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In order to improve our knowledge on the feeding ecology of long-finned pilot whales (Globicephala melas) in
Northeast Atlantic waters, skin samples of 68 long-finned pilot whales stranded in Northwest Iberia (n = 22)
and Scotland (n=46)were analysed using stable isotopes of δ13C and δ15N. Isotopicmixingmodelswere applied
to obtain a quantitative estimate of the proportion of themain prey species in the diet of pilot whales. Stable iso-
tope analysis revealed that 57.8–73.8% of the diet in Northwest Iberia consisted in curled octopus (Eledone
cirrhosa), followed by European flying squid (Todarodes sagittatus), while in Scotland the predominant prey spe-
cies was eitherHistioteuthis sp. or T. sagittatus, depending of the trophic enrichment factor applied. These results
are generally in accordance with previous stomach content studies; however, the isotopic analysis may provide
new information regarding key prey species and habitat use that could bemissed or underestimated if only stom-
ach contents analysis were used. Additionally, considering that the Atlantic Coast of Iberia was responsible for
95% of the landings of the main prey consumed by pilot whales in this area, between 2000 and 2010, these
data provide trophic baseline information to be taken into account infishery impact assessment studies andman-
agement decisions.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

As apex predators, it is crucial to improve the knowledge regarding
the foraging ecology of cetaceans in order to understand their role in
marine food webs. The difficulty associated with the direct observation
of the feeding behaviour of cetaceans in their natural habitat has
underpinned the development of numerous techniques to acquire in-
formation about the diet of these species. The analysis of prey hard
parts from stomach contents and/or scats and, more recently, the anal-
ysis of prey remains DNA collected from the digestive track or faeces,
along with stable isotopes and fatty acids analyses of predator tissues
are some examples of diet inference methods (Bowen and Iverson,
2013; Tollit et al., 2010).

Traditional dietary methods, such as stomach and scat analyses, are
often the only direct way to obtain baseline knowledge on marine
de Biologia, Universidade de
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iversity of São Paulo, Praça do
-120, SP, Brazil.
mammals diet, which may further be necessary, in recent dietary
methods, to construct prey “signature” libraries for diet quantification
(Newsome et al., 2010). However, these traditional techniques provide
only a snapshot of the diet of an individual, with reduced integration
time (i.e., few days, Pierce and Boyle, 1991), which together with the
fact that stomach contents are often collected from stranded animals,
potentially biased due to health status of the animal, may not be repre-
sentative of the population diet (Tollit et al., 2010). Additionally, biases
may also occur towards different digestion, retention and recovery rates
of hard-bodied prey items (Santos et al., 2001).

The analysis of biogeochemical markers, such as stable isotopes,
as methods of dietary intake has shown to be a useful tool to comple-
ment and validate the traditional dietary techniques for investigat-
ing trophic ecology (e.g., Jansen et al., 2013; Meissner et al., 2012;
Méndez-Fernandez et al., 2012). One of the advantages of stable iso-
tope analysis relatively to traditional methods is the potential to pro-
vide a temporally integrated picture of assimilated diet in a time scale
dependent of the half-life of stable isotopes and the turnover rate of
the tissue, which can range from weeks to several years (Abend and
Smith, 1995). As an example, stable isotopes analysed in the skin of ce-
taceans provide longer-term dietary information (1–3 months, Abend
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Fig. 1. Map of the study area showing the stranding locations of the pilot whales
(Globicephala melas) in Northwest Iberia (NI) and Scotland, on which stable isotope anal-
yses were performed. Grey circles represent single strandings, while black circles repre-
sent mass stranding events.
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and Smith, 1995; Browning et al., 2014; Hicks et al., 1985) comparative-
ly to stomach content analysis (few days, Pierce and Boyle, 1991). An-
other advantage is that this longer-term dietary information provided
by stable isotopesmay prevent the influence of some of the bias present
in traditional dietary methods. Particularly, it may increase the chance
that diet estimations based on stable isotopes are representative of
the feeding habits of healthy animals, even if analysed in stranded ani-
mals. Moreover, since stable isotopes reflect the assimilated diet, there
is no influence of potentially different recovery, retention and digestion
rates of prey hard-parts in these elements.

