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ARTICLE INFO ABSTRACT

Keywords: Knowledge of predator-prey interactions is key in ecological studies and understanding ecosystem function, yet
DeeP"_i“_’mg this is still poorly explored in the deep-sea environment. Carbon (8*3C: 3C/!2C) and nitrogen (5*°N: °N/1*N)
Delphinidae stable isotope ratios of a deep-diving species, the short-finned pilot whale (Globicephala macrorhynchus), were
Globicephala macrorhynchus . . . . . . . . .

Foraging used to explore knowledge gaps on its ecological niche and foraging habitats in the Webbnesia marine ecoregion

(Tenerife Island, n = 27 animals vs. Madeira, n = 31; 500 km apart) where animals display distinct levels of site
fidelity. Specifically, we tested whether intraspecific isotopic variation results from differences between
geographic areas (due to possible foraging plasticity between regions), sexes, and/or years (2015-2020) using
Generalized Linear Models. In general, significant differences (p < 0.05) were found in the stable isotope profiles
of pilot whales between the two archipelagos, which were also reflected in their isotopic niche. The higher mean
and wider range of 8!°N values in Tenerife suggest that pilot whales consume prey of higher trophic levels and
more diverse than Madeira. The higher mean and wider range of 5'3C values in Madeira suggest that in that
island, pilot whales rely on prey from more diverse habitats. There was significant variation between some years,
but not between sexes. Finally, we discuss pilot whales’ foraging strategies worldwide and infer the reliance on
benthic or benthopelagic food sources in the Webbnesia.

Macaronesia
Trophic ecology

Lambert et al., 2014; Mannocci et al., 2014a, 2014b). Moreover, such
knowledge also contributes to a better understanding of their natural

1. Introduction

Identifying foraging habitats and understanding the feeding ecology
of oceanic apex predators such as odontocetes (toothed whales) is
pivotal, given their important role in shaping the structure and func-
tioning of marine ecosystems (Estes et al., 2011; Pearson et al., 2023).
Hence, knowledge of their prey preferences and of the spatio-temporal
variability of these prey contributes to a better understanding of their
distribution patterns (Hastie et al., 2004; Friedlaender et al., 2006;

interactions, such as inter- and intraspecific competition for food or
diseases, and anthropogenic interactions, such as with fishery, marine
pollution, or climate change (Heithaus, 2001; Acevedo-Gutiérrez, 2002;
Spitz et al., 2006; Jusufovski et al., 2019). Such knowledge is also crucial
in implementing effective management measures towards their conser-
vation (Ross et al., 2011; Pirotta et al., 2014).

The Macaronesia marine ecoregion, comprising the oceanic
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archipelagos of the Azores, Madeira, and the Canary Islands (Spalding
et al., 2007; Freitas et al., 2019), represents a hotspot of cetacean di-
versity in the Eastern North Atlantic with more than 30 species recorded,
being mostly odontocetes (Pérez-Vallazza et al., 2008; Carrillo et al.,
2010; Freitas et al., 2012; Silva et al., 2014; Alves et al., 2018; Carta-
gena-Matos et al., 2021; Mclvor et al., 2022). Some species, like the
short-finned pilot whale (Globicephala macrorhynchus, hereinafter
referred to as pilot whale), have island-associated animals that are
known to move between archipelagos (Alves et al., 2019). Some pilot
whales in the Webbnesia, a subregion inside Macaronesia formed by
Madeira and the Canary Islands (Freitas et al., 2019), are known to be
highly associated with the Southeast of Madeira Island and the South-
west of Tenerife Island (Canaries), yet likely with different levels of site
fidelity (Heimlich-Boran, 1993; Alves et al., 2013a; Servidio et al., 2019;
Fernandez et al., 2021; Esteban et al., 2022). These are among the few
known island-associated populations worldwide and strongly support
local whale-watching activities (Sambolino et al., 2022; Sousa et al.,
2023). Despite their ecologic and economic importance, knowledge of
their trophic ecology is still inexistent in this region, as it is generally
poorly studied worldwide.

