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Abstract
Conservation science requires quickly acquiring information and taking action in order to protect
species at risk of extinction. Elusive wildlife, however, present challenges to effective
conservation measures because it is often difficult to collect enough data on these species to
recognize their conservation needs and implement management plans. As a result, researchers
must identify alternative means of gathering sufficient data on these species. Specimens of
opportunity, such as museum specimens, provide a way to improve knowledge on these species,
and these specimens have already proven valuable by increasing information on biodiversity,
habitat and range, and population structure in many species.

Beaked whales (family Ziphiidae) are a prime example of elusive species, and as a result
little is known about their biology and ecology. This speciose group of cetaceans is challenging
to locate and distinguish in situ due to the elusive behavior and similar appearance amongst
species. Thus, specimens of opportunity may be the most efficacious means of gathering enough
information on beaked whales to make informed conservation decisions.

In this study I utilized specimens of opportunity from museum and research institutions
to increase knowledge and generate data on the Sowerby’s beaked whale (Mesoplodon bidens).
First described in 1804, little is known about this species’ basic biology or ecology. I employed
snowball sampling to identify museums with specimens and collected data on 180 specimens
from 24 museum and research institutions. I collected data on specimen collection date and
location, sex, age class, and 7 skull and mandibular measurements. I quantified skull and
mandibular measurements and found that specimens collected in the west Atlantic demonstrated
significantly greater median values for total skull length, proximal beak width, total mandibular

length, and mandibular symphysis to distal end length. Quadratic discriminant analysis of skull
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and mandibular measurements successfully assigned specimens to their collection location in
78.6% of specimens, suggesting this species may be comprised of >2 distinct populations.

For 178 specimens I collected a bone or soft tissue sample for stable isotope analysis. It
was not possible to sample the same location in each specimen, which necessitated a means to
account for variation in isotope values among tissues, and especially across multiple skeletal
elements. To quantify carbon and nitrogen intraskeletal variation I sampled the same eight
skeletal elements from 72 cetacean skeletons from 14 cetacean species. Isotope variation across
skeletons was greater than anticipated based on previous studies. Carbon intraskeletal ranges
varied from 0.4 to 7.6%o, with 84.7% (n = 61) of skeletons having a range >1%o, and 55.5% (n
= 40) exhibiting a range >2%o. Similarly, nitrogen intraskeletal ranges varied from 0.4 to
5.2%o, with 59.7% (n = 43) of skeletons exhibiting a range >1%o, and 15.3% (n =11) with a
range >2%o. For Sowerby’s beaked whale, I identified a median carbon intraskeletal variation of
~4.1%o and nitrogen variation of ~1.3%o.

For soft tissue samples I needed to verify that the current lipid extraction methods were
appropriate for the samples I had collected. Some cetacean tissues, such as skin and muscle, are
depleted in '*C compared to synthesized proteins, so that the presence of lipids within protein
samples tends to reduce bulk tissue 8'°C values and influence stable isotope analysis. However,
extraction methods can also alter stable isotope ratios, especially nitrogen. Thus, I trialed two
extraction methods, chloroform-methanol and cyclohexane, and identified the appropriate
extraction for each soft tissue type. For low or moderate lipid proportion tissues, such as kidney
and muscle, cyclohexane should be used, and chloroform:methanol for higher lipid proportion

tissues such as skin.
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Finally, I conducted stable isotope analysis for §'3C and 6'°N on Sowerby’s beaked
whale bone, muscle, and skin tissues. I found consistent trends in isotope values across all three
tissue types. Specimens collected in the east Atlantic had less enriched §'°C and §'°N than west
Atlantic specimens, and median isotope values were significantly different between regions.
Quadratic discriminant analysis considering §'*C and §'°N simultaneously correctly assigned
92.0, 90.0, and 80.3% of skin, muscle, and bone samples, respectively, to their collection
location. These results indicate the Sowerby’s beaked whale specimens in this study exhibited
short- and long-term regional site fidelity to the region from which they were collected.

These stable isotope data from bone, muscle, and skin samples, combined with the
significant differences in median skull measurements between regions, strongly suggests the
Sowerby’s beaked whale exhibits a metapopulation structure. This information lays the
groundwork for future studies in this species and provides critical knowledge regional and

international conservationist scientists need.
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Note to Readers

I have divided this dissertation into 5 chapters: Chapters 1-4 are the body of the
dissertation, and Chapter 5 summarizes the main findings and provides recommendations for
future research. All chapters are written in the first-person plural because they are a result of
collaborative effort; however, I conducted the majority of project design, data collection,
analyses, and am lead author on the manuscripts. Chapter 2 has been published in the peer-
reviewed journal Frontiers in Marine Science, and Chapter 3 has been accepted for publication
in the peer-reviewed journal Rapid Communications in Mass Spectrometry. Chapter 1 provides
justification for this project, describes the sampling method for identifying museum specimens,
and contains information about the specimens in this study. Chapter 2 examines intraskeletal
isotopic variation in cetacean skeletons. Chapter 3 compares lipid removal methods from
cetacean soft tissue samples. And Chapter 4 compares carbon and nitrogen isotope values from
specimens collected throughout the species’ range. This format led to some overlap in the
introductory material of Chapters 14, as well as some overlap in the discussion among these

chapters. I compiled all references into a comprehensive list at the end of this dissertation.
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Chapter 1: Learning from specimens of opportunity: the Sowerby’s beaked whale
(Mesoplodon bidens) as a case study

1.1 Abstract
Elusive species are challenging to study and conserve because basic elements of their biology
may be unknown. Specimens of opportunity provide a means of collecting information on these
species and may be critical for elusive species conservation. Beaked whales, such as Sowerby’s
beaked whale (Mesoplodon bidens) are prime examples of elusive species because they are
challenging to locate and study in situ. We used snowball sampling to identify Sowerby’s beaked
whale specimens in museums and research institutions. We collected data on specimen collection
date and location, sex, age class, and 7 skull and mandibular measurements where possible.
Snowball sampling proved highly effective, as we located 180 specimens from 24 institutions in
North America and Europe, 62 of which were not listed in online collections databases, resulting
in the largest collated dataset for this species. We included original collection location for 174
specimens; sex for 115 specimens; age class for 159 specimens; and skull and mandibular
measurements for 112 specimens. We quantified skull and mandibular measurements and found
that specimens collected in the west Atlantic demonstrated significantly greater median values
for total skull length, proximal beak width, total mandibular length, and mandibular symphysis to
distal end length, suggesting there may be population structure in this species. We recommend
other researchers consider snowball sampling when designing research projects attempting to
identify specimens in collections that may otherwise be overlooked. These data provide critical
data on this elusive species, and demonstrate the effectiveness of specimens of opportunity in

elusive species research.



1.2 Introduction
1.2.1 Background
Conservation of elusive species is challenging because often there are large gaps in knowledge
regarding these species’ biology and ecology (Cunningham & Lindenmayer 2005; McKelvey et
al. 2008). As a result, the conservation needs of elusive species may be unknown; thus, such
species may not receive adequate protection and management. Researchers face many challenges
in trying to fill the knowledge gaps associated with elusive species because traditional field
research methods, such as mark recapture or satellite tagging, may be ineffective, particularly if
the species is rare, difficult to capture, has a large range, or actively avoids researchers (Kalton &
Anderson 1986; Green & Young 1993; McDonald 2004; Meek et al. 2014b). For many elusive
species, specimens of opportunity may be the most effective way to fill these knowledge gaps,
and for some species they may be the only source of reliable knowledge (Robbirt et al. 2011;
Roberts et al. 2016). Specimens of opportunity, such as salvaged carcasses and museum
specimens, have proved essential in identifying new species, clarifying a species’ range and
population structure, and in retrospective analyses of biodiversity (Newbold 2010; Holmes et al.
2016; Baus et al. 2019; Coombs et al. 2019; Schwartz et al. 2020). As many museums and
research institutions face financial pressure to justify maintenance and upkeep of research
collections, it is increasingly important to highlight the value of these collections to wildlife and
conservation studies.

Beaked whales (family Ziphiidae) are some of the most elusive and poorly understood
mammals. Comprised of at least 23 species, this diverse group of whales accounts for >25% of
extant whale and dolphin species, and most information on their biology has come from

specimens of opportunity (Dalebout et al. 2004; Mead 2007, 2009). Beaked whales are difficult



to locate at sea due to a variety of factors: they often occur in smaller groups than many other
whale and dolphin species, are gray in coloration with a streamlined fusiform body shape lacking
a prominent dorsal fin, and may actively avoid research vessels (MacLeod et al. 2005; Ellis et al.
2017). They are thought to prefer deeper, pelagic habitats, which when coupled with their
general lack of aerial displays, can make it nearly impossible to locate and study them in situ.
When they are located, it is challenging to identify most species, and many at-sea sightings can
only be reliably classified to the genus level, with possibly a suggestion of the species. Thus,
specimens of opportunity provide the most reliable means of collecting species-specific
information for many beaked whales.

Specimens of opportunity have proven critical to increasing our knowledge and
understanding of beaked whale diversity, morphology, and biology. Genetic analyses of museum
specimens has identified four new species of beaked whales in the last 20 years, and three
species of beaked whales—Mesoplodon bowdoini, M. traversii, and M. hotaula—are known
only from morphological and genetic analyses of stranded specimens (Dalebout et al. 2002; van
Helden et al. 2002; Dalebout et al. 2014; Morin et al. 2017; Yamada et al. 2019). Phylogenies
have been generated using specimens of opportunity, resolving questions of relatedness among
certain species (Dalebout et al. 2008; Einfeldt et al. 2019b); comparative anatomy of beach-cast
carcasses has helped to identify species-specific morphological differences (Mead 2007; Lambert
et al. 2011; March et al. 2016); and necropsies have shed light on beaked whale parasites and
diseases, sexual maturity, and gestation times (Besharse 1971; Auriolesgamboa 1992; Macleod
& Herman 2004; Landrau-Giovannetti et al. 2020).

The Sowerby’s beaked whale (M. bidens) was the first mesoplodont beaked whale to be

described (Sowerby 1806), yet little has been learned about its biology or behavior in >200



years. This species strands relatively frequently compared to other beaked whales, and specimens
have been stored in museums in North America and Europe. Most of what is known about
Sowerby’s beaked whales has come from specimens of opportunity, yet no studies have
compiled information about these specimens. In this study we: (1) summarize the existing
literature on Sowerby’s beaked whales and identify critical gaps in knowledge; (2) detail our
sampling method and discuss how it can be applied to other studies; and (3) characterize the
specimens we located and provide new data on this species.

