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Elusive wildlife are challenging to study, manage, or conserve, as the difficulty of

obtaining specimens or conducting direct observations leads to major data deficiencies.

Specimens of opportunity, such as salvaged carcasses or museum specimens, are a

valuable source of fundamental biological and ecological information on data-deficient,

elusive species, increasing knowledge of biodiversity, habitat and range, and population

structure. Stable isotope analysis is a powerful indirect tool that can be used to infer

foraging behavior and habitat use retrospectively from archived specimens. Beaked

whales are a speciose group of cetaceans that are challenging to study in situ,

and although Sowerby’s beaked whale (Mesoplodon bidens) was discovered >200

years ago, little is known about its biology. We measured δ
13C and δ

15N stable

isotope composition in bone, muscle, and skin tissue from 102 Sowerby’s beaked

whale specimens of opportunity collected throughout the North Atlantic Ocean to infer

movement ecology and spatial population structure. Median δ
13C and δ

15N values in

Sowerby’s beaked whale bone, muscle, and skin tissues significantly differed between

whales sampled from the east and west North Atlantic Ocean. Quadratic discriminant

analysis that simultaneously considered δ
13C and δ

15N values correctly assigned >85%

of the specimens to their collection region for all tissue types. These findings demonstrate

Sowerby’s beaked whale exhibits both short- and long-term site fidelity to the region
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from which the specimens were collected, suggest that this species is composed of

two or more populations or exhibits a metapopulation structure, and have implications

for conservation and management policy. Stable isotope analysis of specimens of

opportunity proved a highly successful means of generating new spatial ecology data

for this elusive species and is a method that can be effectively applied to other

elusive species.

Keywords: bone, muscle, skin, Sowerby’s beaked whale,Mesoplodon bidens, δ13 C and δ
15 N, museum collections

INTRODUCTION

Knowledge of a species’ population structure and spatial ecology
is essential for effective wildlife conservation, particularly in
potentially highly migratory marine species. Species of concern
are often by definition rare or elusive, resulting in large gaps
in knowledge regarding their biology and ecology (Cunningham
and Lindenmayer, 2005). As a result, the conservation needs of
these species are often unknown, presenting challenges to those
tasked with developing conservation and management plans.
Traditional field research techniques may be ineffective when
species are rarely encountered, live in remote or inaccessible
habitats, or actively avoid human researchers and equipment
(Green and Young, 1993; Breck, 2006; Meek et al., 2014). In such
cases, alternative, often indirect, approaches to the generation of
basic ecological and biological knowledge may be needed to fill
essential knowledge gaps (Piggott and Taylor, 2003; Joseph et al.,
2006).

Specimens of opportunity provide sources of ecological and

biological information that may be particularly valuable for rare
and elusive species (Roberts et al., 2016). These sources include

museum specimens, salvaged carcasses, or specimens collected

in the wildlife trade or for human consumption and sold in
the marketplace. Museums are critically important repositories

of biological data, and museum specimens have been used in
comparative studies, to identify new species and to understand
historical biodiversity (Newbold, 2010; Holmes et al., 2016;
MacLean et al., 2019). Salvaged carcasses, such as roadkill or
stranded marine mammals, have provided new information on
range and population structure (Coombs et al., 2019; Schwartz
et al., 2020). Similarly, animals collected for the pet trade or
human consumption have yielded new species and information
on hybridization events (Erdmann, 1999; Baker et al., 2007;
Ebert et al., 2019). As research tools develop, the quantity and
quality of information that can be gained from these specimens of
opportunity grow, providing an invaluable resource to investigate
the biology and ecology of elusive species.