Stable isotope analysis has become a powerful tool in the study of
trophic and habitat preferences of wild species, where the relative
abundance of carbon isotope (δ13C) can be applied to discriminate be-
tween benthic/inshore relative to pelagic/offshore food webs (e.g., Fry,
2006; Hobson andWelch, 1992; Newsome et al., 2010), while the rela-
tive abundance of nitrogen isotope (δ15N) can be used to evaluate tro-
phic relationships, by analysing the differences among top predators
and primary producers (Borrel et al., 2012; Browning et al., 2014; Caut
et al., 2011; Vanderklift and Ponsard, 2003). Recent studies suggest
that δ15N values can also be used to indicate feeding habitats since
strong variation in this measure has been registered in primary pro-
ducers and different marine predators, between inshore and offshore
systems, due to biochemical properties of the habitat (Chouvelon
et al., 2012; Ruiz-Cooley et al., 2012). However, stable isotopes are
also able to provide quantitative information about the predator dietary
intake. Consumers usually retain the heavier isotope (i.e., 13C or 15 N) to
synthesise tissues (Owens, 1987), resulting in higher predator isotopic
values in comparison to the respective prey. Therefore, stable isotope
analysis relies on the fact that stable isotope composition of a consumer
is a weighted mixing of the stable isotope composition of its food
sources, modified by isotopic fractionation (Newsome et al., 2010). Re-
cently, several isotopicmixingmodels have been developed to estimate
the proportional contribution of each source (prey species) to the isoto-
pic signature (accumulated diet) of the predator, taking into account
isotopic fractionation between them (Parnell et al., 2010; Phillips and
Gregg, 2003). The difference between the isotopic signal of a consumer
relatively to its prey is referred to as diet-tissue discrimination (or
fractionation) or trophic enrichment factor (TEF) (Newsome et al.,
2010) and reflects the different reactions of the elements to the bio-
chemical processes in the predator, due to their atomic weights
(Browning et al., 2014; DeNiro and Epstein, 1978; Hobson and Welch,
1992). The three main causes of TEFs variation are related with the fol-
lowing: (i) the species analysed (e.g., Hobson et al., 1996); (ii) the tissue
sampled (e.g., Hobson et al., 1996) and (iii) the diet composition
(e.g., Browning et al., 2014; McCutchan et al., 2003), although the
nutritional status, the growth rate (especially for 15 N enrichment;
Vanderklift and Ponsard, 2003) or maternal strategies (i.e., mother to
offspring transfer of nutrients; Mendes et al., 2007; Newsome et al.,
2009) have also been described. Therefore, in order to obtain accurate
diet estimations with isotopic mixing models, the use of accurate,
species- and tissue-specific TEFs is one of the most important basic
requirements.

The long-finned pilot whale (Globicephala melas), hereafter referred
to as pilot whale, is one of the largest odontocetes. It is commonly
known as a deep-diving oceanic species (e.g., Bloch et al., 2003;
Macleod et al., 2007), with maximum diving depths reaching approxi-
mately 700 m (Baird et al., 2002). However, pilot whales can also
occur over the continental shelf since this species has occasionally
been observed during land- and boat-based sightings surveys in the
Northwest Spain (Galicia) (Fernández et al., 2013; Pierce et al., 2010).
A recent study that analysed stomach contents of stranded pilot whales
from Portugal, Northwest Spain and Scotland found evidence of geo-
graphical, seasonal and ontogenetic differences in the diet of this
species (Santos et al., 2014). Specifically, this study revealed that
oceanic cephalopods from the Ommastrephidae family represented
the main prey species at higher latitudes (Scotland), contrasting
with the predominance of coastal species, such as the curled octopus
(Eledone cirrhosa) in lower latitudes (Portugal and Galicia). A stable
isotope analysis on several cetacean species and respective prey
from Northwest Iberia also suggests that, in this region, pilot whales
may be feeding on coastal and/or benthic species or occupying coast-
al habitats (Méndez-Fernandez et al., 2012).

In this context, the present study aims to assess the feeding ecology
of pilot whales stranded in the Northwest Iberia and Scotland, at a me-
dium time scale (1–3 months, Abend and Smith, 1995; Browning et al.,
2014; Hicks et al., 1985), through the analysis of skin δ13C and δ15N sta-
ble isotopes. Specifically, it is intended to obtain quantitative informa-
tion about pilot whale foraging habits in both areas, by using isotopic
mixing models to estimate the proportional contribution of each prey
source on this predator species diet.

