puffinus mauretanicus. Anuari Ornitològic de les Balears, 12, 125-127.
Relvas, P., Barton, E.D., Dubert, J., Oliveira, P.B., Peliz, A., da Silva, J. & Santos, A.M.P. (2007) Physical oceanography of the western Iberia ecosystem: Latest views and challenges. Progress in Oceanography, 74, 149-173.
Reubens, J., Degraer, S. & Vincx, M. (2011) Aggregation and feeding behaviour of pouting (Trisopterus luscus) at wind turbines in the Belgian part of the North Sea. Fisheries Research, 108, 223-227.
Roscales, J.L., Gómez-Díaz, E., Neves, V. & González-Solís, J. (2011) Trophic versus geographic structure in stable isotope signatures of pelagic seabirds breeding in the northeast Atlantic. Marine Ecology Progress Series, 434, 1-13.
Stagioni, M., Montanini, S. & Vallisneri, M. (2012) Feeding of tub gurnard Chelidonichthys lucerna (Scorpaeniformes: Triglidae) in the north-east Mediterranean. Journal of the Marine Biological Association of the United Kingdom, 92, 605-612.
STECF (2014) Evaluation of Fishing Effort Regimes in European Waters - Part 2 (STECF 14-20). In: (ed. S. Holmes), p. 844, Publications Office of the European Union, Luxembourg, EUR 27027 EN, JRC 93183  (Available at: http://datacollection.jrc.ec.europa.eu/data-dissemination ).
Svetovidov, A.N. (1986) Gadidae. Fishes of the North-eastern Atlantic and the Mediterranean (ed. by P.J.P. Whitehead, M.-L. Bauchot, J.-C. Hureau, J. Nielsen and E. Tortonese). UNESCO, Paris.
Sydeman, W.J., Poloczanska, E., Reed, T.E. & Thompson, S.A. (2015) Climate change and marine vertebrates. Science, 350, 772-777.
Trueman, C.N., MacKenzie, K.M. & Palmer, M.R. (2012) Identifying migrations in marine fishes through stable-isotope analysis. Journal of Fish Biology, 81, 826-847.
Varela, J.L., Rodríguez-Marín, E. & Medina, A. (2013) Estimating diets of pre-spawning Atlantic bluefin tuna from stomach content and stable isotope analyses. Journal of Sea Research, 76, 187-192.
Votier, S.C., Bearhop, S., Attrill, M.J. & Oro, D. (2008) Is climate change the most likely driver of range expansion for a critically endangered top predator in northeast Atlantic waters? Biology Letters, 4, 204-205.
Wand, M. (2013) KernSmooth: Functions for kernel smoothing for Wand & Jones (1995). R package version 2.23-10. http://CRAN.R-project.org/package=KernSmooth.
Witt, M.J., Bonguno, E.A., Broderick, A.C., Coyne, M.S., Formia, A., Gibudi, A., Mounguengui, G.A.M., Moussounda, C., NSafou, M., Nougessono, S., Parnell, R.J., Sounguet, G.-P., Verhage, S. & Godley, B.J. (2011) Tracking leatherback turtles from the world's largest rookery: assessing threats across the South Atlantic. Proceedings of the Royal Society of London B: Biological Sciences, 278, 2338-2347.
Wynn, R.B., Josey, S.A., Martin, A.P., Johns, D.G. & Yésou, P. (2007) Climate-driven range expansion of a critically endangered top predator in northeast Atlantic waters. Biology Letters, 3, 529-532.
Yésou, P. (1985) Nouvelles donnees sur la mue de Puffinus p. mauretanicus. Oiseau et la Revue Francaise d'Ornithologie, 55, 177-182.
Zbinden, J.A., Bearhop, S., Bradshaw, P., Gill, B., Margaritoulis, D., Newton, J. & Godley, B.J. (2011) Migratory dichotomy and associated phenotypic variation in marine turtles revealed by satellite tracking and stable isotope analysis. Marine Ecology Progress Series, 421, 291-302.