Stable isotope analysis is a powerful and efficient tool that can
be used on specimens of opportunity for addressing biological
and ecological questions that may otherwise be challenging
or impossible to answer (McKechnie, 2004; West et al., 2006;
MacKenzie et al., 2011). Using a combination of tissues
synthesized at different times or at different rates, researchers
can infer spatial origin and diet across time (Phillips and
Eldridge, 2006; Vander Zanden et al., 2015). The rate that stable
isotopes are incorporated into a specific tissue is determined

by that tissue’s growth and replacement rates. Some tissues
grow rapidly and are replaced within months, while others are
incrementally grown and replaced depending on environmental
and physiological pressures (Fry and Arnold, 1982). Stable
isotope analysis conducted on specimens of opportunity has
been used to infer animal migrations, the spatial origin of
wildlife products, and even historical trophic structures (Hobson,
1999; Chasar et al., 2005; Hopkins and Ferguson, 2012). Two
of the most commonly used isotopes for wildlife studies are
carbon (expressed as δ

13C values), used to evaluate habitat
range and latitudinal shifts, and nitrogen (expressed as δ

15N
values), used for obtaining foraging and trophic information
(Ben-David and Flaherty, 2012). As the body of literature on the
application of stable isotope analysis to wildlife studies grows, in
conjunction with more high-resolution maps documenting the
spatial relationship of stable isotope abundance (i.e., isoscapes),
this analytical approach creates more opportunities to utilize
specimens of opportunity to increase knowledge regarding
elusive species (Vander Zanden et al., 2018; Trueman et al., 2019).

Although beaked whales comprise more than 25% of extant
whale and dolphin species, they are poorly understood and
elusive, with most questions regarding their basic biology
unanswered (Dalebout et al., 2004; Mead, 2009). This paucity of
data is largely attributable to the challenge of locating beaked
whales and distinguishing among species due to their elusive
behavior and similar appearance (MacLeod et al., 2005). Beaked
whales generally inhabit deep ocean, off-shelf habitats, and
their relatively small size, limited time spent at the surface,
and deep-diving behavior protected most species from being
targeted by commercial whaling operations and contribute to
a lack of observational data. Consequently, visually identifying
and studying beaked whales in situ is challenging, and many
field sightings of beaked whales can only be reliably identified
to genus, with possibly a suggestion of species. Specimens
of opportunity already have proven critical to increasing our
understanding of beaked whale diversity and ecology (Feyrer
et al., 2020; Landrau-Giovannetti et al., 2020). For example, three
species (Mesoplodon bowdoini,M. traversii, andM. hotaula) have
never been observed alive and are known only from stranded
carcasses, and several other species are known from stranded
carcasses and a few unconfirmed sightings (van Helden et al.,
2002; Dalebout et al., 2014). Similarly, during the last 20 years,
four new species were discovered by re-examining museum
specimens (Dalebout et al., 2002, 2014; Yamada et al., 2019).

Sowerby’s beaked whale (Mesoplodon bidens) was first
described in 1804, yet in more than 200 years, little has been

Frontiers in Conservation Science | www.frontiersin.org 2 May 2021 | Volume 2 | Article 653766

https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/conservation-science#articles


Smith et al. Elusive Whale Species Site Fidelity

learned about its life history (Sowerby, 1804; MacLeod et al.,
2005; Ellis et al., 2017). Most information on the species’ basic
biology, such as its spatial and foraging ecology, is still largely
unknown, explaining why it is considered “data deficient” by the
IUCN and a species of special concern by the Committee on
the Status of Endangered Wildlife in Canada (Taylor et al., 2008;
COSEWIC, 2019). The species’ range encompasses much of the
North Atlantic Ocean, and although individuals of this species
have been observed and collected from both North American
and European waters, it is unknown if this is one continuous
and highly mobile population, or if the species is structured into
spatially distinct subpopulations.