2. Materials and Methods

2.1. Sample collection

A total of 68 pilot whale skin samples were collected from animals
stranded in Northwest Iberia (n = 22) and Scotland (n = 46) (Fig. 1),
from 1992 to 2012. Strandings were attended in all cases by experi-
enced personnel from three stranding networks operating in the study
area: Sociedade Portuguesa de Vida Selvagem (SPVS) in Portugal,
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Coordinadora para o Estudio dos Mamíferos Mariños (CEMMA) in Gali-
cia (northwest Spain) and Scottish Agriculture College Veterinary Sci-
ence Division (SAC) in Scotland. Samples collected from two mass
stranding events that occurred in Scotland were also included in the
present study. In total, 70 animals were stranded in both events, of
which 29 animals (out of the 37 animals necropsied) were analysed.
When the condition of the animal permitted, detailed necropsies were
performed. Otherwise, basic measurements/information (i.e., length,
sex, decomposition state) and samples were collected. After collection,
only skin samples preserved frozen (−20 °C)were analysed in the pres-
ent study since recent studies suggest that other preservation methods
(DMSO, ethanol) may influence stable isotope values (Kiszka et al.,
2014a; Lesage et al., 2010). To prevent biases associated to the decom-
position state of the animals, only animals recently dead (decomposi-
tion state ≤3, moderate decomposition; Kuiken and Hartmann, 1991)
were used in this analysis.

Mantle tissue of three species of cephalopods previously identified
in the literature as prey of pilot whales from Scotland (Santos et al.,
2014)was also analysed,while the remainingdata regarding prey isoto-
pic signatureswas obtained fromprevious studies in the areas (Table 1.;
Chouvelon et al., 2012; Fernández et al., 2011; Mendes, 2008;
Méndez-Fernández et al., 2012). Individuals of the three prey species
analysed in the present study (Table 1) were measured and dissected
to obtain portions of lateral mantle, which were also stored at −20 °C
prior to analysis.
2.2. Stable isotope analysis

According to Méndez-Fernandez et al. (2012), skin samples of ce-
taceans were dried in an oven at 50 °C for 48 h, while mantle samples
from cephalopods were freeze-dried. In both cases, samples were
then ground into a fine powder. Afterward, a lipid extraction was
performed on cetacean and prey samples, by agitating approximate-
ly 100 mg of powder with 4 ml of cyclohexane, for 1 h, followed by a
centrifugation at 4000 g for 5 min and discard of the supernatant.
Then samples were dried in an oven at 45 °C for 48 h, and subsamples
of lipid-free powder were then weighed in tin cups for stable isotope
analyses

The stable isotope analyses were performed on an elemental
analyser coupled to an Isoprime (Micromass) continuous-flow
isotope-ratio mass spectrometer (CF IR-MS). The results are presented
in the usual δ notation relative to Vienna PeeDee Belemnite Standard
for δ13C and atmospheric N2 for δ15N, in parts per thousand (‰). Repli-
cate measurements of internal laboratory standards (acetanilide) indi-
cated that measurement errors were ±0.15 and ±0.2‰ for δ13 C and
δ15 N, respectively.
Table 1
Number of samples, length (cm) and δ15N and δ13C stable isotopes (‰) of pilot whales (Globi
represents the total length for cetaceans and dorsal mantle length for cephalopods, included in
stomach content analysis (Santos et al., 2014). [1] Méndez-Fernandez et al., 2012; [2] Chouvel

Code Location n length

Predator
Globicephala melas Gm NI 22 190–532

Scotland 46 264–576

Prey
Eledone chirrosa Ec NI 9 20.8–49.5
Octopus vulgaris Ov NI 5 67.0–81.0
Todarodes sagittattus Ts NI 36 19.1–40.5
Todaropsis eblanae Te NI 7 10–16.6
Todarodes sagittattus Ts Scotland 11 26–45.5
Todaropsis eblanae Te Scotland 4 6.5–10.2
Histioteuthis sp. Hs Scotland 2 8–17.5
Gonatus sp. Gs Scotland 2 12–14.5
2.3. Statistical analysis

The mean isotopic composition and the respective standard devia-
tion were calculated for pilot whales and their prey.

To estimate the proportional contribution of sources (prey species)
within the isotopic mixture of pilot whales (consumer tissue), isotopic
mixing models were applied, as implemented in the R package SIAR
(Stable Isotope Analysis in R, Parnell et al., 2010). This model accounts
for uncertainty in input parameters, such as isotopic variation of dietary
sources and discrimination factors, and estimates probability distribu-
tions of source contributions (Parnell et al., 2010).