1.2.2 Literature summary

In 1804, James Sowerby described the Sowerby’s beaked whale from a single male specimen
that stranded in the Moray Firth, Scotland, naming it “bidens” because of the presence of only
two teeth, both in the lower jaw (Sowerby 1806). This species is thought to exclusively inhabit
the North Atlantic, ranging from Norway to the Canary Islands in the east and from
Newfoundland to the northeast of the United States, although specimens have been collected as
far south in the United States as Florida and Georgia (Dix et al. 1986; Bonde & Oshea 1989;
Lien et al. 1990; Carlstrom et al. 1997; Martin et al. 2011). Strandings often are a single animal
or a mother-calf pair, and when observed at sea they occur in small groups of <10 animals. In
2011, attempts were made to tag Sowerby’s beaked whales in the Azores, a location where they
are reported to be regularly sighted, especially during the summer. A single animal was
successfully tagged, but the animal immediately dislodged the tag (Visser 2012). Recently, a few
acoustic recordings have been made of Sowerby’s beaked whales, laying the groundwork for
passive acoustic monitoring for the presence of this species (Cholewiak et al. 2013; Stanistreet et
al. 2016; Stanistreet et al. 2017; Clarke et al. 2019). There are no data regarding this species’

abundance or movement behavior anywhere in its range.



Males and females are sexually dimorphic, with males displaying a single pair of tusks in
the middle of the lower jaw; smaller versions of these teeth are present in females, but they do
not erupt (Macleod & Herman 2004). Tooth placement is a distinguishing feature among beaked
whales and is the best diagnostic tool for differentiating Sowerby’s beaked whales from other
mesoplodont beaked whales in the North Atlantic. The exact purpose of these tusks is unknown
but based on the extensive scarring pattern observed on males it is assumed they are important in
sexual displays and competitions, where the males scratch, or rake, each other with their tusks.
Most other morphological characteristics have not been well defined in this species; however,
Mead (2007) identified differences in stomach anatomy among beaked whales, and found that
Sowerby’s beaked whales have a derived stomach anatomy most similar to 2 other North
Atlantic species, M. europaeus and M. mirus. Body and fluke measurements are available from a
single individual (Bose et al. 1990). There are no data on most aspects of this species’
reproductive biology, including age of sexual maturity in either males or females, gestation time,
or how long calves remain with their mothers.

Little genetic information is available for this species. Mitochondrial and nuclear
analyses suggest the Sowerby’s beaked whale may be the most basal member of the genus
(Einfeldt et al. 2019b; Mcgowen et al. 2019). Regionally distinct and overlapping mitochondrial
haplotypes were identified in east and west Atlantic specimens; however, the results of this
analysis were never published (COSEWIC 2006). No studies have investigated population

structure or genetic diversity in Sowerby’s beaked whales.



1.3 Materials and methods

1.3.1 Locating specimens of opportunity

We used a common social science technique called snowball sampling to identify museums or
research institutions with Sowerby’s beaked whale specimens (Goodman 1961; Wright & Stein
2005). In this method, a set of informants is identified from a larger population; these individuals
then are asked to refer others to participate in the study. In 2015, we used GBIF, VertNet, and the
Smithsonian National Museum of Natural History (NMNH) mammal collection online databases
to identify 42 Sowerby’s beaked whale specimens in three museum collections: the NMNH (n =
14), National Museums Scotland (NMS) (n = 15), and the Natural History Museum, London
(NHM) (n = 13). We began sampling in 2016 at the NMNH and during this trip met a curator
from the University Museum of Bergen, Norway, who confirmed the presence of Sowerby’s
beaked whales in that museum’s collection, despite their not being listed in an online database,
and invited us to sample them. This trip then led to recommendations of other collections to
contact, and each subsequent visit to a museum or research institution led to additional
suggestions of collections to visit.

1.3.2 Data collection and evaluation

We collected data from specimens originating in both the east and west Atlantic, here defined as
the specimen’s original collection location being on either side of longitude 35 west. For each
specimen we recorded sex, age class, collection location, and the condition of the specimen
(Appendix Table 1.1). For some specimens, portions of this information were missing,
particularly sex and age class. We evaluated tooth size, overall specimen size, and degree of
skeletal suture fusion to infer sex and age class in some specimens; however, in many this was

not possible, and we recorded this information as “unknown.” Where possible, we used the same



soft 72 cm tape measure to measure seven skull and mandibular elements: total skull length
(TSL); braincase width (BCW); proximal beak width (PBW); beak length (BL); total mandibular
length (TML); mandibular skull to symphysis length (MSSL); and mandibular symphysis to
distal length (MSDL) (Figure 1.1). We collected measurements from 62% of specimens (n =
112); however, some of these skulls and mandibles were incomplete and we could only collect
certain of these measurements (Appendix Table 1.1). For specimens we did not measure, the
skulls and mandibles were not collected or preserved, were on display and thus inaccessible, or
were broken or disassembled.

We used descriptive statistics to quantify the seven skull and mandibular measurements.
Next, we used unpaired Wilcoxon tests to evaluate differences in median measurement values by
specimen sex and region of specimen collection; we considered p-values < 0.05 significant. We
then evaluated the ratio of total mandibular length that is comprised of the MSDL. The
mandibular symphysis is the site of tusk eruption in males, which is the primary means of
distinguishing morphologically similar beaked whales, and this ratio may provide a method for
estimating age class and serve as an efficient species identification tool. Finally, we conducted
linear and quadratic discriminant analyses to determine whether we could use skull and
mandibular measurements to accurately assign specimens to their original collection region or
sex. Analyses were performed using R (R Core Team 2018) with RStudio (RStudio Team 2016)

and JMP (SAS 2019).
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Figure 1.1 Skull and mandibular measurements of Sowerby’s beaked whales (Mesoplodon
bidens). TSL = Total Skull Length; BCW = Braincase Width; PBW = Proximal Beak Width; BL
= Beak Length; TML = Total Mandibular Length; MSSL = Mandibular Skull to Symphysis
Length; MSDL = Mandibular Symphysis to Distal Length. Photographed specimen is USNM
572008.



1.4 Results

1.4.1 Specimen sampling

We ultimately located and collected data on 180 specimens from 24 museums and stranding
programs in North America and Europe (Appendix Table 1.1). We identified an additional 11
potential Sowerby’s beaked whale specimens from three museums but were unable to obtain
access to the specimens and could not confirm their identification. Thus, we did not include them
in this study. We expect there are additional collections with samples that we did not identify.
We concluded our sampling in 2019 and know that a few additional specimens identified as
Sowerby’s beaked whales have been recovered and added to museum and research collections
since, but we have not seen these specimens.

1.4.2 Age and sex of specimens

Specimen sex was either recorded, or we were able to determine sex through a combination of
specimen size and tooth morphology, in 64% of specimens (n = 115) (Figure 1.2). Of these, 60
were female and 55 male. Female specimens were predominantly adults (n = 44), but a sizable
minority (n = 12) were subadults. Male specimens were also predominantly adult ( n=44) but
included calves and juveniles (z = 2) in addition to subadults (n = 7). For both sexes there was a
small subset of specimens for which we could not determine age class (females = 4; males = 2).
Sex could not be determined for 65 specimens; this group was primarily subadults (» = 26) and
juveniles and calves (n = 14) but also included 10 adult specimens and 15 specimens of unknown
age. Both of these groups were comprised of specimens with missing or damaged skulls and

mandibles, so we could not collect measurements or evaluate suture fusion (Figure 1.2).
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Figure 1.2 Sex and age class frequencies for 180 Sowerby’s beaked whale (Mesoplodon bidens)
specimens housed in museum or research institutions.

1.4.3. Specimen collection location

Original specimen collection location information was available for 97% of specimens (n = 174)
(Figure 1.3). Of these, 45 were collected in the west Atlantic and 129 in the east Atlantic. In the
west Atlantic, 21 specimens were bycaught in the swordfish (Xiphias gladius) pelagic drift
gillnet fishery of the western North Atlantic (Wenzel et al. 2013) and 24 were beach cast
carcasses. In the east Atlantic, 7 specimens were recovered during dredging operations in the
North Sea, and 122 specimens were beach cast carcasses. This group also contained the type
specimen, originally collected in 1800 (Sowerby 1806). For some of the historical specimens
collected in the early 1800s, the original records list collection method as “caught;” however,

there are no records suggesting that Sowerby’s beaked whales were intentionally hunted. We
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Figure 1.3 Collection location and method for 174 Sowerby’s beaked whale (Mesoplodon bidens) specimens housed in museums or
research institutions; 45 specimens were collected in the west Atlantic and 129 specimens were collected in the east Atlantic.
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think this could mean bycaught in fishing nets, be an alternative term for stranded, or in some
cases, the animal may have already been sick and close to shore and was opportunistically
hunted.

1.4.4 Skull and mandible measurements

We quantified median skull and mandibular measurement values for all specimens from which
we could collect measurements (Table 1.1, Appendix Table 1.1). We also quantified these
measurements according to sex and region of original specimen collection (east and west
Atlantic Ocean). Median measurements were similar between males and females. However, we
found considerable variation between east and west Atlantic median values. West Atlantic
median values were consistently greater than east Atlantic values, and 4 measurements (TSL,
PBW, TML, and MSDL) were significantly different between regions (Table 1.1).

We found a positive correlation (R? = 0.64; p = <0.001) between the percent ratio of TML
that is comprised of MSDL, and TML (Figure 1.4). As TML increases, the percent ratio of that
length that is MSDL also increases. For juvenile and calf specimens TML was <45cm, and the
mean percent ratio of MDSL to TML was 22.9% (SD = 5.0%). In subadult and adult animals
TML was >45cm and the mean percent ratio of MDSL to TML increased to 31.2% (SD = 4.3%).

Not surprisingly, no skull and mandibular measurements had high linear discriminant
percent probabilities on their own. Assignment percent probabilities by sex ranged 46.8 — 55.1,
and by region ranged 47.8 - 67.0. Quadratic discriminant analysis of a partial combination of
measurements, and for all measurement variables combined, also had low correct percent
assignment probability for sex (<70.0%). Quadratic discriminant analysis for region, however,
had a relatively high (78.6%) correct percent assignment probability when all measurement

variables were combined. Quadratic discriminant analysis of the combination of 4 measurements
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Table 1.1 Median measurement values for 7 skull and mandibular elements of Sowerby’s beaked whale (Mesoplodon bidens)
specimens housed in museum or research institutions. We were able to take measurements from 112 specimens; however, not all
specimens had all elements present. P-values are for unpaired Wilcoxon tests comparing median measurement values between female
and male, and east and west specimens.