Based on the lack of data on the population structure and
spatial ecology of Sowerby’s beaked whales, management needs
of this species are unclear and effective conservation plans
cannot be developed across this species’ range. Site fidelity has
been recorded in other beaked whales, such as Cuvier’s (Ziphius
cavirostris) and Blainville’s (M. densirostris), but this has not
been investigated or documented in Sowerby’s beaked whale
(McSweeney et al., 2007). Analysis of seven cranial elements
from 112 Sowerby’s beaked whale museum specimens identified
significant morphological differences between specimens
collected in the east and west Atlantic Ocean, suggesting
there may be distinct populations of Sowerby’s beaked whale
(Smith et al., 2021). However, mitochondrial DNA analysis of
14 individuals identified both regionally distinct and shared
haplotypes between animals collected from both sides of the
Atlantic Ocean (COSEWIC, 2006). Thus, the spatial ecology
and population connectivity of this species are largely unknown.
Additional data regarding the spatial ecology of Sowerby’s
beaked whale are needed to identify conservation threats and aid
in the development of management plans.

In this study, we measured δ
13C and δ

15N compositions of
three tissues with distinct growth and isotopic turnover rates
from Sowerby’s beaked whale specimens of opportunity from
the east and west Atlantic. Our research brings together tissues
from museum specimens, stranded carcasses, and bycaught
animals to create a robust and diverse collection of specimens
of opportunity. Our objectives were to (i) evaluate the general
efficacy of specimens of opportunity in spatial ecology studies,
(ii) identify and characterize regional patterns in isotopic values
among Sowerby’s beaked whale individuals, and (iii) determine
if isotope values from specimens of opportunity can be used to
illuminate the spatial ecology of Sowerby’s beaked whales across
months and years.

METHODS

Sampling
We sampled 102 opportunistically collected Sowerby’s beaked
whale specimens from museums, stranding programs, and
research centers for bone (n= 71), muscle (n= 40), and skin (n=
50) tissue samples (Supplementary Table 1). For 46 specimens,
we acquired more than one tissue type: bone, muscle, and skin
from 13; bone and muscle from 4; bone and skin from 12; and
muscle and skin from 17. Original specimen collection locations
were from the east and west North Atlantic Ocean, here defined

as being on either side of the 35th meridian west (Figure 1).
East Atlantic specimens (n = 64) were stranded or recovered
in dredging operations, whereas west Atlantic specimens (n =

38) were stranded or bycaught in the former swordfish (Xiphias
gladius) pelagic drift gillnet fishery of the western North Atlantic
(Wenzel et al., 2013). Original specimen collection dates ranged
across all months and seasons from 1980 to 2019; included male,
female, and unknown sex individuals; and spanned age classes
(Supplementary Table 1).

We used a handheld drill to remove 1 g of bone tissue from
the occipital bone, when available. In 17 specimens, this bone was
not available, and we sampled an alternate location. We sampled
0.5 g from soft tissues and stored them in 95% ethanol for
transportation. Soft tissues are commonly preserved in ethanol,
which can contribute to lipid removal but has insignificant effects
on δ

13C and δ
15N values (Sarakinos et al., 2002; Javornik et al.,

2019).

Stable Isotope Analysis
We subsampled ∼200mg of bone tissue for collagen extraction
and followed the protocol outlined by Smith et al. (2020),
including lipid extraction and HCl and NaOH baths to remove
the mineral component. Analysis was completed at the Cornell
Isotope Laboratory at Cornell University using a Thermo Delta
V isotope mass spectrometer interfaced with a NC2500 elemental
analyzer (Thermo Fisher Scientific, 168 Third Avenue Waltham,
MA, USA 02451). We calibrated our sample values using two
in-house protein standards with known δ

13C and δ
15N values

relative to Vienna Pee Dee Belemnite (V-PDB) for δ
13C and

Atmospheric Air for δ
15N. An in-house animal tissue standard

was included between every 10 samples, with an analytical
precision of±0.1‰ (1σ ) for δ

13C and δ
15N.