Separate analyses were run for each geographical location
(Northwest Iberia and Scotland). The main prey species to be includ-
ed in the models for the distinct locations were selected based on
their contribution to the total diet by weight of pilot whales, deter-
mined from previous stomach contents analysis (Santos et al.,
2014). Therefore, the prey species to be considered as sources
were: European flying squid (Todarodes sagitattus), curled octopus
(E. cirrhosa), common octopus (Octopus vulgaris), lesser flying
squid (Todaropsis eblanae), for Iberian pilot whales and T. sagitattus,
T. eblanae, as well as squids belonging to the genus Gonatus and
Histioteuthidae for pilot whales from Scotland. Iberian cephalopod
prey samples used in this study were collected from previous studies
performed in this region (Table 1; Chouvelon et al., 2012; Fernández
et al., 2011; Méndez-Fernandez et al., 2012). Additionally, stable iso-
topes results of Gonatus sp. from Scotland, analysed by Mendes
(2008), were also included in the analysis. The only prey species
analysed in the present study consisted of oceanic cephalopod species
from Scottish waters, such as T. sagitattus, T. eblanae and Histiotheuthis
sp., which were collected during the annual survey of monkfish
(Lophius sp.) and megrim (Lepidorhombus whiffiagonis) stocks, on Scot-
tish waters (Rockall bank and Hebridean-Malin slope down to 1000m),
conducted by the Marine Scotland Science (Aberdeen), in October of
2013 (Table 1). Although there was an effort to obtain prey samples
with similar length ranges to the ones previously reported to be con-
sumed by pilot whales (Santos et al., 2014; Table 1), the difficulty of
capturing oceanic cephalopods prevented that achievement for some
prey species (e.g., Gonatus sp. and Histioteuthis sp. in Scotland).

Isotopic mixingmodels also require that the isotopic values for food
sources must be adjusted by appropriate enrichment factors between
diet and consumer tissue (Phillips and Gregg, 2003). To date, there are
few published estimates of enrichment factors of carbon and nitrogen
for marine mammals and no published results for pilot whales. The
use of proxy discrimination factors may not be appropriate for species
or tissues for which the specific trophic enrichment factors (TEFs) are
unknown (Bond andDiamond, 2011); however, obtaining this informa-
tion is particularly challenging formarinemammals because individuals
cephala melas) and prey species, from Northwest Iberia (NI) and Scotland. Sample length
this study. Reported length represents the prey lengths reported in previous pilot whale

on et al., 2012; [3] Fernández et al., 2011; [4] Mendes, 2008.

Reported length δ15N δ13C Source

12.0 ± 0.7 −17.7 ± 0.7 This study
11.3 ± 0.6 −18.7 ± 0.7 This study

6.81–16.3 10.8 ± 0.2 −17.3 ± 0.2 [1]
– 11.2 ± 0.2 −15.9 ± 0.3 [1]
10.1–55.4 11.9 ± 0.7 −17.9 ± 0.4 [2]
15.4–19.9 13.9 ± 0.3 −17.1 ± 0.4 [3]
21.3–54.4 9. 7 ± 1.2 −19.2 ± 0.4 This study
– 12.9 ± 0.5 −18.7 ± 0.6 This study
4.2–12.2 9. 9 ± 1.6 −19.9 ± 0.2 This study
11–21.4 13.3 ± 0.4 −17.7 ± 2.0 [4]



Fig. 2.Mean ± SD of δ15N and δ13C values of prey species and pilot whales (Globicephala
melas) from Northwest Iberia (NI) and Scotland. Black symbols: NI; grey symbols:
Scotland. Species codes correspond to those in Table 1.
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must be held on an isotopically fixed diet in controlled conditions
that allow for regular sampling, over prolonged periods of time. For
this reason, in an attempt to cover a high diversity of enrichment fac-
tors analysed in marinemammals, four mixing models for skin tissue
using different and specific TEFs from the literature were performed
(Table 2). The different species used to estimate the TEFs applied in
the mixing models were harp seal (Pagophilus groenlandicus; TEF 1,
Hobson et al., 1996), killer whale (Orcinus orca; TEF 2, Caut et al.,
2011), fin whale (Balaenoptera physalus, TEF 3, Borrell et al., 2012)
and bottlenose dolphin (Tursiops truncatus, TEF 4, Browning et al.,
2014) (Table 2). Afterward, the mixing models were run using de-
fault parameter (iterations = 500,000, burnin = 50,000, thinby =
15; Parnell et al., 2010). All models and statistical tests mentioned
above were performed using the free software R v.3.1.1 (R
Development Core Team, 2014).