Measurements (cm) Female Male East Atlantic Aflvaells;ic All specimens

median n median P median n median n P median n

Total Skull length 73.2 31 71.5 30 0.564 70.4 56 75.9 19 0.037 71.2 78
Braincase width 29.1 39 29.8 35 0.24 28.4 75 29.9 19 0.055 28.7 98
Proximal beak width 13.4 40 12.9 36 042 12.5 76 13.8 20  0.006 12.7 100
Beak length 47.2 31 43.9 32 0.26 43.8 58 47.8 20 0.164 43.8 82
Total mandibular length 67.8 34 63.9 31 024 61.3 67 70.3 19 0.004 62.6 91
Mandibular skull to symphysis length 44.2 36 44.4 32 094 43.2 71 44.4 19 0.163 43.6 95
Mandibular symphysis to distal end length 22.8 36 20.4 33 0.17 17.9 71 23.9 20 <0.001 19.5 96

13
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Figure 1.4 Percent ratio of mandibular symphysis to distal end length (MSDL) to total
mandibular length (TML) plotted by total mandibular length for 33 female, 30 male, and 24
unknown sex (total = 87) Sowerby’s beaked whale (Mesoplodon bidens) specimens housed in
museum or research institutions.

14



with significantly different median values between regions (TSL, PBW, TML, and MSDL)
correctly assigned 76.8% of specimens to their collection location; however, no other

combination of variables had assignment percent probabilities >70%.

1.5 Discussion
1.5.1 Sampling efficacy
Snowball sampling (Goodman 1961; Wright & Stein 2005) proved highly successful at locating
museums with specimens that we otherwise would not have identified. Although many museums
maintain their own online collections database, the number of museums we would have had to
individually search to identify specimens would have been time prohibitive. Additionally, many
museums do not have online searchable databases, and we would have had to personally contact
each of these museums to inquire about specimens. To complicate matters further, some
museums do not provide contact details for curators, and only provide a general inquiry form that
can be submitted to customer relations. By employing snowball sampling, we were able to tap
into the curator network and learn about samples that we otherwise would have missed. Had we
not used this method we probably would have missed 62 samples from 11 museums and research
institutions. These were primarily smaller, regional museums that may not be able to invest time
and funds into collection digitization. However, samples from these institutions often are
accompanied by detail-rich records that provide critically important context, and active efforts to
identify these institutions and include them in studies should be made.

At many institutions, we identified and/or located additional specimens in the collection,
including at the three original museums we identified through online databases. This included 1
additional specimen at the NMNH, 39 at the NMS, and 9 at the NHM. In one example of

identifying additional specimens when visiting the collection, we were invited to give a lecture to
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museum staff and visitors; after the lecture we were approached by a curator who had been given
a Sowerby’s beaked whale mandible by a beachcomber several years earlier. Collection data and
coordinates for the specimen had been recorded by the beachcomber on scratch paper, and both
had been stored away by the receiving curator. Our visit reminded the curator of the specimen,
they recovered it from storage, and the specimen was accessioned during our visit and made
available for sampling.

1.5.2 Specimen demographics

Male and female specimens were represented roughly equally in our study; however, there was a
sizeable number of specimens for which sex could not be determined. Most of these were
juveniles or calves in which teeth would not have erupted, making it nearly impossible to
determine sex if the sex organs were absent when the specimen was collected. Genetic analysis
should be used to determine sex of these specimens, which may provide more information on
sex-specific stranding patterns. Additionally, Einfeldt et al. (2019a) identified XXY aneuploidy
in 3 North Atlantic beaked whale specimens (2 Hyperoodon ampullatus and 1 M. mirus); these
specimens displayed a mixture of male and female sexual characteristics, suggesting that in a
minority of specimens external sexual morphology may not be a reliable indicator of sex, and
therefore sex-specific behavior, necessitating sex identification by genetic analysis.

Specimens were collected more often in the east Atlantic than west; this could be due to
oceanic currents carrying specimens away from versus towards shore. In the west Atlantic, the
Gulf Stream may be carrying distressed and dead animals away from shore, resulting in a smaller
number of strandings. Conversely, in the east Atlantic the North Atlantic Drift Current may carry
distressed or dead animals towards shore and explain the high proportion of stranding in the

United Kingdom, particularly Scotland. Additionally, MacLeod et al. (2005) argued that the
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North Sea may be acting as a shallow trap for pelagic and deep diving beaked whales, confusing
them and resulting in a large number of deaths and strandings on the surrounding shoreline.

The high proportion of strandings in the east Atlantic versus the west has resulted in a
few previous studies and reports suggesting that Sowerby’s beaked whales may be less common
in the west Atlantic than east (e.g, MacLeod et al. 2005; COSEWIC 2019). However, nearly half
of the west Atlantic specimens in our study were bycaught in the swordfish drift gillnet fishery.
That such a high number of specimens were bycaught in a relatively small area over a short
period suggests that this may be an important habitat for west Atlantic members of this species,
and supports the idea that Sowerby’s beaked whales may be similarly abundant in the west
Atlantic as east, but become beach cast less often.

Our dataset includes 4 extralimital strandings of Sowerby’s beaked whales in the east
Atlantic (Figure 1.3; Appendix Table 1.1). These specimens stranded in the United States, in the
states of Florida, Georgia, and Virginia. Previous extralimital strandings in the east Atlantic,
such as in the Canary Islands, prompted reconsideration of the species accepted range in that
region (Martin et al. 2011). These four strandings in the west Atlantic, in addition to photographs
of animals strongly resembling Sowerby’s beaked whales stranding in Brazil and the Caribbean,
may warrant further investigation and reconsideration of the accepted range for Sowerby’s
beaked whales in the west Atlantic.

1.5.3 Specimen morphology

Prior to our study, few data were available on Sowerby’s beaked whale skull and mandibular
measurements and morphology beyond simple characteristics, such as tooth eruption location.
By collecting and collating skull and mandibular measurements, in addition to total body length

and body weight data for a small subset of specimens (Appendix Table 1.1), we generated a
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robust data set that can be used to better investigate morphological variation amongst Sowerby’s
beaked whales, and amongst north Atlantic beaked whale species. In particular, the ratio of
MSDL to TML may prove highly useful in assigning specimens to an age class, improve our
understanding of Sowerby’s beaked whale growth and development, and serve as an efficient
means of distinguishing amongst beaked whales specimens if they are damaged or incomplete.

We recorded significant differences in median skull and mandibular measurements for 4
variables (TSL, PBW, TML, and MSDL) between east and west Atlantic specimens, and
quadratic discriminant analysis had a high rate of success at assigning specimens to their
collection location when considering all 7 skull and mandibular elements (Table 1.1). This
suggests that east and west Atlantic Sowerby’s beaked whales are comprised of >2 distinct
populations with differing skull and mandibular morphology. However, because east Atlantic
specimens were more highly represented in our dataset, these differences may be artifacts of
unequal sampling. Previous mitochondrial analysis of 14 specimens produced both regionally
distinct and regionally overlapping mitochondrial haplotypes (COSEWIC 2006). To better
explore population structure in Sowerby’s beaked whales, both stable isotope analysis and whole
genome analysis should be conducted. Stable isotope analysis should provide insight into
foraging behavior and habitat use, while whole genome analysis will provide more data
regarding population structure and genetic relatedness in this species.

Despite tooth morphology acting as a sexually dimorphic characteristic, we found no
other mandibular or skull measurements that were sex specific or indicated sexual dimorphism.
This was somewhat surprising because male tusks are larger than female teeth and erupt from the
mandible, and we expected some sex-specific variation in mandibular measurements to

accommodate male tusks. The trend we observed in increasing percent ratio of MSDL to TML in
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both males and females may help to explain this from an evolutionary perspective. In 1953,
Fraser (1974) used radiographs to identify vestigial teeth in the mandible of a male subadult
Sowerby’s beaked whale; we also observed vestigial teeth in one specimen in the course of this
study. This information, in addition to the presence of a full set of functional teeth in the modern
Shepherd's beaked whale (Tasmacetus shepherdi) suggests that a basal form of Sowerby’s
beaked whale had functional teeth. Perhaps MSDL continued to grow in the basal form to
accommodate those teeth, and modern MSDL growth in both males and females is an
evolutionary holdover. Advancing genetic analysis techniques may provide a way to identify
functional genes related to mandibular growth, providing more information on this interesting

pattern.

1.6 Conclusions

Specimens of opportunity are vital resources for biological studies, and snowball sampling
proved an efficacious means of identifying these specimens. By compiling data on 180 disperse
Sowerby’s beaked whale specimens of opportunity, we: (1) identified significant differences in 4
median skull and mandible measurements between specimens collected in the east and west
Atlantic, which suggests this species may be comprised of >2 distinct populations; (2) provided
the first quantified skull and mandibular measurements for a sizable group of this species; (3)
identified an interesting trend in mandibular growth patterns; and (4) provided a spatial
distribution of Sowerby’s beaked whale specimen collection locations, which may support
expanding the species’ accepted range in the west Atlantic. These data will aid future research
into this species’ distribution, morphology, and behavior, and directly contribute to conservation

plans for this species. As museums face shrinking budgets, the digitization of collection records
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may have to be put on hold, necessitating alternative means of locating specimens of
opportunity. We encourage snowball sampling be employed by other researchers attempting to

locate museum specimens.
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Chapter 2: Cetacean skeletons demonstrate ecologically relevant variation in intraskeletal
stable isotopic values!