Soft tissue samples were freeze-dried, finely ground, and lipid
extracted with 2:1 chloroform:methanol for 30min, manually
agitating every 5min; additional lipid extractions were performed
as necessary if the supernatant was not clear. We dried
samples at 60◦C after extraction. Analysis was completed
at the Smithsonian Museum Conservation Institute Stable
Isotope Mass Spectrometry Laboratory using a Thermo Delta
V Advantage mass spectrometer coupled to an Elementar vario
ISOTOPE Cube Elemental Analyzer via a Thermo Conflo IV
(Thermo Fisher Scientific, 168 Third Avenue Waltham, MA,
USA 02451). We calibrated our sample values to V-PDB and
Air via two standards, an in-house Costech Acetanilide (Costech
Analytical, 26074 Avenue Hall, Suite 14 Valencia, CA, USA
91355) and Urea-UIN3, calibrated to USGS40 and USGS41 L-
glutamic acid (Schimmelmann et al., 2009). Standards were
included between every 10 samples, with an analytical precision
of±0.2‰ (1σ ) for δ

13C and δ
15N.

We use delta notation (δ) to express our stable isotope results.
This is the parts per thousand difference between the sample
and international standards, expressed as δ

yX = [(Rsample –
Rstandard) / (Rstandard)], where X is the element, y is the atomic
mass of the stable isotope, and R is the ratio of heavy to light
isotopes. In order to account for the Suess effect (i.e., changing
atmospheric carbon isotope ratios due to fossil fuel input)
(Keeling, 1979), we Suess-corrected the data by adding 0.015‰
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FIGURE 1 | Collection locations for 102 opportunistically collected Sowerby’s beaked whale specimens housed in museums, stranding programs, and research

centers collected in the east (n = 64) and west (n = 38) Atlantic Ocean basin, defined here as being on either side of the 35th meridian west.

to the δ13C value for each year since 1980 to the date the sample
was collected (Sonnerup et al., 1999; Young et al., 2013). Because
the cumulative change in δ

13C values caused by the Suess effect
across the time the samples in this study were collected exceeded
the analytical precision of our standards, failure to account for
this variation could result in the mischaracterization of δ

13C
values for this species.

Data Analysis
We first explored differences in isotopic values between samples
collected from the east and west Atlantic graphically and
using descriptive statistics. We performed Mann–Whitney
U-tests to explore differences in median tissue isotope values
between regions and considered p ≤ 0.05 significant. This
test was selected because some data categories were non-
normally distributed. We then assessed the ability to assign
samples to their collection location in the east or west
Atlantic based on stable isotope values using jackknife quadratic
discriminant analysis of δ

13C values alone, δ
15N values alone,

or δ
13C and δ

15N values simultaneously. Quadratic discriminant
analysis was used because it is appropriate for analyzing data
which are unequally sampled across regions and have unequal
variance. We performed all analyses using R (R Core Team,

2018) with RStudio (RStudio Team, 2016) and JMP (SAS,
2019).

RESULTS

δ
13C and δ

15N biplots demonstrated that stable isotope
values differed between tissues from Sowerby’s beaked whales
collected from the east and west Atlantic (Figure 2). Of
the three tissues sampled, bone had the most overlap in
isotope values between regions, whereas the regional groups
for both skin and muscle samples were more distinct. Box
and whisker plots demonstrated differences in median isotope
values in all three tissues between collection regions, and
that specimens collected in the west Atlantic consistently
displayed higher median δ

13C and δ
15N values (Figure 3).

East Atlantic specimens exhibited a larger range in δ
13C

and δ
15N values than west Atlantic specimens except for

muscle δ
15N, which was the same between regions (Table 1).

In both regions and for both isotopes, bone was more
enriched than muscle and skin. Median δ

13C values in muscle
were higher than those in skin in both regions. Median
δ
15N values were higher in skin compared with muscle in
specimens from the east Atlantic but lower than muscle in
specimens from the west Atlantic. Mann–Whitney U-tests
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FIGURE 2 | δ13C and δ
15N of bone (n = 71), muscle (n = 40), and skin (n = 50) samples from Sowerby’s beaked whale specimens of opportunity collected

1980–2019. Ellipses are 95% normal confidence ellipses.