3. Results

Isotopic compositions of pilot whales and cephalopods used in the
present study are summarised in Table 1 and Fig. 2. Regarding pilot
whales, higher values of δ13C and δ15Nwere observed in Northwest Ibe-
ria. Considering the prey, in this region, δ15N values ranged between
10.8 ± 0.2 for E. cirrhosa and 13.9 ± 0.3 for T. eblanae, while δ13C varied
between −15.9 ± 0.3 for O. vulgaris and −17.9 ± 0.4 for T. sagitattus
(Table 1; Fig. 2). In Scotland, T. sagitattus exhibited the lowest levels of
δ15N (9.7 ± 1.2), contrasting with Gonatus sp. (13.3 ± 0.4). In this loca-
tion, T. eblanae showed also the highest levels of δ13C (−18.7 ± 0.6),
contrarily to Histioteuthis sp. (−19.9 ± 0.2) (Table 1; Fig. 2).

Comparing isotopic values of pilot whales from distinct regions and
the respective prey reveal that both in Northwest Iberia and Scotland,
pilot whales showed the highest values, being only overcome by
T. eblanae (in Northwest Iberia and Scotland) and Gonatus sp. (in Scot-
land), for δ15N values (Fig. 2).

In both locations, pairs of different TEFs showed similar relative
contributions of prey species (TEF2 / TEF3 vs. TEF1 / TEF4) (Table 2). Al-
though slight variations occurred when using the different TEFs, all the
estimates of dietary contributions of isotopic mixing models (SIAR)
identified both E. cirrhosa and T. sagitattus as the major dietary contrib-
utors to the diet of pilot whales in Northwest Iberia. In this region, there
is a prevalence of octopods in the diet of pilot whales, with E. cirrhosa
being the most common prey with a mean estimated contribution of
57.8 ± 20.0 to 73.8 ± 18.3%, followed by the T. sagitattus (14.5 ± 13.6
to 31.7 ± 20.3%) (Fig. 3 a, c, e, g and Table 2). The contrast between
the pairs of TEFs used in the models was more evident in Scotland. In
this region, most models (b, d, f) showed a higher contribution of
Histioteuthis sp. in pilot whales diet (ranging from 56.6 ± 15.0 to
86.9 ± 11.7%), followed by the T. sagitattus (11.1 ± 11.6 to 41.4 ±
Table 2
Summary of estimated contributions (mean values) of potential prey species in the diet of pilot
mixing models using different trophic enrichment factors (TEFs: Δ13C and Δ15N) taken from th

Stable isotopes

TEFs 1.Hobson et al. (1996) 2.Caut et al. (20
Δ13C (‰) 2.8 ± 0.1 2.4 ± 0.2
Δ15N (‰) 2.3 ± 0.3 3.2 ± 0.1

NI Scotland NI

Models a b c

Proportional contribution (%)
Eledone chirrosa 72.5 ± 17.4 57.8 ± 20.0
Octopus vulgaris 10.1 ± 9.7 10.3 ± 9.8
Todarodes sagittattus 14.5 ± 13.6 41.4 ± 15.2 27.4 ± 18.0
Todaropsis eblanae 2.8 ± 2.8 1.1 ± 1.0 4.4 ± 4.5
Histioteuthis sp. 56.6 ± 15.0
Gonatus sp. 0.08 ± 0.07
15.2%). However, when using the TEF of Browning et al. (2014)
(model h), the T. sagitattus showed a higher dietary contribution
(61.7 ± 8.5%) than Histioteuthis sp. (34.8 ± 8.4%) (Fig. 3h and Table 2).

All mixingmodels suggested that other prey species were less im-
portant in the diet of pilot whales, since the remaining prey species
all accounted for less than 10% of the estimated diet, except for
O. vulgaris, which showed contributions of 10.1 ± 9.7% and 10.3 ±
9.8% in the diet of Iberian pilot whales, in models a and b, respective-
ly (Fig. 3 and Table 2).
4. Discussion

The combination of diet inference approaches is important to com-
prehend the feeding ecology of marine mammals in order to recognise
their role in the ecosystem and support conservation or management
strategies, especially in geographical locations where the impact of an-
thropogenic activities, such as fishery bycatch mortality (Leeney et al.,
2008; López et al., 2002, 2003) or prey depletion due to overfishing,
may represent the main threats to cetacean populations. Recently, in
order to obtain a more robust knowledge about the feeding ecology of
marine mammals, at different timescales, some studies combined the
information collected from stomach contents and stable isotopes analy-
ses (Jansen et al., 2013; Meissner et al., 2012; Méndez-Fernandez et al.,
2012). As examples, Jansen et al. (2013) used this combination of
whales (Globicephala melas) fromNorthwest Iberia (NI) and Scotland, from stable isotope
e literature.