Pilot whales are defined as teuthophagous, preying primarily on
squids and occasionally on fish and octopuses (Olson, 2018; Aguilar de
Soto and Alves, 2023). However, only a few stomach contents of
short-finned pilot whales are described in the literature. Namely, Sea-
gars and Henderson (1985) analysed six specimens from Santa Catalina
Island (USA), where the market squid (Doryteuthis opalescens) was the
main food item. Mintzer et al. (2008) revealed a diet based on bathy-
pelagic fish and squids from 11 specimens stranded in Cape Hatteras
(USA). Bustamante et al. (2003) described a diet consisting mainly of
mesopelagic squids and meso and benthopelagic fishes from one animal
stranded in New Caledonia. Finally, only four stomach contents were
analysed in Macaronesia, all from the Canary Islands, including one
from a juvenile. The contents mainly consisted of remains of mesope-
lagic squids (Hernandez-Garcia and Martin, 1994; Fernandez et al.,
2009; Luna et al., 2024). Data from adult specimens indicated a signif-
icant presence of Cranchiids, with Cranchia spp. and Megalocranchia spp.
making up to 67% of the identified beaks. Regarding weight, Ommas-
trephids, such as the European flying squid (Todarodes sagittatus), were
more prominent, followed by Histioteuthis spp. and Pholidoteuthis spp.
(Hernandez-Garcia and Martin, 1994; Fernandez et al., 2009). Recent
stomach content analyses of a still-suckling juvenile showed a diet
predominantly consisting of small or juvenile stages of migrant oceanic
squids from the families Enoploteuthidae, Ommastrephidae, and His-
tioteuthidae (Luna et al., 2024). Despite the low number of stomach
contents sampled in the area, 22 cephalopod species have been identi-
fied as part of their diet, suggesting a generalist/opportunistic feeding
behaviour within a teuthophagous diet (Luna et al., 2024).

From diet to foraging strategies, fine-scale bio-locomotion sensors
have shown that pilot whales have high plasticity adapted to local
environmental conditions (Thorne et al., 2017; Shearer et al., 2022). In
Tenerife Island, such biologgers suggest that pilot whales perform a
daytime foraging tactic based on sprints (up to 9 ms 1) in depths ranging
from ~500 to 1000 m to target large, calorific, and mobile prey items,
such as the giant squid (Architeuthis dux) (Aguilar de Soto, 2006; Aguilar
de Soto et al., 2008). During night-time, pilot whales perform shallower
dives with significantly more feeding attempts and fewer sprints than
daytime deep dives, probably focusing on smaller and slower oceanic
squids (Aguilar de Soto, 2006; Aguilar de Soto et al., 2008). In Madeira,
Alves et al. (2013b) described similar daytime dive profiles. In contrast,
the diving behaviour of pilot whales from Cape Hatteras differs strik-
ingly in the number of prey captured and sprints during catch attempts,
suggesting that the population exploits a wide range of food types, with
a predominance of small-medium oceanic deep-water squids (Quick
et al., 2017). As Shearer et al. (2022) demonstrated, the suggested
variation in feeding habits among areas emphasizes behaviour plas-
ticity, allowing pilot whales to adapt their foraging techniques to
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various environments.

Alternatively, or complementary to the two methods mentioned
above, stable isotope analyses (SIA) have been extensively used in ce-
taceans to assess dietary variation in space and time, migrations, and
trophic positions and interactions (e.g., Abend and Smith, 1995; Méndes
et al., 2007; Knoff et al., 2008). In particular, the bulk-tissue stable ni-
trogen isotope (5!°N) has been widely used to delineate an animal’s
trophic position (TP). This is due to the biological partitioning of ni-
trogen, which varies around ~3-5%o per trophic level from prey to
consumers (trophic enrichment factor, TEF), allowing the estimation of
relative TP in a food web (DeNiro and Epstein, 1981; Zanden and Ras-
mussen, 2001; Post, 2002; McCutchan et al., 2003). However, inferences
on TP based on SIA require knowledge of the isotopic values of organ-
isms at the base of the food web and its variability (isotopic baseline)
(Cabana and Rasmussen, 1996; Zanden and Rasmussen, 2001; Solomon
et al., 2008). The stable carbon isotope (613C) enrichment across trophic
levels ranges between ~0.1 and 1.1%o and provides information on the
relative foraging location and primary producers in the base of the food
chain (DeNiro and Epstein, 1978; Hobson, 1999; McCutchan et al.,
2003). These techniques have been previously applied in Macaronesia
on several delphinid species to explore their TP and its fluctuations as an
adaptation to interannual changes in feeding resources; however, only
four pilot whale samples from the Canary Islands and 10 from the Azores
were analysed (Bode et al., 2022; Dias et al., 2023; Lebon et al., 2024;
Luna et al., 2024).

In this study, bulk-tissue stable isotope ratios of §'3C and 5'°N were
applied as a proxy to i) infer the relative trophic position, isotopic-niche
size, and niche overlap, and ii) shed light on the foraging habitats and
dietary habits of free-ranging pilot whales inhabiting the Webbnesia.
Specifically, we address whether intraspecific isotopic variations result
from differences between geographic areas (Tenerife vs. Madeira, due to
possible variation in feeding habits among areas resulting from different
levels of site fidelity), sexes, and/or years. Finally, we discuss the pilot
whales’ foraging strategies based on a literature review and a compar-
ison with the isotopic values of other taxa. This is the first study on the
foraging ecology of short-finned pilot whales in the Webbnesia using
stable isotopes.