FIGURE 3 | δ13C and δ
15N values from Sowerby’s beaked whale specimens of opportunity collected in the east (n = 64) and west (n = 38) Atlantic Ocean basin,

1980–2019. Boxes present median and interquartile range and whiskers represent 95% confidence intervals.

demonstrated significant differences in median δ
13C and δ

15N
values between east and west Atlantic samples in all three tissue
types (Table 1).

Quadratic discriminant analysis assigned specimens to their
collection location with a high degree of success (Table 2A).
Analysis that simultaneously considered both δ

13C and δ
15N
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TABLE 1 | δ13C and δ
15N values of Sowerby’s beaked whale specimens of opportunity collected in the east and west Atlantic Ocean basin, 1980–2019.

Isotope Tissue East Atlantic West Atlantic P

n Median ‰ SD Range ‰ n Median ‰ SD Range ‰

δ
13C Bone 52 −16.0 1.16 5.5 19 −14.5 0.60 2.0 <0.001

Muscle 22 −18.1 1.15 4.9 18 −17.0 0.83 4.1 0.003

Skin 32 −18.8 0.89 3.2 18 −17.5 0.59 1.8 <0.001

δ
15N Bone 52 14.2 0.77 5.1 19 14.9 0.87 3.2 0.002

Muscle 22 12.5 0.83 3.3 18 14.2 0.75 3.3 <0.001

Skin 32 12.7 0.85 4.5 18 13.7 0.66 2.4 <0.001

P values pertain to Mann-Whitney U tests to evaluate differences in median tissue isotope values by region; P values <0.05 are significant.

TABLE 2 | Quadratic discriminant analysis assignment percent probabilities for δ
13C and δ

15N values of Sowerby’s beaked whale specimens of opportunity collected in

the east and west Atlantic Ocean basin, 1980–2019.

A. Quadratic discriminant analysis by tissue type

Tissue n Correct percent assignment Simultaneous δ
13C and δ

15N misclassifications

δ
13C δ

15N δ
13C and δ

15N n East West Male Female Unknown sex

Bone 71 80.0 70.4 84.5 10 7 3 4 5 2

Muscle 40 75.07 82.5 90.0 4 2 2 1 3 0

Skin 50 78.0 77.8 92.0 4 2 2 1 1 1

B. Specimens correctly assigned across tissue combinations

Tissues sampled n Correctly assigned Tissues misassigned across specimens

Bone, muscle, and skin 13 9 2 bone only, 1 muscle only, 1 muscle and skin

Bone and muscle 4 3 1 muscle only

Bone and skin 12 10 2 bone only

Muscle and skin 17 15 1 muscle only, 1 skin only

(A) is individual and simultaneous δ
13C and δ

15N assignments per tissue type. (B) presents the results for tissue assignments in 46 specimens where more than one tissue type was

available. This allowed us to explore intraspecimen variation in isotope assignments by evaluating combinations of tissues synthesized at different rates from the same specimen; 80.4%

percent of specimens sampled for more than one tissue type were correctly assigned across tissue types.

values was more successful at correctly assigning specimens
than analysis of either isotope separately. Skin, muscle, and
bone samples analyzed simultaneously for δ

13C and δ
15N were

correctly assigned for 92.0, 90.0, and 84.5% of the samples,
respectively. Single isotope assignment percent probabilities for
all tissue types were >70.0% (70.4–82.5%; Table 2A). We found
no consistent trends in sex, age, or collection location among
misassigned samples. Of the 46 specimens sampled for more
than one tissue type, simultaneous δ

13C and δ
15N quadratic

discriminant analysis correctly assigned 80.4% (n = 37) to their
collection location across all tissues (Table 2B).