Supporting Information 

Additional supporting information may be found in the online version of this article:

Appendix S1 Moult phenology data
Appendix S2 Spatial assignment of birds to non-breeding area 
Appendix S3 Published seabird discrimination factors between feathers and diet
Appendix S4 Breeding success data 

Table S1 Inter-observer agreement in assessment of primary feather moult
Table S2 Mean (± SD) isotope values of P1 and P6 feathers based on non-breeding area
Table S3 Extent of SEAc overlap between non-breeding areas of tracked shearwaters
Table S4 Published nitrogen and carbon diet-feather discrimination factors for seabirds
Table S5 Breeding success of experimental and control nests between 2011 and 2013
Figure S1 Example images of birds in different stages of wing feather moult
Figure S2 Mean (± SD) total moult score of primary feathers for scored birds by month
Figure S3 Proportion of birds within scored images in different stages of a) P1 and b) P6 feather moult between June and September
Figure S4 a) 50% KDE centroids and b) median non-breeding locations of shearwaters
Figure S5 a) 𝛿15N and b) 𝛿13C values in P1, P3, P6, P9 and S19 feathers of tracked birds
Figure S6 The uncertainty in standard ellipse areas for the three non-breeding areas

As a service to our authors and readers, this journal provides supporting information supplied by the authors.  Such materials are peer-reviewed and may be re-organized for online delivery, but are not copy-edited or typeset. Technical support issues arising from supporting information (other than missing files) should be addressed to the authors.











Biosketch

The authors of this study form an interdisciplinary team from a range of institutions in the UK, Spain and France, and have research interests and expertise that cover the fields of isotope ecology & biogeochemistry, seabird ecology, animal behaviour, fisheries science, foraging & spatial ecology, bio-logging and conservation science. 

Author contributions: R.E.M, C.N.T, S.C.V, R.B.W & T.G conceived the ideas; R.E.M, R.B.W, T.G, M.M, A.R, L.M, T.C & A.D collected the data; R.E.M, J.N, T.C & A.D performed the stable isotope analysis; R.E.M conducted the data analysis and led the writing, and all authors contributed comments and revisions to drafts of the manuscript. 


























Tables

Table 2 Results of model selection for binomial GLMs with logit link functions applied on re-scaled total primary moult score data. Measures of second-order akaike information criteria, delta AICc components and akaike weights are shown. The most parsimonious model is shown in bold. “:” = interaction term.

	Model
	AICc
	ΔAICc
	AICc wt

	Null
	73.82
	32.79
	0.00

	Yrday
	41.0
	0.00
	0.85

	Yrday + Region
	44.8
	3.76
	0.13

	Yrday:Region
	48.8
	7.80
	0.02


























Table 3 The mean (± SD) of 𝛿15N and 𝛿13C values from four Balearic shearwater primary feathers (P1, P3, P6, P9) and one secondary feather (S19), grown during the non-breeding period in 2011 and 2012 (n: P1 & P6 = 41, P3, P9 & S19 = 18). Ranges are shown in square parentheses. 

	
	2011
	2012

	Primary
	𝛿15N (‰)
	𝛿13C (‰)
	𝛿15N (‰)
	𝛿13C (‰)

	P1
	13.7 (±1.6)
[9.9-15.6]
	-16.9 (±0.7)
[-18.1--16.2]
	13.7 (±1.6)
[10.8-16.2]
	-16.1(±0.8)
[-17.8--14.9]

	P3
	---
	---
	14.3 (±1.3)
[11.9-16.3]
	-16.1 (±0.5)
[-17.3--15.4]

	P6
	14.5 (±1.3)
[11.2-16.2]
	-16.5 (±0.7)
[-18.0--15.4]
	14.5 (±1.3)
[12.2-16.9]
	-16.1 (±0.7)
[-17.4--14.2]

	P9
	---
	---
	13.6 (±1.9)
[10.1-16.8]
	-16.1 (±0.4)
[-16.8--14.7]

	S19
	---
	---
	13.7 (±1.3)
[11.7-15.9]
	-16.4 (±0.5)
[-17.3--15.5]




















Table 4 The assignment of tracked birds to non-breeding areas by discriminant functions obtained from linear discriminant function analysis based on 𝛿15N and 𝛿13C values in primary feathers (P1 and P6). The number (and proportion) of correctly classified birds using training (n = 22) and test (n = 10) data is given (rows = observed classes, columns = predicted classes). Cross-validation on the training data resulted in 86% (P1) and 77% (P6) accuracy. W. Iberia = Western Iberian Peninsula, Biscay = Bay of Biscay, SOG/Med = Southern Iberia and the Mediterranean.

	Feather
	
	W.Iberia
	Biscay
	SOG/Med.
	Accuracy

	P1 (training)*
	W. Iberia 
	7 (0.88)
	0 (0.00)
	1 (0.12)
	91 %

	
	Biscay 
	0 (0.00)
	7 (1.00)
	0 (0.00)
	

	
	SOG/Med
	1 (0.14)
	0 (0.00)
	6 (0.86)
	

	P1 (test)
	W. Iberia 
	2 (0.67)
	1 (0.33)
	0 (0.00)
	70 %

	
	Biscay 
	2 (0.67)
	1 (0.33)
	0 (0.00)
	

	
	SOG/Med.
	0 (0.00)
	0 (0.00)
	4 (1.00)
	