11) 3.Borrel et al. (2012) 4.Browning et al. (2014)
1.3 ± 0.4 0.7 ± 0.1
2.8 ± 0.3 1.9 ± 0.1

Scotland NI Scotland NI Scotland

d e f g h

58.2 ± 21.1 73.8 ± 18.3
6.4 ± 6.4 4.5 ± 4.5

11.1 ± 11.6 31.7 ± 20.3 14.3 ± 10.9 19.3 ± 17.6 61.7 ± 8.5
1.1 ± 1.1 3.6 ± 3.6 1.0 ± 0.97 2.3 ± 2.3 1.9 ± 1.6

86.9 ± 11.7 83.8 ± 10.8 34.8 ± 8.4
0.08 ± 0.08 0.08 ± 0.08 1.6 ± 1.3
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approaches to analyse thediet of harbour porpoise (Phocoena phocoena)
off the Netherlands, revealing a higher importance of pelagic, schooling
prey species in porpoises' diet based on stable isotopes relatively to
stomach contents analysis. Likewise, Méndez-Fernandez et al. (2012)
applied it to assess the feeding ecology of common dolphins
(Delphinus delphis) in the Northwest of the Iberian Peninsula, where
the results of isotopic mixing models or signatures supported previous
results of stomach contents analysis.

The diet estimation based on stable isotopes obtained in the pres-
ent study, which is generally in agreement with previous stomach
contents analysis (Santos et al., 2014), suggested that a higher pro-
portion of benthic and neritic octopus species (E. cirrhosa) were
ingested by pilot whales in Northwest Iberia, along with some
T. sagitattus. In contrast, in Scotland, the predominant prey species
varied between the oceanic pelagic squids Histioteuthis sp. and
T. sagitattus, depending of the model used. The high levels of consis-
tency in the results of both methodologies suggest that pilot whales
exhibit a preference for particular prey species in a longer-term scale
than the one described in stomach contents analysis. The ingestion of
oceanic species seem to be in accordance with the commonly known
oceanic distribution of pilot whales (e.g., Macleod et al., 2007), while
the consumption of neritic species in Northwest Iberia may be asso-
ciated with the occurrence of pilot whales close to the coastline, as
already reported in land and boat surveys in this region (Fernández
et al., 2013; Pierce et al., 2010). The different feeding habits and hab-
itats of pilot whales in Northwest Iberia and Scotland may influence
the behaviour of this species. Deeper dives performed by pilot whales
seem to function mainly for foraging, which reflects an association be-
tween the diving behaviour of pilot whales and the prey ingested
(Baird et al., 2002; Desportes and Mouritsen, 1993; Gannon et al.,
1997). The preference for a more coastal habitat and prey in Northwest
Iberia results in a need to perform shallower dives to capture prey, com-
paratively to the animals stranded in Scotland, which may be reflected
in the energy expenditure for foraging.

The results related with the feeding habits of pilot whales obtained
in the present study highlight the potential conservation issue to be
considered in futuremanagement decisions, concerning the overlap be-
tween fisheries and pilot whale resource exploitation. Both geographi-
cal areas analysed (Northwest Iberia and Scotland) represent the
major fishing forces of both the Atlantic coast of Iberia (e.g., López
et al., 2002) and the United Kingdom (Elliot et al., 2012). This may in-
crease the potential interaction between fisheries and pilot whales in
these areas, but particularly in Northwest Iberia, since between 2000
and 2010, Iberia was responsible for 95% of the octopus landings
(E. cirrhosa andOctopus vulgaris) in ICES area (ICES, 2012), which repre-
sent the preferred prey of pilot whales in that region. Additionally, this
study emphasise the ability of stable carbon and nitrogen isotope ratios,
together with mixingmodels, to complement stomach content analysis
results and obtain information regarding trophic ecology ofwild species
when this traditional method cannot be used due to its invasive ap-
proach or to inaccessibility to stranded animals (Kiszka et al., 2014b).