DISCUSSION

Our results suggest that Sowerby’s beaked whales exhibit short-
and long-term regional site fidelity. The regional differences
in δ

13C and δ
15N values across three tissue types with

different growth and turnover rates imply these Sowerby’s
beaked whales were not only present in the region from
which they were collected during the final months of their

lives, but over a long-term, possibly decadal, scale. Exact
tissue growth and turnover times are species-dependent and
influenced by animal health and body condition, where the
sample was taken from the carcass, and environmental factors
such as temperature. These values are not known for Sowerby’s
beaked whales, or indeed for most cetaceans; however, we can
make broad approximations based on other marine mammals,
which experience similar ecophysiological pressures, and large
terrestrial mammals (Newsome et al., 2010; Vander Zanden et al.,
2015).

Stable Isotope Values by Tissue Type
Skin is the fastest growing tissue we evaluated, and the isotopic
composition of skin proteins represent short-term movement
and foraging behavior. Skin can be relatively easily sampled in
wild cetacean populations using biopsy darts, its growth rate
has been studied in bottlenose dolphins (Tursiops truncatus)
and beluga whales (Delphinapterus leucas), and skin isotope
incorporation rate has been studied in captive bottlenose
dolphins and killer whales (Orcinus orca). Hicks et al. (1985)
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estimated complete skin turnover in bottlenose dolphins at 73
days, while Aubin et al. (1990) found similar results (70–75
days) in beluga whales. Williams et al. (2008) found that captive
bottlenose dolphins and killer whales fed controlled diets for 5–7
months had reached isotopic equilibrium in their skin and had
isotope values that reflected their diets. Thus, we estimate the
skin isotope signatures in the Sowerby’s beaked whales in our
study reflect habitat and foraging behavior ∼3–7 months prior
to sampling.

Skin samples from the east Atlantic had lower mean δ
13C

values than those from the west Atlantic, a pattern which parallels
the distribution of δ13C values in Atlantic Ocean isoscape models
(Magozzi et al., 2017). Nitrogen isotope values followed the same
pattern, with east Atlantic samples showing lower δ

15N values
than west Atlantic samples. The clear distinction in median
δ
13C and δ

15N isotope values between east and west Atlantic
specimens and the high assignment percent probabilities for
simultaneous δ

13C and δ
15N values suggest that the animals in

our study were living and foraging in the region from which they
were collected several months prior to their deaths (Tables 1, 2,
Figure 3). This indicates these animals were not moving between
the east and west Atlantic during the months prior to their
collection, suggesting regional site fidelity on the order of months
at a time.

Muscle is a more challenging tissue to study than skin due to
the invasive nature required to collect samples, which is often
limited to animals that have died and been opportunistically
sampled, or to non-cetacean animals that have been sacrificed
in feeding studies. As a result, there is a lack of information
on cetacean muscle growth and isotope turnover time. Vander
Zanden et al. (2015) found a positive correlation between body
mass and isotope half-life in mammal muscle tissue, and muscle
isotope turnover rate has been studied in cattle, which provide
the best current approximation to Sowerby’s beaked whale due
to similar body mass (i.e., ∼700 kg). Bahar et al. (2009) switched
diets of beef cattle 5 months before slaughter and found that
carbon and nitrogen isotopic equilibrium was not reached in that
time, implying thatmuscle turnover time and isotopic integration
in mammals of this size likely takes more than 5 months. They
suggested it may take a year or more for sampled muscle tissue
to reflect diet. For these reasons, we estimate that muscle isotope
signatures in Sowerby’s beaked whales reflect foraging and habitat
use from about 1 year prior to sampling.

Muscle samples followed the same isotopic patterns as skin,
with lower δ

13C and δ
15N values in whales from the east Atlantic

compared with those from the west Atlantic (Table 1, Figure 3).
These results suggest that animals were in the region of collection
about 1 year prior to sampling. Combined with the shorter
temporal snapshot of skin, muscle values strongly suggest that
Sowerby’s beaked whales are not frequently moving between
regions, instead demonstrating regional site fidelity for 1 year
or more.