2. Material and methods
2.1. Data collection

Tissue samples of free-ranging pilot whales were sampled in 2015,
2018, and 2020 off the Southwestern coast of Tenerife Island (Spain)
and in 2017 and 2018 off the South coast of Madeira Island (Portugal)
(Fig. 1, Table 1). These oceanic islands are 500 km apart in a subtropical
region and share natural, geological, climatological, and oceanographic
aspects due to their volcanic origin and being surrounded by steep
submarine canyons (Kim et al., 2008).

The samples were obtained by experienced researchers carrying legal
permits (see Ethics approval), using a biopsy dart system specially
designed for small cetaceans (Mathews et al., 1988). They targeted the
flanks of large and robust animals (detailed in Alves et al., 2020). Biopsy
samples were stored on board in a liquid nitrogen container and kept at
—80 °C before the skin was processed for SIA and sex determination.

2.2. Laboratory analyses

2.2.1. Stable isotope analyses

The samples from Tenerife were dried in a lab stove at 60 °C for 48 h
and ground to a fine powder with an agate mortar and pestle. The
samples were defatted to three consecutive washes with 4 ml cyclo-
hexane between each wash. The samples were centrifuged, and the su-
pernatant was discarded, following Méndez-Fernandez et al. (2012).
This procedure was applied because lipids are depleted in '3C compared
to protein and carbohydrates, which usually causes an inverse
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Fig. 1. Location of the Webbnesia ecoregion (dotted line) showing the areas in Madeira (in green) and the Canary Islands (in orange) where the biopsies of short-
finned pilot whales Globicephala macrorhynchus were obtained for this study. Species illustration by E. Berninsone © ARDITI.

Table 1

Number of short-finned pilot whales sampled in each island by year and sex.
Island Tenerife Madeira
Year 2015 2018 2020 2017 2018 Total
Male 9 2 4 5 6 26
Female 4 0 1 9 11 25
Indeterminate 1 1 5 0 0 7
Total 14 3 10 14 17 58

relationship between the C:N and §'3C values in the tissues of aquatic
animals (DeNiro and Epstein 1977). Thus, the samples were redried at
60 °C for 24 h. Stable isotope ratios were measured using a Flash EA
1112 Series elemental analyser coupled online via Finnigan ConFlo III
interface to a Thermo-Finnigan MAT253 mass spectrometer (CACTI,
University of Vigo, Spain).

The samples from Madeira were treated similarly, except for the
defatted procedure. Thus, 5'C values were posteriorly corrected by
applying a corrector factor of 1.5%o as suggested by Wilson et al. (2014).
In addition, these samples were measured using a Flash EA 1112 Series
elemental analyser coupled online via Finnigan ConFlo III interface to a
Thermo delta VS mass spectrometer (Marefoz, University of Coimbra,
Portugal).

Isotopic values were expressed using delta notation (8) in parts per
thousand (%), where 86X = (Rsample/Rstandard — 1) X 103, with Rsample and
Rgtandard representing the molar ratios of C'3/c!? and N'°/N™ of the
sample and standard reference material, respectively. The reference
material was Vienna-Pee Dee belemnite for carbon and atmospheric N2
for nitrogen.

The precision in the overall preparation and analysis was better than
0.1%o for 8'3C and 0.3%. for 8'°N. To control for sample processing
quality, samples with a standard deviation (SD) between replicates (i.e.,
two sub-samples of the same sample) >0.2%o 5!°C or 5'°N were not
included in data analyses.

2.3. Sex determination

The samples from Tenerife were processed through DNA analyses

based on the amplification of the Zinc fingers genes introns of sexual
chromosomes X and Y (Zfx, Zfy) (Shaw et al., 2003). The amplified
products were submitted to gel electrophoresis (1%) to visualise a band
pattern - two bands in males and a unique band in females. A confir-
mation test based on the amplification of the SRY gene was used,
exclusive from the Y chromosome (Rosel, 2003).

For Madeira, genomic DNA was extracted using a standard high-salt
protocol outlined in Sambrook et al. (1989). Single PCR reactions with
only one set of primers (thus two PCR reactions per sample) were carried
out to amplify both ZFX and SRY gene fragments (Richard et al., 1994;
Bérube and Palsbgll, 1996; Rosel, 2003) wusing Phusion Flash
High-Fidelity PCR Master Mix (Thermo Scientific™) in 20 pl reactions.
The amplification conditions used in this study are detailed in Alves
et al. (2020). Several electrophoresis bands from different samples were
sequenced to confirm whether the desired genes were amplified. The
PCR products were cut from the gel, purified with the NZYGelpure
(NZYTech), and sent to direct sequencing (Sanger sequencing) using the
light run sequencing service of GATC Biotech. The DNA sequences were
analysed using the BioEdit Sequence Alignment Editor version 7.0.4.1
(Hall, 1999) and aligned against reference sequences from GenBank.