The slight variations between stable isotope diet estimations and
previously published stomach contents analysis may be due to sev-
eral methodological and ecological reasons. First, only 14 pilot
whales (n = 8 and n = 6 from Northwest Iberia and Scotland, re-
spectively) were common to stable isotope and stomach contents
studies which could, in part, explain the slight differences between
dietary methodologies in Scotland. Additionally, although it cannot
be discarded that the similarity between both methodologies may
reflect similar bias associated to the use of stranded animals, the lon-
ger integration of stable isotopes increase the chance of obtaining a
diet representative of healthy animals, which may also be responsi-
ble for the differences between methodologies. Second, stable
isotope mixing models can either be influenced by the number of
prey sources included in the models, the isotopic distinctiveness of
the sources (Parnell et al., 2013) and/or the TEFs used (Bond and
Diamond, 2011; Gannes et al., 1997). To achieve some balance be-
tween the number of prey described in stomach content analysis
and the ratio between sources and number of isotopes used in
SIAR, only themajor importance prey identified in stomachswere in-
cluded in the models. Although this decision could influence the
quantitative diet estimation, since one of the assumptions of mixing
models is that all the food sources are included in the analysis (Parnell
et al., 2013; Phillips and Gregg, 2003), having inmind the prey diversity
found previously in pilot whale stomachs (Santos et al., 2014), it would
not be statistically feasible to include them all in the models. Therefore,
a reduced set of prey sources was used. Nevertheless, there was still
some overlap in δ13C and δ15N values between prey species. A requisite
for the reconstruction of diet, based on stable isotopes, is the use of iso-
topically distinct sources (Gannes et al., 1997; Parnell et al., 2013). In
the present study, although some of the SIAR results may be confound-
ed by relatively high levels of correlation between some prey species
(E. cirrhosa vs. Todarodes sagittatus in Iberia and T. sagittatus vs.
Histioteuthis sp. in Scotland), the ability of the SIAR models to incorpo-
rate standard deviations of source values reduces the impact of some
of this overlap.

Finally, the isotopic values for food sources must be adjusted by ap-
propriate enrichment factors between diet and consumer tissue
(Phillips and Gregg, 2003). Stable isotope mixing models are sensitive
to variation in trophic enrichment factors (TEFs), potentially leading
to misinterpretation of the SIAR results when general TEFs are applied
in the models due to unknown information regarding species- and
tissue-specific TEFs (Bond and Diamond, 2011). Given that specific
TEFs are not available for pilot whales, several discrimination factors
previously described for marine mammals were included in this study
in order to cover a wide range of possible TEFs (Borrell et al., 2012;
Browning et al., 2014; Caut et al., 2011; Hobson et al., 1996). The dis-
crimination factors estimated from odontocetes (bottlenose dolphin
and killer whale) were expected to perform better in the isotopic
mixing models of pilot whales, due to the closest phylogenetic relation-
ship between the species that could possibly result in a stronger similar-
ity in the physiological integration of stable isotopes. Therefore, it was
not surprising that the models using the TEF of adult bottlenose dol-
phins with a mixed diet (Browning et al., 2014) showed the highest
similarity with the results from stomach contents, both in Northwest
Iberia and Scotland. Although the dissimilarity of results between stom-
ach contents and stable isotope analyses, when the TEF of another
odontocete was used (killer whale; Caut et al., 2011) would not be ex-
pected, it is noteworthy that this discrimination factor was based on a
single killer whale that died during the diet experiment due to a bacte-
rial infection, which could have physiological alterations in the integra-
tion of stable isotopes. A surprising result was that the model with the
TEF estimated from a species belonging to a different phylogenetic
order (harp seal; Hobson et al., 1996) provided a diet more similar
with stomach content analysis, than the model that applied a TEF of a
cetacean (fin whale; Borrel et al., 2012). This result may be due to sim-
ilarity between the isotopic signatures of the diet of harp seals used in
the experiments and the diet of pilot whales in this study, which surely
contrasts with the isotopic signature of the monodiet based on krill,
ingested by finwhale (Borrel et al., 2012). In recent years, a strong effort
has been oriented towards the elucidation of the adequate application
of TEFs inmarinemammal studies, particularly for odontocetes. Howev-
er, the variation in diet estimation models found in the present study,
due to the enrichment factors used, highlights the need for more inves-
tigation in order to develop diet-, tissue- and species-specific isotope
discrimination studies, which would likely improve the accuracy of
SIAR outputs.