	P6 (training)†
	W. Iberia 
	9 (1.00)
	0 (0.00)
	0 (0.00)
	86 %

	
	Biscay 
	1 (0.14)
	6 (0.86)
	0 (0.00)
	

	
	SOG/Med. 
	2 (0.33)
	0 (0.00)
	4 (0.67)
	

	P6 (test)
	W. Iberia 
	3 (1.00)
	0 (0.00)
	0 (0.00)
	60 %

	
	Biscay 
	1 (0.33)
	2 (0.66)
	0 (0.00)
	

	
	SOG/Med.
	2 (0.50)
	1 (0.25)
	1 (0.25)
	


Discriminant functions: 
*P1: D1 = 1.577 * 𝛿15N – 1.162 * 𝛿13C – 40.852; D2 = -0.043 * 𝛿15N + 1.524 * 𝛿13C + 25.735
†P6: D1 = 1.717 * 𝛿15N -1.398 * 𝛿13C – 47.702; D2 = 0.177 * 𝛿15N + 1.799 * 𝛿13C + 26.940
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Table 1 Mean (± SD) muscle carbon and nitrogen stable isotope values of sampled fish and squid species from the Bay of Biscay and western Iberian coast in 2012. Sample sizes (n). total length (TL) and dietary/habitat information used to assign species to functional groups are shown (literature sources in footnotes). 

	
	
	
	Western Iberia
	Bay of Biscay

	Species
	Diet [Habitat]
	Group
	n
	𝛿15N (‰)
	𝛿13C (‰)
	TL (cm)
	n
	𝛿15N (‰)
	𝛿13C (‰)
	TL (cm)

	Sardina pilchardus
	ZP2 [P]
	P
	10
	10.8 (±0.1)
	-18.3 (±0.1)
	11.9 (±0.8)
	30
	11.2 (±0.8)
	-17.8 (±0.4)
	19.8 (±2.6)

	Engraulis encrasicolus
	ZP3 [P]
	P
	10
	11.3 (±0.3)
	-17.8 (±0.3)
	14.6 (±0.8)
	24
	10.5 (±1.0)
	-18.1 (±0.5)
	14.8 (±1.9)

	Trachurus trachurus
	F,CR,ZP,CE4,5 [P]
	P
	10
	11.6 (±0.9)
	-18.8 (±0.6)
	11.5 (±1.0)
	9
	11.6 (±0.8)
	-17.8 (±0.2)
	30.4 (±2.1)

	Scomber scombrus
	ZP,F,CR,CE4,6 [P]
	P
	10
	11.4 (±0.8)
	-17.9 (±0.5)
	25.1 (±1.1)
	10
	12.3 (±0.8)
	-17.9 (±0.5)
	27.0 (±1.3)

	Micromesistius poutassou
	ZP,CR,F4,7 [BAP]
	P
	10
	---
	---
	---
	8
	10.8 (±0.3)
	-18.8 (±0.2)
	25.8 (±1.3)

	Trisopterus luscus
	CR,F,M,PO13,14 [BP]
	D
	10
	13.1 (±0.6)
	-17.0 (±0.7)
	15.6 (±5.3)
	10
	12.0 (±0.5)
	-18.4 (±0.3)
	17.9 (±2.1)

	Merluccius merluccius
	F,CR1,4 [D]
	D*
	10
	13.3 (±0.3)
	-17.4 (±0.2)
	35.0 (±1.7)
	10
	10.2 (±0.4)
	-19.6 (±0.2)
	15.4 (±1.1)

	Microchirus variegatus
	CR,PO,M12 [D]
	D
	10
	---
	---
	---
	10
	13.3 (±0.4)
	-16.6 (±0.2)
	23.5 (±1.5)

	Merlangius merlangus
	M,CR,F,PO8 [BP]
	D
	10
	---
	---
	---
	10
	15.3 (±0.4)
	-16.9 (±0.3)
	30.9 (±1.3)

	Dicologlossa cuneata
	M,CR,PO12[D]
	D
	10
	12.1 (±0.5)
	-16.7 (±0.3)
	15.1 (0.9)
	10
	---
	---
	---

	Chelidonichthys lucerna
	CR,F,M,PO9,10 [D]
	D
	10
	13.4 (±0.5)
	-16.4 (±0.5)
	15.4 (±1.8)
	10
	---
	---
	---

	Loligo spp.
	F,CR,CE11
	P
	7
	12.6 (±0.6)
	-17.0 (±0.2)
	17.8 (±6.0)†
	10
	12.3 (±0.6)
	-17.7 (±0.3)
	13.2 (±1.4)†