2.4. Data analyses

Generalized Linear Models (GLMs) with a Gaussian distribution were
employed to evaluate differences in §!3C and 8'°N levels in pilot whales.
The models incorporated island, sex, and year as fixed effects to asses
their influence on the isotope levels. Residuals were evaluated for model
assumptions using the “DHARMa"” R package (Hartig, 2022). To ensure
all the assumptions were met, simulated residuals were assessed with
diagnostic plots, including residuals versus fitted values plots and Q-Q
plots.

Post-hoc comparisons to investigate differences in §'3C and §'°N
levels between years, sexes, and islands were conducted using the
“emmeans” R package (Lenth, 2024)), with pairwise comparisons
adjusted for multiple comparisons using Bonferroni corrections.

Effect sizes were visualized using the “effects” R package (Fox,
2003), which provided insight into the magnitude and direction of the
effects of year, sex, and island on isotopic levels. The variability
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explained by the GLMs was quantified using R-squared values. All cal-
culations and statistical analyses were conducted using R (R Core Team,
2023).

The TP was estimated using the 5!°N values obtained for bulk skin
samples of each individual and applying the model (Cabana and Ras-
mussen 1996):

(515Ns _ 515Np)

P= TEF

+2

where §'°N; and ESIE’Np are, respectively, the skin values of 55N of the
pilot whales and 8'°N values of the primary consumers’ zooplankton
(reference baseline TP = 2), and TEF is the trophic enrichment factors
for 5'°N between consumers and prey. The TEF applied in this study
followed the proposed by McCutchan et al. (2003) of 3.3 £ 0.26%o. The
value of 615NIJ used was 3.4 £ 1.24%o, following Bode et al. (2022) for
calanoid copepods from the Macaronesian region.

Isotopic niches were investigated by examining the dispersion of
5'3C and 8'°N values in a biplot by calculating the Bayesian standard
ellipse area considering 95% data coverage (SEAp) and the corrected
standard ellipse area considering 40% data coverage (SEA¢) (Jackson
et al., 2011). In addition, we used six metrics proposed by Layman et al.
(2007) to compare the isotopic niches of pilot whales from Tenerife and
Madeira. 1) The 5!°N range, as the difference between the highest and
lowest 8!°N values of pilot whales in each archipelago, provides infor-
mation on the range of trophic levels at which pilot whales have been
feeding in each archipelago. 2) The §'2C range, as a measure of the
difference between the highest and lowest §!3C values of pilot whales
from each archipelago range, estimates the variability of trophic sources
in each archipelago. 3) The total amount (or area) of niche space (TA) in
%o occupied by each group of pilot whales, as the area occupied by a
convex hull drawn around the most extreme data points in the §'°C-
515N biplot. 4) The mean distance to the centroid (CD), as the mean
Euclidean distance of every one individual of a population (Tenerife or
Madeira) to their population 5'3C- 8!°N centroid (where the centroid is
the mean 8'3C- 8'°N values of the population), provides an estimate of
overall dietary diversity. 5) The mean nearest neighbour distance
(MNND), as the average nearest-neighbour Euclidean distance between
an isotopic coordinate relative to all other coordinates within a popu-
lation (Tenerife or Madeira), provides an estimate of population packing
and shows how similar or dissimilar the members of a population are to
one another. 6) The SD of nearest neighbour distance (SDNND), as a
measure of the evenness of an individual’s spatial density and packing,
where low SDNND values indicate a more even distribution of trophic
niches.

A Bayesian approach was used to compare isotopic niche areas be-
tween islands, calculating 10* posterior iterations of SEAg based on the
data set. This produced a range of SEAg probable values at 50%, 75%,
and 90% credible intervals, and we report the mode (SEAp mode) along
with 95% credible intervals. Bayesian inference allows a direct proba-
bilistic interpretation of the differences in SEAp depending on the
grouping level. This can be achieved through pairwise comparisons by
calculating the proportion of SEAg that differed between two groups,
which can be interpreted as a direct proxy for the probability that one
group is larger (Jackson et al., 2011). The SD was used to measure data
dispersion when reporting mean values.