2.1 Abstract
Conservation science requires quickly acquiring information and taking action in order to protect
species at risk of extinction. Stable isotope measurements are one way to rapidly gather data
regarding species’ foraging ecology and habitat use, and passively collected samples limit
additional stress to at-risk species. For these samples to be useful, however, we must know how
representative they are of the stable isotope ratios of the entire organism. Bone tissue, often
stored in museum collections or research centers, may be the most readily available tissue from
rare, endangered, or extinct vertebrates, but using bone requires practitioners to understand
intraskeletal stable isotope variation. We sampled the same eight skeletal elements from 72
cetacean skeletons from 14 species to evaluate intraskeletal variation in carbon and nitrogen
isotope values. We found considerably more variation than anticipated. Carbon intraskeletal
ranges varied from 0.4 to 7.6%o, with 84.7% (n = 61) of skeletons having a range >1%o, and
55.5% (n = 40) exhibiting a range >2%o. Similarly, nitrogen intraskeletal ranges varied from
0.4 to 5.2%o, with 59.7% (n = 43) of skeletons exhibiting a range >1%o, and 15.3% (rn = 11) with
a range >2%o. There were differences in which bones contributed most to intraskeletal variation;
however, we advise against using humeri and mandibles as these bones presented the most
consistent trends in deviation from the intraskeletal means for both isotopes. The large
intraskeletal variation we observed is likely due to changes in foraging behavior or habitat use
being reflected differently in bone isotope ratios due to differences in bone turnover rates. We

suggest that for cetaceans, intraskeletal carbon isotope ranges >1%o and nitrogen ranges >2%o are

1 published as: Smith KJ, Sparks JP, Timmons ZL and Peterson MJ (2020) Cetacean Skeletons Demonstrate Ecologically
Relevant Variation in Intraskeletal Stable Isotopic Values. Front. Mar. Sci. 7:388. doi: 10.3389/fmars.2020.00388
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ecologically relevant, and that using different bones from animals of the same population may
produce false positive differences in foraging behavior or habitat within the population if
intraskeletal variation is not considered. Future studies should use the same bones from each
animal and conduct species-specific analyses of intraskeletal variation, if possible, when using
specimens of opportunity. Failure to consider this variation could lead to erroneous conclusions

regarding a species range or key habitats, jeopardizing conservation efforts.

2.2 Introduction

Conservation science is a crisis discipline because conservation action typically must be taken
for species at risk of extinction before practitioners are confident in the sufficiency of their data
(Soulé 1985). One fundamental difficulty in wildlife conservation is rapidly understanding how
species interact with, and utilize, their habitat (Aberg et al. 2000; Cristescu & Boyce 2013). A
variety of tools and research methods have been developed and employed to gain insight into
habitat use. Typically, these methods require directly interacting with the animal in some
manner, such as radio telemetry, capture or sedation to collect biological samples, or long-term
observation; all of which can alter animal behavior (Brigham 1989; Pietz et al. 1993; Guthery &
Lusk 2004; Brooks et al. 2008; Rachlow et al. 2014). Less invasive methods, such as camera
traps and drones, still may alter animal behavior, as many animals identify the device in their
habitat and interact with it (Meek et al. 2014a; Meek et al. 2016; Mulero-Pazmany et al. 2017).
Methods with no animal interactions, such as shore-based marine mammal observational studies,
require thousands of observer hours, can be implemented over only limited spatial areas, are
restricted in insight regarding surface-based activities, and are susceptible to observer error

(Rugh et al. 1990; Aragones et al. 1997).
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Stable isotope analysis (SIA) is an innovative technique for investigating wildlife habitat
use, such as providing insight into foraging behavior, niche segregation, individual-level
resource utilization, and diet shifts (Hobson 1999; West et al. 2006; Newsome et al. 2007).
Studies incorporating SIA can employ a variety of tissue types, each providing unique temporal
snapshots of ecological or dietary conditions reflecting the timeframe when the tissue was
generated. Although many SIA studies use actively collected samples that require direct human—
animal interaction, such as biopsy plugs or blood samples, one of the most powerful aspects of
this technique is the ability to gain insight from passively collected samples, such as molted
feathers or fur (McKechnie 2004; Thompson et al. 2005). Feathers, for example, often
incorporate the isotopic value of the water and food resources in the region where they are
grown, and are excellent samples for identifying migratory or breeding grounds without
requiring human-bird interaction (Chamberlain et al. 1997; Hobson et al. 2001; Guillemain et al.
2019). Thus, SIA of specimens of opportunity provides a powerful monitoring system that
minimizes invasive activities, limits impacts on animal behavior, and can be rapidly completed.
Opportunistically collected samples provide a valuable alternative to capturing or harassing
wildlife, but present new challenges. For rare or difficult to locate animals, small sample size or
less than ideal samples can complicate analyses (Ben-David & Flaherty 2012; Hopkins &
Ferguson 2012). If researchers are attempting to gain insight into longer-term behavior from
passively collected samples, such as feathers, bone remains from archaeological sites, or more
recent skeletal remains, they must determine if the sample evaluated accurately reflects the
tissue’s value for the animal as a whole.

In rare, endangered, or extinct vertebrate species, bone is often the only tissue available

for SIA, and is routinely stored in museum and research collections. Despite the ubiquitous
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availability of bone tissue from vertebrates, comparatively few studies have focused on bone SIA
(Vander Zanden et al. 2015), and only a small subset of these studies has examined isotopic
variation among different bones from the same organism (Table 2.1). Bone tissue is slow to grow
and regenerate, thus incorporating and reflecting diet isotopic signatures at a slower rate than
other tissues (Newsome et al. 2007; Vander Zanden et al. 2015). Controlled feeding studies have
been completed that examine bone isotopic values, many with the purpose of coupling isotopic
values in bone with soft tissues (BenDavid et al. 1997; Hong et al. 2000; Phillips & Eldridge
2006). However, these studies only examined matching bones, or the same bones in each study
organism. Bone tissue is replaced and repaired at different rates depending on the bone’s
function, density, and size (Kohn & Cerling 2002; Lafage-Proust et al. 2015). Due to these
differing turnover rates in bone, different bones sampled from the same animal may have
different isotopic values. In the case of rare or extinct species, it may be impossible to acquire
complete skeletons, compelling researchers to compare isotopic values from different bones
among conspecifics. These non-matching bones may suggest different diets, water sources, or
other environmental parameters, not because individuals in a population were utilizing different
resources, but because the bones reflect dietary or habitat shifts at different rates. Failure to
consider isotopic variation among different bones of conspecific individuals may result in
erroneous conclusions regarding environmental conditions and dietary habits.

In this study, we investigated intraskeletal stable isotope variation of §'*C and §'°N in 14
cetacean species using skeletons from the National Museums Scotland osteological collection.
Cetaceans are a quintessential example of the challenges conservation scientists face: studying
cetaceans in situ is often invasive, requiring locating the animal, following it, and interacting

with it in some way (Taylor et al. 2008; Ballance 2009). These processes are time consuming
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Table 2.1 Summary of data from previous studies that investigated intraskeletal §'C and §'°N isotopic variation relevant to our

research.
Reference Species Sample locations Number of Avg Intraskeletal
EE— Species D individuals Range (%0)
513C 515N
]()1?81;()) A 50 Mink (unknown species) Femur & humerus 15 0.6 0.7
Deniro and Schoeniger Rabbit (unknown species) Femur, humerus, map(hble, radius, scapula, distal 3 0.3 0.3
(1983) tibia, ulna
Jorkov et al. (2009) Homo sapiens Rib, femur, temporal 57 0.4 0.8
Jorkov et al. (2009) Homo sapiens Rib, femur, temporal, molar 16 0.8 1.0
Riofrio-Lazo and . . . q g
Al e (19) Mirounga angustirostris Mandible, tooth, maxilla 14 1.8 1.1
Rioftio-Lazo and Mirounga angustirostris Mandible & maxilla 17 0.8 0.5
Aurioles-Gamboa (2013) ga angustt ' ’ ’
Olsen et al. (2014) Homo sapiens Rib, fibula, metacarpal 6 0.6 1.6
Webb et al. (2016) Sus domesticus Rib & femur 48 NA 0.3
Cheung et al. (2017) Homo sapiens Femur & fibula 11 1.0 0.6
Cheung et al. (2017) Homo sapiens Femur & radius 6 1.2 0.5
Cheung et al. (2017) Homo sapiens Femur & tibia 1.1 1.2
Cheung et al. (2017) Homo sapiens Femur & ulna 1 1.8 0.3
Clark et al. (2017) Odobenus rosmarus divergens Cranium & mandible 11 0.1 0.3
Clark et al. (2017) Pusa hispida Calcaneus, mapdlble, femur, humerus, innominate, 1 09 12
phalanx, rib, scapula, metatarsal, vertebra
Cranium, femur, humerus, innominate, phalanx,
Clark et al. (2017) Phoca sp. T e b e 1 0.5 1.1
Clark et al. (2017) Enhydra lutris Mandible, femur, humerus, innominate, rib, 1 1.2 0.7
scapula, metatarsal, vertebra
. Femur, tibia, rib, radius, occipital, metacarpal,
trateny @ 2L () o0 SegiEs humerus, thoracic vertebrae, pelvis, clavicle a 0o 145
Bas et al. (2019) Otaria byronia Atlas, humerus, basioccipital 14 0.8 1.3
Bas et al. (2019) Lagenorhynchus obscurus Atlas, humerus, basioccipital 15 1.4 0.3
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and have numerous logistical challenges beyond required permitting. Cetacean skeletons,
however, have been collected and housed in museum collections for hundreds of years,
providing a large specimen-of-opportunity cache for researchers. By sampling multiple bones
from the same skeleton, we can establish an understanding regarding how representative a given
bone is of the entire skeleton, thus increasing the power of skeleton-based SIA studies, and

providing a valuable contribution to passive habitat use studies.

2.3 Materials and methods

To test for intraskeletal isotopic variation, we sampled the same 8 bone locations from 72
cetacean specimens (14 species) housed in the National Museums Scotland osteological
collection (Table 2.2, Appendix Table 2.1). In order to consistently sample the same location for
each bone among individuals and species, we compared bone size and selected the same
proportional sampling site. We selected these specimens because they were complete or near-
complete skeletons, were well represented in the collection so small-scale destructive sampling
would not hinder future studies and encompassed the breadth of physiological and ecological
variation in cetaceans. We aimed to limit our sampling to adult (n = 49) or subadult (n = 11)
specimens, but due to the limited number of specimens that contained all sampling locations we
included 12 juvenile specimens in order to increase sample size.

We used a battery powered handheld drill to remove 1g of bone tissue and subsampled
200mg for collagen extraction. Our extraction protocol was adapted from Ambrose (1990) and
Jorkov et al. (2007). We ground subsamples with mortar and pestle and performed lipid
extractions in a 2:1 chloroform:methanol solution 3 times for 30 minutes each; if the supernatant

was not clear after 3 washes, additional washes were carried out as needed. The mineral
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Table 2.2 Number of individual animals sampled per species for each skeletal sampling location. We sampled the same locations by
bone among individuals to reduce the effects of natural bone variability, and samples contained a mixture of cortical and trabecular
bone.