TL =total length; F =fish; CR =crustaceans; M =molluscs; PO= polychaetes; CE =cephalopods; ZP =zooplankton; P =pelagic; D =demersal; BAP =bathypelagic; BP =benthopelagic
*Juvenile hake from the Bay of Biscay (14 -17 cm) were grouped with pelagic species as are likely to exploit similar dietary resources to pelagic fishes (see Ferraton et al., 2007) 
†Loligo dorsal mantle length = anterodorsal end of mantle to the apex of the tail fin  
Sources of dietary information: 1. Ferraton et al. (2007); 2. Garrido et al. (2008); 3. Plounevez and Champalbert (1999); 4. Cabral and Murta (2002); 5. Jardas et al. (2004); 6. Olaso et al. (2005); 7. Langøy et al. (2012); 8. Hislop et al. (1991); 9. Lopez-Lopez et al. (2011); 10. Stagioni et al. (2012); 11. Pierce et al. (1994); 12. Quéro et al. (1986); 13. Svetovidov (1986); 14. Reubens et al. (2011).



















Figure legends

Figure 1 Fish sampling areas in the northeast Atlantic during summer 2012, and locations of sample stations where European anchovies Engraulis encrasicolous and European sardines Sardina pilchardus were collected during Ifremer Pelgas cruises in 2011 & 2012 within the Bay of Biscay (see Chouvelon et al., 2015 for methods). Isobaths (400m intervals starting at 200m: GEBCO 30-arc second bathymetry data) are denoted with grey lines, and the colony location is indicated with a star. 

Figure 2 a) Schematic of a Balearic shearwater showing the location of sampled primary (P) and secondary (S) feathers (black; arrow = the direction of primary feather moult). b) The total primary moult score of individual Balearic shearwaters against Julian day (1st January = 01) for five geographical areas within the species’ range (n = 520). Total primary moult scores ranged between 0 – 30 and consisted of the sum of individual primary feather scores, where 0 = an old feather, 1 = a missing feather, 2 = a new feather in growth and 3 = a fully-grown new feather. English Channel = southern UK and northern Brittany; Biscay = the Bay of Biscay; Portugal = Portuguese waters off the Iberian Peninsula; Strait of Gibraltar = Iberian waters from the Bay of Cádiz to Málaga; Mediterranean = Valencia, Catalonia and the Balearic Islands. Dark grey dotted lines = mean migration departure and return dates, light grey dotted lines = earliest migration departure and latest migration return date. c) Fitted values (solid line) and 95% confidence bands (blue shaded area) from a binomial GLM applied on normalised mean daily primary moult score data (range: 0-1) from three NE Atlantic areas (bird n = 359; daily means n = 56).

Figure 3 Carbon and nitrogen isotope values of a) primary 1 (P1) and c) primary 6 (P6) feathers from Balearic shearwaters, coloured by non-breeding area (blue = the Bay of Biscay, red/orange = western Iberia, green = southern Iberia / Mediterranean; males = triangles, females = circles), and core non-breeding areas (50% kernel density contours) of tracked birds between b) May – July and d) July – August in 2011 and 2012 (n = 32). Dotted lines show the spatial boundaries used for assignment of birds to one of three non-breeding areas (b,d). Standard deviation ellipses (corrected for small sample sizes; solid lines) and convex hulls (dotted lines) are show (a,c).

Figure 4 Carbon and nitrogen isotope values of Balearic shearwater primary feathers (P1 and P6) grown during summer 2011 and 2012 off western Iberia (a,c) and the Bay of Biscay (b,d). Mean (± SD) 𝛿15N and 𝛿13C values of fish and squid muscle tissue sampled during the feather moult period within non-breeding areas are shown (a,b: May & July 2012; d: May 2011). Boxes represent the expected range in prey isotope values of birds, based on mean diet-feather trophic enrichment factors of 3.7 ‰ 𝛿15N and 1.9 ‰ 𝛿13C (solid blue boxes), and standard deviations of ±1 ‰ 𝛿15N and 0.5 ‰ 𝛿13C (dotted blue boxes).

Figure 5 Maps of reported fishing effect (hours fished) for vessels >10 m in length in two northeast Atlantic non-breeding areas of Balearic shearwaters during 2012 (ICES fishing areas: Bay of Biscay = BOB (8a & 8b), Western Iberian Peninsula = IIB (8c-9a)). Levels of fishing effort are presented for four fishing gear types: demersal seines/trawlers (Otter, Beam, Dutch Seine and Dredge), pelagic seines/trawlers, longlines and unspecified gear types (data source: STECF). 25%, 50% and 75% probability contours from kernel density estimates of Balearic shearwater non-breeding locations in the Bay of Biscay (blue) and off western Iberia (red/orange) are shown.
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