3. Results
3.1. Isotopic composition and intra-specific variability

The overall mean (+SD) isotopic values were determined for 58 pilot
whales as follows: 27 from Tenerife (15 males, five females, seven
indeterminate) and 31 from Madeira (11 males, 20 females) (Table 1).
The 8'3C mean was —15.94 + 0.54%o, and 8'°N mean was 12.67 =+
0.77%o. In Tenerife, the mean 8'3C value was —16.13 + 0.65%o, while in
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Madeira, it was —15.82 = 0.50%o. The 8'°N mean values were 12.82 &
0.94%o in Tenerife and 12.45 + 0.55%o in Madeira (Fig. S1). By sex, the
mean 5'3C value for females was —15.90 + 0.53%o and for males was
—15.90 + 0.54%o, and the mean 55N value for females was 12.40 +
0.61%o0 and for males was 12.80 £ 0.72%o (Fig. S1). Detailed isotopic
mean values by year and islands can be found in Table 2.

The GLMs revealed significant effects of year and island on §'°C
values, explaining 34.7% of the variability (Table S2, Fig. S1). The
analysis indicated that §!C values in 2018 were significantly lower than
in 2015 (p < 0.05). Although 513C values also decreased in 2017 and
2020 when compared to 2015, these differences were not statistically
significant after adjusting for multiple comparisons (p > 0.05) (Table S3,
Fig. S1). There was a significative negative effect towards Tenerife when
compared to Madeira (p < 0.05) (Table S2, Fig. S1). The model did not
find a significant effect of sex on 513C values (p = 0.33) (Table S2).

The GLMs explained approximately 57.4% of the variability in 8'°N
values, revealing significant effects of year and island (Table S4, Fig. S2).
The 5N values were significantly higher in 2017, 2018, and 2020 than
in 2015 (p < 0.05) (Fig. S2). The post-hoc pairwise comparisons
revealed significant differences only between 2015 and 2017 and be-
tween 2015 and 2020 (p < 0.05) (Table S5). There was a significative
positive effect towards Tenerife compared to Madeira (p = 0.03)
(Table S5). The model did not find a significant effect of sex on 5I5N
values (Table S4).

3.2. Trophic position and isotopic niche

The overall TP ranged from 4.37 to 5.36, with a mean (+SD) value of
4.81 £ 0.23. The TP in Tenerife ranged between 4.81 and 5.36 (mean =
4.88 + 0.28) and in Madeira between 4.37 and 5.22 (mean = 4.74 +
0.16), indicating that some individuals of both archipelagos differed by
a full trophic level among them.

The TA was slightly higher in Tenerife (3.9%0%) than in Madeira
(3.7%0%) and showed substantially larger niche widths (Fig. 2). The mean
core of SEAp and SEA¢ was also higher in Tenerife, as well as the SEAp
mode (1.57 in Tenerife and 0.76 in Madeira) (Fig. 3). A high trophic
overlap was found between Madeira and Tenerife, with a SEAp overlap
of 98.8%, while, Tenerife exhibited a much lower overlap of only 46.5%
of the area. The CD was also higher in Tenerife (0.99%) than Madeira
(0.57%). The MNND was similar for both archipelagos (0.24 and 0.23),
while the SDNND was higher in Madeira (0.28) than in Tenerife (0.11)
(Table 3).

4. Discussion

Understanding prey selection, hunting behaviour, habitat use, and
foraging strategies of a species is key in ecology (Stephens et al., 2007).
However, the restricted access to the feeding habitats of deep-diving
odontocetes has limited our knowledge of their trophic ecology
(Staudinger et al., 2013; Southall et al., 2019). Therefore, indirect ap-
proaches, such as the trophic markers applied in this study, allow

Table 2
Mean and standard deviation of §'C and 5'*N values grouped by island, sex, and
year. TF: Tenerife. MAD: Madeira.

Group 813C (%0) 85N (%e0)
Overall —15.94 + 0.54 12.67 + 0.77
Tenerife —16.13 + 0.65 12.82 + 0.94
Madeira —15.82 £+ 0.50 12.45 + 0.55
Females —15.90 £+ 0.53 12.04 + 0.61
Males —15.90 + 0.54 12.80 + 0.72
Year/Island

2015-TF —15.80 £+ 0.29 12.20 £+ 0.55
2018-TF —16.40 + 1.19 13.60 + 0.84
2018-MAD —16.00 + 0.44 12.20 + 0.39
2020-MAD —16.30 + 0.51 13.70 + 0.56
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Fig. 2. Biplot of 5'°C and '°N values (%o) for short-finned pilot whales in
Tenerife and Madeira Islands, with mean and SD represented by vertical and
horizontal bars. Shaded areas represent the standard ellipses corrected for a
small sample size considering 40% data coverage (SEAc), while dotted lines
represent the convex hull area - the total amount of niche space (TA).

tackling some of the pilot whales’ mysterious ecological niches and thus
advance knowledge on this species’ foraging habits.