Skeletal sample location
. . Thoracic Thoracic . .
. Occipital Mandibular vertebral Proximal Distal Humeral
Species vertebral . . . Scapula
condyle ramus body spinous rib rib head
process
B 7
e : : N B N
Delphinus delphis 5 5 5 5 5 5 5 5
Globicephala melas 4 4 4 4 4 4 4 4
Grampus griseus 5 5 5 5 5 5 5 5
Hyperoodon ampullatus 5 5 5 5 5 5 5 5
Kogia breviceps 3 3 3 3 3 3 3 3
Lagenorhynchus acutus 5 5 5 5 5 5 5 5
Lagenorhynchus
all;%rostriz > > > > > > > >
Mesoplodon bidens 10 10 10 10 10 10 10 10
Orcinus orca 4 4 4 4 4 4 4 4
Phocoena phocoena 5 5 5 5 5 5 5 5
Stenella coeruleoalba 5 5 5 5 5 5 5 5
Tursiops truncatus 10 o* 10 10 10 10 10 10
Ziphius cavirostris 3 3 3 3 3 3 3 3

* One Balaenoptera acutorostrata skeleton was without scapulae and one Tursiops truncatus skeleton was without mandibles.
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component was removed using a 30 minute 0.5M HCI bath followed by 3 deionized water rinses,
and a 30 minute 0.1M NaOH bath followed by 3 deionized water rinses. Previous studies
demonstrated that bone tissue lipid extraction and acidification demineralization does not
significantly alter § °N values (Tomaszewicz et al. 2015; Tatsch et al. 2016). We added 7ml of
pH 3 water to each sample and incubated at 80°C for 24hrs. The supernatant was collected and
freeze-dried, resulting in purified collagen. Between 0.85 and 1.15mg of collagen was loaded in
3x5mm tin capsules and submitted for C and N stable isotope analysis.

Stable isotope 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 (ThermoFisher Scientific, 168 Third Avenue Waltham, MA USA 02451). We
calibrated our results using 2 primary reference scales: Vienna Pee Dee Belemnite for §'°C, and
Atmospheric Air for §"°N. To ensure accuracy and precision, we analyzed an in-house standard
(6"3C: -20.16 £0.03%o and 6'°N: 6.35 £0.05%o) between every 10 samples. As an additional
measure of extraction method and analysis accuracy and repeatability, we randomly selected 2
bones, subsampled 4 additional 200 mg samples each, and followed the methods described above
to extract collagen and analyze for stable isotope ratios (§'3C: -14.93 +£0.02%o and §'°N: 10.98
£0.08%o; 6'3C: -13.79 £0.05%0 and §'°N: 11.55 £0.06%0). We also evaluated collagen sample
composition (percent carbon, percent nitrogen, and C/N ratio) and collagen percent yield to
monitor sample quality.

We employed descriptive statistics to explore intraskeletal variation among bone
sampling locations for both §'°C and §'°N. Because we are not making comparisons among

animals, we did not have to consider the Suess effect, which is long-term incorporation of
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isotopically light carbon into the marine ecosystem due to fossil fuel use (Keeling 1979).

Analyses were performed using R (R Core Team 2018) with RStudio (RStudio Team 2016).

2.4 Results

We found a high degree of variation in the isotopic values among different bones taken from the
same animal. For example, internal skeletal ranges for §'*C varied from 0.4 to 7.6%o, with
84.7% (n = 61) of skeletons having a range >1%o, and 55.5% (n = 40) exhibiting a range >2%o
(Figure 2.1). Similarly, skeletal ranges for §'°N varied from 0.4 to 5.2%o, with 59.7% (n = 43)
of skeletons exhibiting a range >1%o, and 15.3% (n = 11) with a range >2%o. For all skeletons,
and for both isotopes, at least one bone was >1 SD from the skeletal mean, and in most skeletons
multiple bones were >1 SD from the mean. For §'3C, the number of skeletons with 1, 2, 3, and 4
bones >1 SD from the mean was 23, 31, 14, and 4, respectively. For §'°N, the number of
skeletons with 1, 2, 3, and 4 bones >1 SD from the mean was 10, 41, 17, and 4, respectively. In a
subset of skeletons (n =31 for §'*C; n = 17 for §'°N), 1 bone was >2 SD from the skeletal
mean and one bottlenose dolphin (Tursiops truncatus) skeleton had 4 bones >2 SD from the
mean for §'°N.

There were no consistent trends regarding which specific bones within an individual
animal differed in isotopic values from the skeletal mean across specimens. However, the
proximal rib sampling location demonstrated the lowest levels of deviation, with 6 specimens
(8.3%) >1 SD from intraskeletal mean §'>C values, and 7 specimens (9.7%) >1 SD from
5N intraskeletal mean values. For §'°C, 50.0% (n = 36) of humeral heads were >1 SD
lower than the skeletal mean (no humeral heads were +1 SD). Mandibular rami (40.3%; n = 29)

and scapulae (16.7%; n = 12) had the second and third highest rates of deviation from mean
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Balaenoptera acutorostrata Delphinus delphis Globicephala melas Grampus griseus
8- 8- 8- 8-
6- 6- 6- 6-
4- 4- . ® 4- 4-
2- 2- 2- 2-
] L . et
0- 0- — 0- 0-
n=3 n=5 n=4 n=5
Hyperoodon ampullatus Kogia breviceps Lagenorhynchus acutus Lagenorhynchus albirostris
8- 8- 8- 8-
6- 6- 6- 6-
4- 4- 4- 4 -
8 2 N 2 2 2
~ — []
g) 0- 0- 0- 0-
c n=>5 n=3 n=5 n=5
o
© Mesoplodon bidens Orcinus orca Phocoena phocoena Stenella coeruleoalba
£ 8- 8- 8- 8-
e o
£ 6- 6- 6- 6-
4- 4- 4- o 4- .
21 * 21 * 21 2" —_
—
0- 0- 0- 0-
n=10 n=4 n=5 n=5
Tursiops truncatus Ziphius cavirostris
8- 8-
Isotope
6- 6-
‘ 5%
4= 4-
‘ 5N
2- 2- :
0- 0-
n=10 n=3

Figure 2.1 Individual intraskeletal range for §'*C and 6"°N, grouped by species (7 = number of
individual animals evaluated). Boxes present median and interquartile range and whiskers
represent 95% confidence intervals.
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skeletal §'3C, and all bone sample locations had at least one representative with >1 SD. We
found 56.9% (n = 41) of mandibular rami were >1 SD from the skeletal §'°N mean; specifically,
of these 22.0% (n = 9) were greater than the mean, whereas 78.0% (n = 32) were less than the
mean. Humeral heads (30.0%; n = 28) and occipitals (25.0%; n = 18) had the second and third
highest rates of deviation from the skeletal §'°N average, and all bones had at least one
representative >1 SD from the mean.

Mean collagen yield was 10.6%, with a range of 1.8-37.5%. This includes 37 samples
with artificially low percent yield due to a freeze dryer malfunction resulting in partial loss of the
sample or producing collagen that was challenging to recover from the vial, which prevented
obtaining an accurate weight. Mean %C and %N were 29.56 and 10.19, respectively, with a

mean C/N ratio of 3.49.

2.5 Discussion

Intraskeletal isotopic variation has not been well investigated across a variety of taxa, and only
one other study has considered this topic for cetacean skeletons (Vander Zanden et al. 2015; Bas
et al. 2019). Studies of this type are challenging due to difficulty in locating large numbers of
intact skeletons of the same species. As a result, previous studies typically had small sample
sizes, low numbers of sampling locations, or a combination of both (Table 2.1). We addressed
this deficiency by combining a large sample size from five cetacean families with many bone
sampling locations per skeleton (Table 2.2). We documented much greater intraskeletal isotopic
variation than has previously been reported (Figure 2.1; Table 2.1), suggesting that if analyses

were to be expanded to other taxa, similar results may be observed.
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We identified some noteworthy patterns in stable isotope values that can be used to better
inform the design of intraskeletal isotope studies in cetaceans. The proximal rib demonstrated the
lowest rate of deviation from both §'>C and §'°N intraskeletal means and may be the best bone
from our sampling locations to use for comparative studies. The §'>C isotopic value of half of all
humeral heads was >1 SD from the skeletal mean, so we advise against using this bone as
representative of the skeleton as a whole. The mandibular ramus probably also should be avoided
as we documented large, but inconsistent deviation from the skeletal mean for both isotopes.
These two sampling locations represent two different bone types with different turnover rates.
The humeral head is part of the humeral long bone and forms the shoulder joint with the scapula.
However, cetacean skeletal and muscle anatomy studies have found that the humeral head is
largely vestigial, and flipper movement is limited and related to maintaining balance and aiding
in swimming speed (Cooper et al. 2007; Sanchez & Berta 2010). As a result, this bone is under
less ecophysiological pressure than other more mobile bones and joints. In contrast, the
mandibular ramus is part of the dense mandibular irregular bone with a high degree of turnover
and remodeling (Matsuura et al. 2014; Shadwick et al. 2017). In cetaceans, the mandible serves
as the primary method of interacting with each other and the environment and is more
susceptible to damage than other bones. These two bones represent distinct functions and
turnover rates, and this may explain why they exhibit the greatest difference from the skeletal
mean.

For 13 of 14 species in our study, §'*C was more variable than §'°N (Figure 2.1). This
trend is similar to cetacean intraskeletal isotopic variation reported by Bas et al. (2019), who
compared $'3C and 8'°N isotope values among three sampling locations from 15 specimens

(Table 2.1). They reported 6'°C intraskeletal isotopic variation that fell within the lower range of
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variation in our study, and we suspect that had additional skeletal elements been compared, then
variation found by our two studies may have been similar. Greater §'°C than 8'°N intraskeletal
variation is also consistent with Riofrio-Lazo and Aurioles-Gamboa (2013), who found variation
in northern elephant seal skeletons (Mirounga angustirostris) and for sea otter (Enhydra lutris)
skeletons in Clark et al. (2017). Many human (Homo sapiens) archeological studies also reported
this trend (Table 2.1), but these authors typically compared only two or three sampling locations.
The study most similar in design to ours is Fahy et al. (2017); they compared 3'*C and §'°N
isotope values between 10 sample locations in 10 humans. They found §'°N intraskeletal
variability was greater than §'°C variation; however, 3'°N variation was similar to values in our
study. Only a few other studies examined intraskeletal variation in terrestrial vertebrates (Table
2.1). The differences observed between terrestrial and marine mammal studies may be due, in
part, to different physiological pressures placed on bones in terrestrial versus aquatic and
semiaquatic environments.