No data are available on cetacean bone growth and turnover
rates. However, in other large mammals, bone can represent
a decade or more of growth and has a turnover rate of 3–
10% per year in adults (Clarke, 2008; Charapata et al., 2018).
Thus, bone tissue presents a consolidated isotopic signature from

several years, making this the most complex tissue to analyze
in our study. Despite this complexity, bone tissue followed the
same patterns as skin and muscle, with lower δ

13C and δ
15N

values in east Atlantic specimens and with distinct isotopic
median values between regions (Table 1, Figure 3). Bone had the
lowest simultaneous assignment percent probability; however,
with an assignment percent probability of 84.5%, isotopic
variation among specimens from the same region may reflect
changing ecosystem isotope values rather than trans-Atlantic
movement patterns (Table 2A). Ecosystem variables, such as the
Atlantic meridional mode, which contributes to interannual and
decadal variation in Atlantic Ocean sea surface temperature, the
confluence of shallow and deep-water currents particularly in
the western Atlantic, and globally changing δ

13C values due to
the Suess effect, may drive within-region bone isotope variation
(Reverdin et al., 2003; Hakkinen and Rhines, 2009; Doi et al.,
2010; Lorrain et al., 2020). Additionally, Smith et al. (2020)
found that Sowerby’s beaked whale skeletons exhibit median
intraskeletal δ

13C variation of ∼4‰, which may explain some
of the isotope variation and misassigned specimens in our study
because we could not sample the occipital bone in 17 specimens.
Thus, the bone isotopic values in our study demonstrate that
bone tissue is largely being grown in a single geographic region,
and even in this complex and slow-growing tissue, we see long-
term east and west Atlantic site fidelity, with the possibility of
infrequent broader movements.

Spatial Population Structuring
Distinct median δ

15N values were observed between east and
west Atlantic specimens across tissue types, suggesting long-
term differences in foraging locations between these groups
(Table 1, Figure 3). Few data are available regarding Sowerby’s
beaked whale foraging, as most specimens strand without
stomach contents. In the east Atlantic, stomach contents have
been analyzed from specimens that were stranded in the
Azores and the Bay of Biscay, where both studies found
that small- to medium-sized mid-water fish species, such
as hake and cod (e.g., Micromesistius poutassou, Trisopterus
spp., and Merluccius merluccius), comprised the majority of
stomach contents (Pereira et al., 2011; Spitz et al., 2011). In
the west Atlantic, stomach contents from healthy Sowerby’s
beaked whales bycaught in the former pelagic driftnet fishery
revealed similarities in prey items: fish comprised the majority
of stomach contents, with short beard codling (Laemonema
barbatulum), Cocco’s lanternfish (Lobianchia gemellarii), marlin-
spike grenadier (Nezumia bairdii), lanternfishes (Lampanyctus
spp.), and longfin hake (Phycis chesteri) being the most abundant
(Wenzel et al., 2013). Despite the similarities in types of
prey items between east and west Atlantic specimens, the
differences we observed in δ

15N values indicate that east and
west Atlantic Sowerby’s beaked whales demonstrate spatial
variation in their foraging behavior and long-term fidelity in their
foraging locations.

Distinct median δ
13C values in our specimens indicate

long-term regional fidelity rather than continuous or seasonal
movement throughout the Atlantic Ocean basin (Table 1,
Figure 3). We observed a pattern of lower δ

13C values in
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whales sampled from the east Atlantic compared with the west
Atlantic across tissue types; this trend is consistent with δ

13C
isoscape models of the Atlantic Ocean basin (Magozzi et al.,
2017; Trueman and St John Glew, 2019). Although we Suess-
corrected our samples to account for the long-term increase
in isotopically light carbon being incorporated into marine
ecosystems due to fossil fuel use (Keeling, 1979; Sonnerup et al.,
1999), recent studies have shown more extreme declines in some
marine ecosystem δ

13C values than previously recorded (Lorrain
et al., 2020). These changing regional δ13C values could account
for some of the δ

13C variation we observed among specimens
collected from the same region; however, δ13C values alone still
successfully assigned >70% of the specimens across all tissue
types to their collection region (Table 2A). The trends in δ

13C
values in our samples aligned with trends in regional δ

13C
isoscape values, suggesting that if it we had sufficient ecosystem
data to account for environmental fluctuations in δ

13C values for
these samples, assignment percent probability would increase.