Significant differences were found in the stable isotope profiles of
pilot whales between the two archipelagos, which were also reflected in
their isotopic niche. The higher mean and wider range of 8'°N values in
Tenerife (Tables 2 and 3) suggest that, on that island, pilot whales
consume prey of higher trophic levels than Madeira. Moreover, Tener-
ife’s dietary diversity was higher than Madeira’s (CD = 0.99 vs. 0.57),
suggesting that pilot whales have a more diverse diet on the former is-
land. The channel between La Gomera and Southwest of Tenerife, where
the analysed samples were obtained, hosts the highest abundance of
pilot whales in the Canary Islands (Carrillo et al., 2010; Servidio et al.,
2019). Evidence of predation on large squids, such as the giant squid and
deep-sea hooked squid (Taningia danae), has been documented in this
area (Escanez and Perales-Raya, 2017; Escanez, 2019). This channel
exhibits an underwater topography resembling a submarine canyon
created by the contraposition of the two island slopes. This type of
topographic feature has been considered an optimal foraging habitat for
giant squids (Guerra et al., 2011), which can have higher levels of 5'°N
than pilot whales (Escanez, 2019). In contrast, the higher mean and
wider range of 8'3C values in Madeira (Tables 2 and 3) suggests that
pilot whales rely on prey from more diverse habitats.

Our analysis found no significant differences in the isotopic ratios
between sexes. The 8'3C values were similar for females and males,
while the 5'°N values showed only a slightly higher tendency in males.
This slight difference in §!°N may be related to prey selection, with
males potentially consuming prey at higher trophic levels. Similar sex-
specific foraging behaviours have been observed in other marine
mammals, including killer whales (Orcinus orca), belugas (Delphinapterus
leucas), and several pinnipeds (Baird et al., 2005; Harvey et al., 2008;
McIntyre et al., 2010; Beerman et al., 2016; Noren and Suydam, 2016).
However, any observed differences between sexes should be interpreted
with caution due to the unequal numbers of females and males analysed
across different years.

The 5'3C and 5'°N values obtained in this study are similar to those
of short-finned pilot whales from other regions, such as the Northeastern
Iberian Peninsula (Galicia) (Monteiro et al., 2017), the Gulf of California
(Aurioles-Gamboa et al., 2013), or the Moorea Islands (Kiszka et al.,
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Fig. 3. Distribution in the standard ellipse area (SEA) estimates based on 10*
resampling runs for short-finned pilot whales by A) island and B) sex. Black dots
represent the mode of the standard ellipse area considering 95% data coverage
(SEAR mode), red X represent the standard ellipse area corrected for small sample
size considering 40% data coverage (SEA¢), and the shaded boxes represent the
50, 75 and 95% Bayesian credible intervals from dark to light colours,
respectively.

2010) (Table S1). Although variations in raw isotopic values at the base
of the food webs (5'° Np) in different oceans and water masses preclude
direct comparison, the pilot whales’ TP calculated in each region is
comparable if values 5'° N,, are well characterised in each area. There-
fore, pilot whales from Webbnesia have a higher TP (4.88) than from a
group stranded in Galicia (4.03), assuming a &' Np value of 5.2
(Mendez-Fernandez et al., 2012) and a TEF value of 3.3 (McCutchan
et al., 2003), and than from the Gulf of California (3.70) (Diaz-Gamboa
et al., 2022). In Madeira and Canary Islands, pilot whales are top
predators, exhibiting a higher trophic position than many marine
mammals inhabiting the region, such as the common bottlenose dolphin
(Tursiops truncatus, TP = 4.28 + 0.26) or the striped dolphin (Stenella
coeruleoalba, TP = 4.19 + 0.26) (Bode et al., 2022).
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Table 3

Isotopic niche metrics, including Layman metrics for short-finned pilot whales in
Tenerife and Madeira Islands. n, number of (biopsy) samples; TA, total amount
of niche space; SEAg, standard ellipse area considering 95% data coverage;
SEA(, standard ellipse area corrected for small sample size considering 40% data
coverage; SEAp mode, mode of the SEAp; CD, mean distance to centroid; MNND,
mean nearest neighbour distance; SDNND, the standard deviation of nearest
neighbour distance.