Newsome et al. (2010) documented that younger marine mammals exhibit higher bone
turnover rates of carbon and nitrogen stable isotopes, possibly contributing to intraskeletal
variation. We did not observe this pattern. In fact, adult animals demonstrated some of the
highest levels of intraskeletal variation. For example, harbor porpoises (Phocoena phocoena) had
relatively low levels of §'°C intraskeletal variation despite including one subadult individual,
and the outlier animal was an adult (Figure 2.1). Atlantic white sided dolphins (Lagenorhynchus
acutus) displayed generally lower levels of §'3C intraskeletal variation compared to white
beaked dolphins (L. albirostris), even though we sampled five adult specimens for each species.
Amongst beaked whales, Sowerby’s beaked whales (Mesoplodon bidens) displayed the greatest

median §'°C intraskeletal variation despite including only adult animals, while both northern
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bottlenose whale (Hyperoodon ampullatus) and Cuvier’s beaked whale (Ziphius cavirostris)
samples included juvenile animals. No data on cetacean bone tissue turnover rates is available,
but Newsome et al. (2006) estimated complete bone collagen turnover in yearling seals and sea
lions at 8-10 months. If young cetaceans exhibit a similar pattern, then the moderate variation we
observed in younger animals is logical because their bones are reflecting a shorter time span, and
therefore less environmental variability than seen in older age classes. Thus, age class of the
specimen does not seem to drive the variation we observed. Likewise, collection date and storage
time of the specimens did not contribute to intraskeletal variation. All our specimens, with the
exception of two, were collected since 1989, and the two older specimens demonstrated similar
intraskeletal variation as modern specimens.

We were consistent in our sampling locations in each skeleton to reduce the introduction
of additional variation due to natural differences throughout the bone. Each sample contained a
mixture of mineralized cortical bone and spongy trabecular bone, and the inherent unequal ratios
of these bone types at different sampling sites, and the differences in their turnover rates, may
contribute to some of our observed intraskeletal variation (Manolagas 2000; Clarke 2008).
However, if this was a major contributing factor, we would expect to see animals of the same
species demonstrating similar trends in variation; instead, we saw considerable variation at the
individual animal level. This suggests a combination of physiological and ecological factors
driving isotopic variation. Carbon and nitrogen isotope ratios in a skeleton reflect habitat and
diet, respectively (Ben-David & Flaherty 2012). Organisms in controlled settings, such as in
feeding studies or laboratories, show little isotopic variation when fed a consistent diet, even

when considering bone turnover rates (Deniro & Schoeniger 1983). Therefore, differences we
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observed in intraskeletal isotope ratios suggest differences in foraging behavior and individual-
level resource utilization over time.

As animals switch habitats or consume different food sources, the rate isotopes from
these sources are incorporated will vary among bones due to bone-specific turnover rates
(Newsome et al. 2010). This combination of changing environmental isotope ratios and
physiological mechanisms leads to ecologically relevant intraskeletal isotopic variation—that is,
the isotopic values from different bones from the same individual could lead to different
conclusions regarding an animal’s life history if considered independently. This is especially
important for studies forced to use non-matching bones for analyses. The amount of intraskeletal
range that is ecologically relevant depends on the specific questions being asked, but we suggest
that §'3C ranges >1%o and 6'°N ranges >2%o are ecologically significant for cetacean studies.
Isoscape models built using specific prey resources of the species in this study do not yet exist,
but we still can characterize how variation might affect researcher’s conclusions by considering
isoscapes already available. For example, an isoscape model built from jellyfish collected in
waters around the British Isles demonstrates a 1-2%o difference in §'3C values across the study
area (Glew et al. 2019). Based on this, the §'°C variation we observed within the
skeletons in our study would indicate different foraging locations along the U.K shelf sea
if the bone sample locations were considered independently. If a study is trying to identify
important foraging or breeding habitats to make conservation recommendations and must
make use of non-matching bones, a 1%o difference may appear to suggest different regions of
importance yet may simply represent differences among bones sampled from the same skeleton.
Similarly, nitrogen isotope values in animals are enriched at rate of 3—4%o for each increase in

trophic level (Post 2002), yet we observed §'°N intraskeletal range values up to 5.16%o.
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Bone turnover rates and changes in habitat use or foraging behavior could explain much
of the intraskeletal variation in carbon and nitrogen isotope ratios we observed, but there is still
considerable unexplained variation. This could be due to physiological factors that are beyond
the scope of our study, such as metabolic rates or bone disease/injury, both of which can alter
bone growth patterns (Manolagas 2000; Clarke 2008; Olsen et al. 2014). We did not sample
animals that had obvious signs of bone disease or injury remodeling, but there is little
information regarding the individual life history of most specimens in our study. Thus, we do not
know their movement patterns and habitat use, beyond general species information, or the
specifics of their age or health. However, even amongst closely related species, such as Atlantic
white sided dolphins and white beaked dolphins, which have overlapping habitats and grow to a
similar size, we saw considerable differences in intraskeletal variation (Weinrich et al. 2001;
Galatius & Kinze 2016). For some species, such as bottlenose dolphins, specimens in our study
may have come from different populations, with different foraging behavior and habitat use,
further contributing to intraskeletal isotopic variation. Although we sampled a large breadth of
cetacean species, we were limited to relatively small species sample sizes due to difficulty in
acquiring complete skeletons. In two cases, we chose to include animals that were missing one of
eight sampling locations to increase sample size for that species; if this study was repeated with
much larger species sample sizes, further trends in variation may become apparent. Regardless,
to truly understand factors driving individual and species variation, we would need data from
hundreds of tagged animals of the same species—where all their life movement data is
available—to more systematically evaluate stable isotope variation for the species. Because this
is not feasible for most cetacean studies, we instead must acknowledge that considerable

variation exists within individual animals.
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Specimens of opportunity are a critical resource for ecological studies, but they do
present unique challenges that must be considered. Because opportunistically collected skeletons
are often incomplete, necessitating comparisons between unmatched bones among animals, there
is a need to understand intraskeletal isotopic variation. Our study demonstrates that substantial
intraskeletal variation is present for the cetacean species we evaluated. Thence, we recommend
that future studies using opportunistic bone tissue for stable isotope analysis conduct species-
specific evaluations for intraskeletal variation. Failure to identify or consider this variation could
have serious implications for studies that use bone isotope values to explore animal ecology.
When the results of such studies are used to inform conservation action, it is imperative to
consider that different bones from the same animals may suggest different habitats or resource
use when none existed. Accounting for this intraskeletal variation in stable isotopes values

produces more robust analyses and thus better-informed conservation management plans.
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Chapter 3: Evaluation of two lipid removal methods for stable carbon and nitrogen isotope

analysis in whale tissue?2

3.1 Abstract

The presence of lipids in animal tissues can influence the interpretation of stable isotope data,
particularly in lipid-rich tissues such as the skin and muscle of marine mammals. The
traditionally employed chloroform:methanol delipidation protocol has the potential to alter §'°N
values in proteinaceous tissues. Our objective was to determine whether cyclohexane is an
alternative extraction method, effectively removing lipids without altering 5'°N values. Kidney,
liver, muscle, and skin samples were collected from beach-cast Sowerby’s beaked whales
(Mesoplodon bidens). Control subsamples were processed without delipidation extraction, and
duplicate subsamples were extracted with either chloroform:methanol or cyclohexane. §'3C,
81°N, and C:N values were determined by continuous-flow elemental analysis isotope ratio mass
spectrometry. Paired Wilcoxon tests were used to evaluate the change in isotope values after
extraction, and unpaired Wilcoxon tests were used to evaluate difference in isotope values
between extractions. Cyclohexane is an effective delipidation technique for tissues with low and
moderate lipid content. Chemical delipidation influenced §'°N values; extracted samples
generally showed an increase in §'°N values which varied 0.0%o to 1.7%o. Chloroform:methanol
extraction resulted in alterations to §'°N values greater than analytical precision for all analyzed
tissues. Changes to 8!°N values after cyclohexane extraction were at or near analytical precision

in liver and muscle but greater than analytical precision for kidney and skin. We recommend

2 Accepted for publication in Rapid Communications in Mass Spectrometry as: Smith, KJ, Trueman, CN, France,
CAM, and Peterson, MJ. Evaluation of two lipid removal methods for stable carbon and nitrogen isotope analysis in
whale tissue.

38



processing duplicate subsamples for stable isotope analysis, one with and one without extraction
in order to obtain accurate values for each isotope. Prolonged chemical extractions are not
necessary to effectively remove lipids. When samples are limited, we suggest using cyclohexane

for tissues with low or moderate lipid content, and chloroform:methanol for lipid-rich tissues.

3.2 Introduction

Stable isotope analysis (SIA) of animal tissues is a rapidly expanding tool applied to a variety of
environmental, ecological, anthropological, and forensic problems; however, interpretation of
stable isotope data can be confounded by a suite of variables related to sample design, collection,
preparation, and analysis (Keeling 1979; Peterson & Fry 1987). Animal tissues are comprised of
multiple compound classes (e.g., proteins) and compounds (e.g., amino acids), each with
potentially different isotopic compositions (Ben-David & Flaherty 2012). The isotopic
composition of bulk (whole) tissue is an average of the isotopic composition of the constituent
molecules weighted by their relative proportion (Phillips & Eldridge 2006; Vander Zanden et al.
2015). If the relative proportion of isotopically distinct tissue components varies among bulk
samples, then tissue composition will contribute to measured population stable isotope means
and distributions. Wildlife and anthropological studies addressing questions of spatial origin,
movement behavior, or diet commonly focus on largely proteinaceous tissues such as muscle,
feather, hair keratin, or bone collagen for isotopic analyses (Hobson 1999; Cristescu & Boyce
2013). Such tissues commonly also contain lipids, potentially influencing §'*C values and C:N
ratios (West et al. 2006; Post et al. 2007; Elliott et al. 2017). On average, synthesized body lipids
tend to be depleted in '*C compared to synthesized proteins, so that the presence of lipids within

protein samples tends to reduce bulk tissue §'*C values. The degree of isotopic differentiation
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can vary depending on lipid and protein composition, nutritional status, and other physiological
effects (DeNiro & Epstein 1977; Post et al. 2007; Elliott & Elliott 2016). Soft tissues such as
muscle, liver, and subcutaneous connective tissues frequently act as physiological lipid stores.
Lipid contents in these tissues may be high and markedly variable among individuals (Ryan et al.
2012). Failure to consider lipid content when conducting tissue-based studies can therefore bias
data interpretation and lead to erroneous conclusions about diet or movement patterns (Logan &
Lutcavage 2008; Bergamo et al. 2016; Elliott et al. 2017). Two approaches have been proposed
to address the problem of lipid content in mixed tissue isotope analyses: statistical isotopic
correction models and chemical removal of lipids.