It was not possible to investigate the extent of the temporal differ-
ences in isotopic signatures of pilot whales, which could also be respon-
sible for the slight differences between mixing models and stomach
contents results. Considerable seasonal or annual variability seems to
exist in the isotopic composition of primary producers and their
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consumers (Bode et al., 2007; Trueman et al., 2012), whichmay be par-
ticularly evident in areas with strong oceanographic phenomena, such
as the upwelling in the Atlantic shelf of the Iberian Peninsula (Bode
et al., 2007) or the Subpolar Gyre in the North Atlantic (Trueman
et al., 2012), where the isotopic baseline seem to be strongly influenced
by these seasonal events. Samples of stranded pilotwhaleswere collect-
ed over a period of 21 years, in different seasons, but sample size
prevented the investigation of potential seasonal differences. Addition-
ally, some level of spatial variation may influence the SIAR results since
the isotopic data of T. sagittatus is from animals of the Bay of Biscay. Cur-
rently, there is no information regarding the isotopic signature of this
prey species in the Atlantic coast of Iberia, which in addition with the
difficulty of collecting samples from this species prevented us from
analysing local animals for the present study.

Despite the potential methodological and ecological sources of vari-
ation that may have influenced the results of SIAR, the present study
provides useful information regarding the trophic ecology of pilot
whales. Since stomach content analysis provides only a snapshot of
the diet (i.e., few days, Pierce and Boyle, 1991), it could be argued that
those dietary results were likely biased towards neritic prey species
that were ingested shortly before the stranding, as could be the case
for the predominance of E. cirrhosa in Iberian whales stomachs
(Santos et al., 2014). However, skin stable isotopes supply information
on longer-term diet comparatively to stomach contents (1–3 months,
Abend and Smith, 1995; Browning et al., 2014; Hicks et al., 1985),
which increases the chance to include prey ingested during offshore for-
aging events. This could help explain the higher proportion of oceanic
species in Northwest Iberia (T. sagittatus) and Scotland (Histioteuthis
sp.), when compared to stomach content analysis, highlighting the abil-
ity of isotopic analysis providing new information regarding key prey
species and habitat use that could be missed or underestimated if only
stomach contents analysis were used. Nevertheless, stable isotope anal-
ysis supports the possibility that pilot whales are feeding mainly in
coastal waters in Northwest Iberia due to the levels of δ13C found and
the predominance of E. cirrhosa and, at some level, T. sagittatus (which
are known to perform inshore-offshore migrations; Hastie et al.,
2009). In contrast, the high proportion of Histioteuthis sp. in Scotland
suggests that, in this region, pilotwhales can be feedingmainly offshore,
although some caution is needed due to the high correlation between
Histioteuthis sp. and T. sagittatus.
5. Conclusions

In the present study, stable isotope analysis suggests that pilot
whales seem to occur in coastal habitats and/or ingest coastal or benthic
preys in Northwest Iberia,while animals frequenting Scottishwaters re-
vealmore oceanic preferences. These results were supported by the iso-
topic mixing models which revealed that the main prey of pilot whales
in Northwest Iberia were E. cirrhosa, followed by T. sagittatus, while in
Scotland the predominant prey species was either Histioteuthis sp. or
T. sagittatus. The dietary information is generally in agreementwith pre-
vious stomach contents analysis, although skin stable isotopes reflect a
longer-term understanding about the assimilated diet. Therefore, the
results of this study support that the best approach for the analysis of
the feeding ecology of wild animals consists in the combination of the
snapshots of detailed diet estimation obtained by stomach contents
with the longer-term and relatively coarse trophic information obtained
with stable isotopes or other biogeochemical markers, allowing for the
acquirement of knowledge on dietary ecology over a range of time
spans, depending of the type of tissue used.
Fig. 3. Results of SIAR mixing model (50%, 75% and 95% confidence intervals) showing the
from Northwest Iberia (NI) and Scotland, using skin stable isotope ratios (δ13C and δ15N).
marized in Tables 1 and 2.
Pilot whales seem to exploit the same resources as fisheries, espe-
cially in Iberia which was responsible for 95% of the octopus landings
between 2000 and 2010 in ICES area (ICES, 2012), suggesting that
this cetacean species may be at risk both from prey depletion and in-
cidental capture in fishing gear (bycatch). Therefore, the data gath-
ered in this study through the combination of traditional and
recent dietary methods is particularly relevant for fishery and eco-
logical impact assessment studies and can help sustain wildlife man-
agement decisions.
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