Metrics Tenerife (n = 27) Madeira (n = 31)
5'°N range 3.10 2.83
5!3C range 2.14 2.99
TA 3.90 3.70
SEAg 1.61 0.76
SEAc 1.67 0.79
SEAR mode 1.55 0.76
CD 0.99 0.57
MNND 0.24 0.23
SDNND 0.11 0.28

4.1. The benthic foraging pathway paradox

Comparing our results with other marine consumers inhabiting the
same region allows us to infer the pilot whales’ foraging habitats and
dietary habits in the Webbnesia (Table S1). In this sense, pelagic and
oceanic species are generally 5'3C depleted and have values around
—20%o and —19%o. These include, for example, pelagic fish such as the
blue jack mackerel (Trachurus picturatus) (—19.9 + 0.4%0) and the
Atlantic chub mackerel (Scomber colias) (—20 + 0.5%o), mesopelagic fish
as the smallfin lanternfish (Benthosema suborbital) (—20.34 £ 0.54%o),
and oceanic seabirds as the Barolo’s shearwater (Puffinus baroli) (—19.7
+ 0.8%o0) that prey on offshore epipelagic species (Ramos et al., 2015;
Romero et al., 2021) (Table S1). In contrast, species living primarily
near the island slope closely related to the bottom are 5'3C enriched, and
their values range between —18%o and —16%o. For example, some large
deep-sea benthopelagic fish as grenadiers have 5'3C values of —16%o and
—17%o. The pilot whales analysed here are §'3C- enriched (-15.94 +
0.54%o0) compared to pelagic and oceanic vertebrates from the same area
(Table S1). This suggests two hypotheses: 1) pilot whales in the Webb-
nesia feed preferably (or at least regularly) on benthic/benthopelagic
prey associated with the islands slopes or demersal prey, and/or 2) pilot
whales partially inhabit and feed in '3C- enriched areas located further
south during a significant portion of the year, such as more tropical and
coastal African waters. However, there is currently no robust informa-
tion to support the latter hypothesis.

Short-finned pilot whales have been described as teuthophagous
deep-diving cetaceans but versatile and capable of adapting their
foraging to the local conditions (Shearer et al., 2022). Several squids,
like some Ommastrephids (e.g., Illex spp., Todarodes spp., Todaropsis
spp., or Nototodarus spp.), inhabit the continental slope at mid-depths,
being concentrated on the slope bottoms (Jereb and Roper, 2010). In
addition, several pelagic deep-sea squids undergo ontogenetic descent,
increasing their size and maturity stage and adopting a benthopelagic or
demersal lifestyle (Nesis, 1993; Laptikhovsky et al., 2007; Alvarez et al.,
2009; Arkhipkin and Laptikhovsky, 2010a; Vecchione, 2019). This
ontogenetic change is accompanied by enrichment in §'°N and &'3C
values as they occupy near-bottom or benthopelagic habitats and cap-
ture larger prey (Martinez-Baena et al., 2016; Staudinger et al., 2019).
For example, large squids, as the scaled squid (Pholidoteuthis adami), the
greater hooked squid (Moroteuthopsis ingens), the Antarctic gonate squid
(Gonatus antarcticus), or the long-armed squid (Chiroteuthis spp.), have
been observed mating in near-bottom habitats (Arkhipkin and Lapti-
khovsky, 2010b; Hoving and Vecchione, 2012; Vecchione, 2019).
Moreover, other large species, such as the giant or the deep-sea hooked
squids, seem to be associated, but not restricted, to benthopelagic hab-
itats near slopes (Cherel et al., 2009; Gomes-Pereira and Tojeira, 2014).
On the other hand, we cannot rule out the consumption of different types
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of benthic or benthopelagic prey, such as fish. In this sense, consumption
of benthopelagic and benthic fish associated with the continental slope,
such as the Bean’s bigscale fish (Scopelogadus beanii), the greeneye fish
(Chlorophthalmus spp.), or the blackmouth fish (Synagrops spp.) has
already been reported in pilot whales stomach contents (Bustamante
et al., 2003; Mintzer et al., 2008).