Statistical isotopic correction models aim to account for the influence of '*C depleted
lipids retrospectively using C:N ratios as predictors of lipid content and mass balance approaches
to correct measured values (Wahl et al. 2004). These models typically are established by
statistical regression between measured §'°C values and C:N ratios and may also utilize
measured or estimated end member values for pure lipid, pure protein, or expected protein:lipid
offsets. The coefficients associated with statistical lipid correction models are likely to vary
according to tissue type, physiology, and metabolic status. Therefore, while a variety of models
are available, they do not generate consistent results between and within species and tissue types
(Ryan et al. 2012; Elliott et al. 2014; Skinner et al. 2016; Giménez et al. 2017; Taylor et al.
2017). Thus, lipid correction models must be parameterized for each study and may still yield
inconsistent results (Cloyed et al. ; Sweeting et al. 2006; Logan et al. 2008; Lesage et al. 2010;
Yurkowski et al. 2015).

Chemical lipid extraction provides a rapid and consistent means of ensuring lipid

removal. The most common method for lipid extraction is a polar solvent solution of
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chloroform:methanol. This technique, in use for more than 60 years, is effective at removing
lipids. However, the process is relatively aggressive, potentially also influencing the relative
proportions of amino acids present because of the higher solubility of the polar amino acids in
polar solutes (Bligh & Dyer 1959; Elliott et al. 2017). As §'°C and §'°N values vary among
individual amino acids, altering the relative proportions of amino acids present in a protein
following chloroform:methanol extractions can alter the isotopic compositions of both carbon
and nitrogen in bulk protein analyses. Non-polar solvents, such as hexane and diethyl ether,
provide an alternative means of lipid removal. All amino acids are relatively insoluble in non-
polar solvents, so the use of non-polar solvents for lipid extraction carries less risk of
unintentional alteration of amino acid and bulk protein isotopic compositions (Logan &
Lutcavage 2008; Elliott & Elliott 2016). Despite years of study and the rise in the use of stable
isotope analyses of animal tissues, the relative performance of different chemical extraction
approaches as applied to specific tissues of different species is still not well characterized. As a
result, there is a conflicting body of evidence about the effects of lipid extraction on 8'°C and
85N values and a lack of consistency in extraction methods employed across studies. In addition
to avoiding the potential effects of chemical extraction on target protein isotopic compositions, it
may be beneficial to avoid chemical extraction for simple time and cost considerations.

For any given species, tissue, and study there is often uncertainty regarding: (1) whether
tissue lipid extraction is a necessary step prior to stable isotope analyses; and if so, (2) the
magnitude of undesirable isotopic alteration that should be expected associated with different
chemical extraction methods. This is especially problematic in the case of poorly studied species,

tissues with few case studies in the literature, and tissues with high and variable lipid contents.
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In this study we evaluated two methods of lipid removal, chloroform:methanol and
cyclohexane, and their effects on 8'°C, §'°N, and C:N values in four tissue types collected from
Sowerby’s beaked whales (Mesoplodon bidens). Cyclohexane is a nonpolar solvent frequently
used to extract lipids for lipid research studies but has only occasionally been used in stable
isotope analyses (Monteiro-Riviere et al. 2001; Kojadinovic et al. 2008; Chouvelon et al. 2014;
Li et al. 2014; Anthony & Stuart 2015; Howa et al. 2016). Whale tissue, especially skin, is lipid-
rich and has proven particularly challenging to evaluate with statistical isotopic correction
models (Lesage et al. 2010; Ryan et al. 2012; Giménez et al. 2017). Thus, it is often assumed to
be necessary to use a chemical extraction method when processing whale tissue. Here, we
assessed the necessity of using a chemical lipid extraction method in tissue for this whale
species, the degree to which each method altered isotope ratios, and how any changes to isotope

values may influence interpretation of these values.

3.3 Methods

3.3.1 Sampling, sample preparation, and stable isotope analysis

We obtained samples of kidney (n = 18), liver (n = 17), muscle (n = 18), and skin (n = 24) from
26 stranded Sowerby’s beaked whales (n = 77 total tissue samples). Samples were
opportunistically collected from beach-cast carcasses from various locations along the Scottish
coastline by the Scottish Marine Animal Stranding Scheme and stored at -20 °C. We collected
~0.5 g subsamples of frozen tissues and preserved them in 95% ethanol for <1 week for
transport. Ethanol is a commonly used preservative for soft tissues that can contribute to lipid
removal and increase 3'°C values in the tissues of some species, but typically has small and

insignificant effects on 8'°N values (Kaehler & Pakhomov 2001; Sarakinos et al. 2002; Hogsden
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& McHugh 2017; Javornik et al. 2019). Prior to analyses we removed excess ethanol,
subsampled each tissue sample, freeze dried the samples individually for 16 hours, and ground
dried tissues with mortar and pestle. We subsampled 10 samples from each tissue type to serve
as an unextracted control; these samples were submitted for stable isotope analysis without lipid
extraction. We selected these tissues for the control because there was enough of each sample for
pre- and post-extraction analysis and duplicate analysis, if needed. For each of the 77 tissue
samples, we extracted one subsample with 2:1 chloroform:methanol for 30 minutes, manually
agitating samples every 5 minutes. We repeated this process with a duplicate sample for
cyclohexane extraction. Lipid extraction timelines vary among studies from minutes to days; we
employed a single 30-minute extraction to keep extraction methods consistent between our two
protocols. Longer extraction times, particularly for chloroform:methanol, are often employed on
tissues (Post et al. 2007; Logan & Lutcavage 2008; Elliott & Elliott 2016). However, it is unclear
if prolonged extraction is necessary to effectively remove lipids, especially on finely ground
materials. Lipid extracted samples were dried at 60 °C for 16 hours post extraction. Between 0.5
and 0.8 mg of each sample was loaded in 3x5mm tin capsules and submitted for C and N stable
isotope analysis.

Stable isotope analysis was completed at the Smithsonian Institution Museum
Conservation Institute Stable Isotope Mass Spectrometry Laboratory using a Thermo Delta V
Advantage mass spectrometer in continuous flow mode coupled to an Elementar vario ISOTOPE
Cube Elemental Analyzer via a Thermo Conflo IV (ThermoFisher Scientific, 168 Third Avenue
Waltham, MA USA 02451). Raw sample values were calibrated to V-PDB and Air (§'°C and
8N, respectively) via an in-house Costech Acetanilide (Costech Analytical, 26074 Avenue

Hall, Suite 14 Valencia, CA USA 91355) and Urea-UIN3, both calibrated to USGS40 and
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USGS41 L-glutamic acids (Schimmelmann et al. 2009). The in-house standards were included
between every 10 samples to ensure accuracy and precision, with an analytical precision of +/-
0.2%o (10). Weight percent carbon and nitrogen values were calibrated to the in-house
acetanilide standard with an analytical precision of +/- 0.5%.
3.3.2 Data analysis

Our data analyses addressed four questions: (1) are both lipid removal techniques
effective; (2) how much variance is there between chloroform:methanol and cyclohexane
extracted samples; (3) does delipidation extraction significantly change §'3C, §'°N, and C:N
values; and (4) do extraction methods change isotope values in similar ways? To answer question
(1), we evaluated the C:N ratios post extraction for all samples (n = 77) because the C:N ratio
often is used to evaluate the presence of lipids in tissue samples, and previous studies have
identified a significant relationship between larger C:N ratios, higher lipid proportions, and lower
813C values in some animal tissues (Post et al. 2007). We used these same 77 samples to address
question (2), employing paired Wilcoxon tests to compare §'°C, §'°N, and C:N values between
each subsample of chloroform:methanol and cyclohexane extracted tissue. We then used a subset
of these samples (n = 40; 10 of each tissue type) to address questions 3 and 4, comparing §'°C,
815N, and C:N values of the unextracted control samples to those same tissues post extraction. To
address question (3), we used paired Wilcoxon tests to evaluate differences in pre- and post-
extraction values for each extraction method to explore how extraction method changed isotope
values (8'3C and §'°N) and their relationship to each other (C:N ratios). For question (4), we used
unpaired Wilcoxon tests to compare the degree and direction of change in values between the

same tissue subsamples extracted with chloroform:methanol and cyclohexane. We considered p-
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values < 0.05 significant, and statistical analyses were performed using R (R Core Team 2018)
with RStudio (RStudio Team 2016).

We use two delta notations to express our results. The first is the standard delta notation
0, which is the parts per thousand difference between the sample and international standards,
expressed as 6 YX = [(Rsample- Rstandard)/(Rstandard)], Where X is the element, y is the atomic mass of
the heavy stable isotope, and R is the ratio of heavy to light isotopes. The second is A notation,
used to represent the difference between two o values. In this paper we use it to represent the

difference between extracted and unextracted values (e.g. AC = 8" Cexiracted - 8> Cunextracted).

3.4 Results and discussion

For question (1), we found both extraction methods effectively removed lipids from tissues with
relatively lower initial lipid content. A 30-minute chloroform:methanol extraction effectively
delipidated lipid-rich tissues, and a 30-minute cyclohexane extraction was moderately effective
at delipidating lipid-rich tissues . C:N ratios were reduced to < 5 in all 77 chloroform:methanol
extracted samples, and in all but 1 cyclohexane extracted skin sample (Figure 3.1). There is
currently no consensus regarding “correct” marine mammal C:N ratios following delipidation;
some sources suggest tissues with C:N (by mass) values > 3.5 contain sufficient lipid to
significantly complicate tissue 8'*C interpretations, while others consider values between 4 and 5
acceptable (McConnaughey & McRoy 1979; Post et al. 2007; Ryan et al. 2012). Our
chloroform:methanol extracted samples had a mean C:N ratio of 3.4 (range: 3.0 —4.7), and the
cyclohexane extracted mean was 3.6 (range: 3.0 — 6.4). Thus, chloroform:methanol C:N ratios in
this study fell within multiple definitions of acceptable C:N ratios, demonstrating that prolonged

extraction times, especially on ground tissue, are not necessary. Likewise, cyclohexane C:N
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Figure 3.1 Evaluation of extraction method effectiveness in Sowerby’s beaked whale tissue samples. 40 subsamples (10 each for

kidney, liver, muscle, and skin) were analyzed without chemical delipidation (a); 77 subsamples (18 kidney, 17 liver, 18 muscle, 24
skin) were extracted with 2:1 chloroform:methanol (b) and cyclohexane (c).
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ratios for most tissues also fell within acceptable C:N ratios, and longer extractions with this
method may only be required on lipid-rich tissues, such as skin.