Among the specimens sampled for more than one tissue
type, simultaneous δ

13C and δ
15N discriminant analysis correctly

assigned a high degree (80.4%, Table 2B) of specimens to their
collection location across tissues. Analysis of combinations of
tissues synthesized at different times from the same specimens
provided an opportunity to explore intraspecimen variation
in isotope assignments. Of the 46 specimens sampled for a
combination of tissues, 37 were correctly assigned to their
collection region across all tissue types. This indicates that
these specimens were continuously living in the region of
their collection prior to their deaths and that trans-Atlantic
movements may be rare in this species, providing further insight
into the long-term site fidelity patterns of these specimens. The
results of this study provide the first stable isotope evidence
for spatial structuring in Sowerby’s beaked whale. Coupled
with previously identified morphological differences in skull
measurements (Smith et al., 2021), our results suggest that
Sowerby’s beaked whale exhibits a metapopulation structure of
two or more populations with limited movement of individuals
between regions. However, genetic analysis is also needed to
further explore whether these are distinct population segments
or if this is a panmictic species with habitat preference among
individuals and regional mixing for mating.

The Atlantic Ocean basin is a complex ecosystem,
and environmental factors such as seasonal productivity,
temperature, and ocean currents likely influence Sowerby’s
beaked whale spatial distribution. Future studies focused on
exploring the nuances of these factors, and on evaluating how
Sowerby’s beaked whale isotope values align with seasonally
changing Atlantic isoscapes, are needed. East Atlantic specimens
are better represented than west Atlantic specimens in our
dataset; this may be due to multiple oceanic currents in the
west Atlantic acting to carry distressed animals and carcasses
away from shore. For example, the Gulf Stream may be carrying
specimens east and out to sea, resulting in less stranded carcasses
in the west Atlantic. We do not think that west Atlantic carcasses
are being carried to strand in the east Atlantic, as the level
of decomposition in many strandings had not progressed
sufficiently to suggest long-term drift and the isotopic data

suggest that it is unlikely. Similarly, in the east Atlantic, the
North Atlantic Drift Current may explain why Sowerby’s beaked
whales strand in the British Isles, particularly in Scotland, with
such a high frequency as compared with other locations.

CONCLUSIONS

Our results provide critical data regarding spatial structuring in
Sowerby’s beaked whale populations, demonstrate the value of
specimens of opportunity for conservation science, and illustrate
the usefulness of stable isotope analysis for elusive species
research. The methods we used can be applied to other beaked
whales, providingmuch needed information about this enigmatic
group of animals. Due to the paucity of data on beaked whales in
general, analysis of specimens of opportunity for some species
may be the only way to garner sufficient baseline data to reliably
inform future research and conservation plans for beaked whales.
For beaked whales assumed to have large distributions, stable
isotope analysis of specimens of opportunity can provide an
efficient and inexpensive means to test this assumption and thus
provide insight into population units or regional fidelity among
groups or individuals.

Specimens of opportunity are vital sources of biological
information regarding elusive species, and stable isotope analysis
is an efficacious means of quickly generating data to address
ecological questions. The methods used in this study can be
applied to an array of other marine or terrestrial animals,
narrowing the knowledge gap for elusive species and aiding in
the development of conservation plans. Museum and research
institutions often store multiple tissues from specimens of
opportunity, and with the increase in frozen tissue repositories,
researchers have access to multiple temporal snapshots and
can reconstruct short- and long-term foraging and movement
behavior. Our results demonstrate the usefulness of these samples
to elusive species research and provide a framework to apply
these methods to other species.
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