Pilot whales associate with steep slopes where they forage over ba-
thymetries between 325 and 2000 m (Abecassis et al., 2015; Thorne
et al., 2017), as shown in Webbnesia (Carrillo et al., 2010; Fernandez
et al., 2021). Steep slope habitats at mid-depth can be used as a physical
barrier, facilitating prey capture — in contrast to open pelagic habitats -
but they also concentrate biomass at depths where the mesopelagic and
benthic/benthopelagic communities converge (Trueman et al., 2014). In
this manner, mesopelagic organisms (e.g., fish, squids, and crustaceans)
from the deep scattering layer (DSL) enter and accumulate in the ben-
thopelagic boundary layer (BBL) when they interact with the steeply
sloping bottoms of oceanic islands during their diel vertical migrations
(Porteiro and Sutton, 2007; Sutton, 2013). In this mixed BBL, intense
trophic interactions between mesopelagic and benthic/benthopelagic
fauna occur in both directions, representing a vital trophic link between
these two types of fauna in deep-sea slope ecosystems, as well as linking
the neritic and oceanic realms of islands (Mauchline and Gordon, 1991;
Porteiro and Sutton, 2007; Sutton, 2013). In addition, some oceanic
islands may have a characteristic mesopelagic boundary community
(MBCQ), a discrete assemblage of mesopelagic organisms associated with
the island’s slope inside the BBL (Reid et al., 1991; Benoit-Bird and Au,
2004). Thus, pilot whales can take advantage of the deep-sea commu-
nities (BBL and MBC) associated with the island’s slope, preying directly
on them (Abecassis et al., 2015; Copeland et al., 2019). However, the
trophic interactions among species involved in the benthic-pelagic
coupling on the deep island slopes, which may make benthic carbon
sources available to pilot whales, are still not well known in the region
and should be further investigated. Still, the trophic coupling between
slope’s benthopelagic squids and benthopelagic/demersal fishes, such as
Macurrids, can support these key biological processes, as reported in the
central Mediterranean Sea (Coll et al., 2013; Ricci et al., 2022).

Benthic foraging behaviour in pilot whales has recently been re-
ported off Cape Hatteras (USA) (Shearer et al., 2022). That study found
that 36% of the feeding dives were close (40 m) to the bottom, and
57.6% of the prey capture attempts were made between benthic and
benthopelagic habitats. In contrast, in the Canary Islands, pilot whales
were suggested to follow a pelagic foraging behaviour (Aguilar de Soto
et al., 2008). Only 1% of the prey catch attempts were in the bentho-
pelagic boundary layer (BBL), whereas 46% and 53% of the prey catch
attempts were in the epipelagic and mesopelagic depths, respectively
(Alcazar et al., 2019). This appears to be a paradox since, in these
islands, pelagic-mesopelagic preys are §!°C depleted in comparison to
pilot whales, being at several trophic levels of separation in terms of
513C, assuming for this a TEF range of 0.96-1.3%o considered for other
species of deep-diving cetaceans, such as the sperm whale (Physeter
macrocephalus) and long-finned pilot whales (G. melas) (Abend and
Smith, 1997; Wild et al., 2020).

Some hypotheses could explain these differences between benthic
and pelagic foraging behaviours. First, recordings of echoes from the
bottom in the biologgers used in those studies depend on their place-
ment and orientation in an animal’s body. This means that a deficit
deployment, especially in the posterior region of the body, could prevent
these recordings and, therefore, underestimate them (e.g., T¢nnesen
etal., 2020). Second, the benthic foraging behaviour can be restricted to
specific areas or seasons, depending on the productivity of each habitat
(benthic or pelagic) at the moment of the tagging experiment. Thus, for
example, sperm whales in the Kaikoura submarine canyon (New Zea-
land) can have 50% of their foraging dives as demersal in some seasons
(Guerra et al., 2017), while only rarely in others (Miller et al., 2013).
This variability in diving behaviour could also occur with pilot whales
and likely explain the differences between regions (Cape Hatteras vs.
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Canary Islands).

Pilot whales from other regions also show 8'3C- enriched values
compared to other deep-diving cetaceans. For example, in New Zealand
and the Azores, they show similar values to other cetaceans species that
feed on coastal fishes and/or in more productive food webs (Visser,
2000; Peters et al., 2022; Lebon et al., 2024). However, that could be
explained by the deep-water benthic/benthopelagic foraging habitat
rather than coastal feeding, which would be in line with its distribution
associated with deep submarine slopes and canyons in New Zealand
(Stephenson et al., 2020); similar to what suggested for the pilot whales
in our study. On the other hand, in the Azores, the sampled pilot whales
could be transient individuals from other islands of Macaronesia (Alves
et al., 2019) and, therefore, present values similar to those recorded in
our study.

Future research on the diet and trophic ecology of pilot whales in the
Webbnesia, and Macaronesia in general, should combine indirect tech-
niques such as trophic markers (e.g., SIA and fatty acids) and diet
modelling approaches (e.g., QFASA, MixSiar), as it would certainly
benefit from deep-sea studies on the animals’ prey and oceanography.
Such research would help deepen our understanding of the benthic re-
sources pathway, identify keystone prey species of the pilot whales’ diet,
clarify their foraging strategies and feeding habitats, and elucidate how
it could influence their site fidelity to specific areas within the region.
These findings are essential for developing effective conservation stra-
tegies and managing one of the most socioeconomically important
cetacean species of Webbnesia.
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