For both extraction methods, mean skin C:N values were greater than total sample mean
(chloroform:methanol = 3.8; cyclohexane = 4.1), and muscle, liver, and kidney C:N mean were
less than total sample mean (chloroform:methanol = 3.2, 3.2, and 3.2 respectively; cyclohexane
=3.3, 3.4, and 3.3 respectively) (Figure 3.1). The observed relationship between §'*C values and
C:N ratios post extraction begins to level out when C:N ratios exceed 4, and extrapolation of the
relationship to infinite C:N ratios suggests that the §'*C value of pure lipid in Sowerby’s beaked
whale tissues is between -20%o and -25%o. Based on the observed relationship between §'°C
values and C:N ratios (Figure 3.1), together with the assumed C:N ratio of pure protein (Post et
al. 2007), we suggest that beaked whale tissue samples with C:N ratios around 3.5 do not require
chemical extraction or statistical correction.

Paired Wilcoxon tests for question (2), variance between chloroform:methanol and
cyclohexane extracted samples (n = 77), demonstrated that §'*C values of kidney, liver, and skin
subsamples extracted with chloroform:methanol were significantly different than subsamples of
those same tissues extracted with cyclohexane, and the difference in muscle tissue values
approached significance (Table 3.1). The difference in §'°C values between subsamples ranged
from 0.0%o to 2.3%o. For §'°N values, only kidney subsamples were significantly different
between the two extraction methods, and differences in values between subsamples ranged from
0.0%o to 1.7%0. C:N values were significantly different in kidney, liver, and skin subsamples, and
the difference in values between subsamples ranged from 0.0%o to 2.5%o.

Finally, we addressed questions (3) and (4), evaluating the effect of lipid extraction on

isotope values and variation in values between differently extracted subsamples of the same
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Table 3.1 Mean (= SD) § 1°C, § N, and C:N values of chloroform:methanol and cyclohexane
delipidated Sowerby’s beaked whale tissues (n = 77). P values are for paired Wilcoxon tests to
evaluate difference in values post extraction method in subsamples of the same tissue sample.

Chloroform:methanol Cyclohexane

Tissue n Mean SD Mean SD P
313C  Kidney 18 -17.7 0.76 -18.0 0.82 0.014
Liver 17 -17.8 0.62 -18.2 0.84 0.001
Muscle 18 -18.1 1.08 -18.3 0.90 0.081
Skin 24 -19.1 0.93 -19.5 1.15 0.007
8N Kidney 18 13.3 0.80 13.1 0.72 0.012
Liver 17 13.2 0.88 13.2 0.85 0.712
Muscle 18 12.6 0.82 12.7 0.96 0.865
Skin 24 12.7 0.94 12.6 0.91 0.331
C:N  Kidney 18 3.2 0.10 3.3 0.15 0.002
Liver 17 3.2 0.10 3.4 0.20 <0.001
Muscle 18 3.2 0.22 3.3 0.32 0.899
Skin 24 3.8 0.45 4.1 0.69 0.014

tissue sample. Below we summarize the treatment effects and recommendations for each tissue
type:

3.4.1 Kidney

Unextracted kidney C:N ratios ranged between 3.2 and 3.7 with a mean of 3.3 and low variation
among individuals (Table 3.2). Chloroform:methanol extraction reduced C:N ratios and
decreased mean §:C values. Both extraction methods increased variation among individuals in
513C and 5'°N values. Chloroform:methanol extraction resulted in greater variation among
individuals for A™*C values, and both extraction methods had similar variation among individuals
in AN and AC:N values (Table 3.3, Figure 3.2). Due to the low C:N ratios in unextracted
samples and inconsistent changes to variation among individuals in §3C and §°N values, we

recommend avoiding lipid extraction in whale kidney samples.
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Table 3.2 Mean (= SD) §!°C, §'°N, and C:N values for unextracted, chloroform:methanol lipid extracted, and cyclohexane lipid
extracted Sowerby’s beaked whale tissues. P values pertain to paired Wilcoxon tests comparing mean values pre and post extraction to
evaluate the magnitude of change each extraction method has on values.

Unextracted Chloroform:methanol Cyclohexane

Tissue n Mean SD Mean SD P Mean SD P
313C  Kidney 10 -18.0 0.70 -17.7 092 0.084 -18.0 096  0.492
Liver 10 -18.1 0.98 -17.7 0.65 0.037 -18.0 096 0.375
Muscle 10 -18.9 1.38 -18.4 0.75 0.048 -18.5 092 0.193
Skin 10 -21.1 2.03 -18.9 0.89  0.002 -19.5 1.09 0.004
8N Kidney 10 13.1 0.83 13.2 090 0.375 12.9 0.87 0.275
Liver 10 13.3 0.86 13.2 0.82  0.557 13.3 0.83  0.492
Muscle 10 12.4 0.75 12.4 0.77  0.769 12.5 0.61 0.375
Skin 10 12.2 0.73 12.4 0.86 0.106 12.3 0.80  0.232
C:N  Kidney 10 33 0.16 3.2 0.11  0.004 33 0.17  0.625
Liver 10 34 0.25 3.2 0.09  0.006 3.4 023  0.232
Muscle 10 3.7 1.12 33 0.28  0.009 33 0.39  0.027
Skin 10 6.4 2.35 3.7 041 0.002 4.1 0.53  0.004
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Table 3.3 Mean (= SD) A3C, APN, and AC:N values between delipidated and unextracted
Sowerby’s beaked whale tissues (extracted value — unextracted value). P values pertain to

unpaired Wilcoxon tests to evaluate difference in the change to isotope values by delipidation

method.
Chloroform:methanol Cyclohexane
Tissue n Mean SD Mean SD P
ABC  Kidney 10 0.7 0.53 0.0 0.39 0.123
Liver 10 0.4 0.48 0.1 0.45 0.143
Muscle 10 0.5 0.85 0.3 0.63 0.529
Skin 10 2.2 1.39 1.6 1.16 0.248
A8"N  Kidney 10 0.2 0.48 -0.2 0.49 0.315
Liver 10 -0.1 0.36 -0.1 0.31 1.000
Muscle 10 0.1 0.41 0.1 0.20 0.853
Skin 10 0.2 0.26 0.1 0.32 1.000
AC:N  Kidney 10 -0.1 0.11 0.0 0.10 0.075
Liver 10 -0.3 0.19 -0.1 0.14 0.015
Muscle 10 -0.4 0.94 -0.4 0.74 0.739
Skin 10 -2.7 2.26 -2.3 2.17 0.529
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3.4.2 Liver

Unextracted C:N ratios ranged between 3.2 and 4.0 with a mean of 3.4 and a small variation
among individuals (Table 3.2). Chloroform:methanol extraction reduced C:N ratios and
decreased mean §*3C values and variation among individuals in 5!3C values. §*°N values and
variation among individuals remained largely unchanged after both extraction methods. Both
extraction methods had similar variation among individuals in A*C, AN, and AC:N values;
however, mean AC:N between extraction methods was significantly different (Table 3.3, Figure
3.2). Due to low unextracted C:N ratios we recommend avoiding lipid extraction in whale liver
samples. However, due to the reduction in variation among individuals in §*3C values and
relatively low effect on 5°N and AN values post extraction, a short extraction with
chloroform:methanol may be useful in some studies.

3.4.3 Muscle

Unextracted C:N ratios ranged between 3.1 and 6.8 with a mean of 3.7 and a large variation
among individuals (Table 3.2). Both extraction methods effectively reduced mean C:N ratios
below 3.5 and reduced among individual variability in §*3C values. Both extraction methods
increased mean §*°N values to a similar extent, but chloroform:methanol resulted in greater
variation among individuals. Chloroform:methanol extraction resulted in greater variation among
individuals in A®C, AN, and AC:N values (Table 3.3, Figure 3.2). We therefore recommend
cyclohexane extraction for whale muscle samples.

3.4.4 Skin

Unextracted C:N ratios ranged between 3.3 and 11.7 with a mean of 6.4 and a large variation
among individuals (Table 3.2). Both extraction methods significantly reduced mean C:N ratios

and reduced variation among individuals in §!3C values, though variation among individuals post
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cyclohexane extraction was greater than post chloroform:methanol extraction. Both extraction
methods increased mean 5'°N values to a similar extent, but chloroform:methanol extraction
resulted in increased variation among individuals. Chloroform:methanol extraction resulted in
greater variation among individuals for both in A¥*C and AC:N values, whereas cyclohexane
extraction resulted in greater variation among individuals in AN values (Table 3.3, Figure 3.2).
We therefore recommend subsampling whale skin samples and submitting one sample for stable
isotope analysis without lipid extraction to obtain an accurate §*°N value, and one after

extraction with chloroform:methanol for an accurate 8*2C value.

3.5 Conclusions and recommendations

Our results indicate that cyclohexane is an effective delipidation technique for tissues with low
and moderate lipid content, but not as effective as chloroform:methanol with lipid-rich tissues,
such as whale skin. In the sampled Sowerby’s beaked whale tissues, the §'3C value of lipids is
between -20%o and -25%o, and tissues with lower C:N ratios, such as kidney and liver, do not
require delipidation (Table 3.2). Samples extracted with cyclohexane resulted in generally lesser
changes to §'°N compared to chloroform-methanol extraction, with some differences being at or
near analytical precision, suggesting that this extraction method is less likely to alter the
abundance of amino acids in the sample.

It is possible to aggressively delipidate tissues multiple times to obtain a desired C:N
ratio, but increasingly aggressive extractions dramatically increase the risk of altering amino acid
compositions and associated bulk protein §'3C and 8'°N values. We found that a single 30-
minute extraction effectively removed lipids in most tissue samples, suggesting that prolonged
lipid extraction of hours or days may be unnecessary, especially for ground tissues. Thus, we

recommend avoiding aggressive delipidation when possible except in lipid-rich tissues such as
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whale skin. For these Sowerby’s beaked whale tissues, C:N values < 5 indicate lipids have been
removed while preserving the relative abundance of amino acids; we anticipate repeating this
analysis on the same tissue types from other whale species would yield comparable results.
Lipid content in tissue samples and how the presence of lipids effects §!°C is an
important consideration when designing animal studies. Our work provides insight into selecting
the appropriate delipidation technique, if applicable, for a variety of tissues with varying levels
of lipid content. When ample tissue is available and funding permits, we recommend reporting
isotope values from both unextracted and chloroform:methanol extracted samples. Researchers
would then consider §'°N values from the unextracted sample and §'3C from the extracted
sample in studies. However, for rare or scarce tissues, or when funding limits processing to one
sample, we recommend using cyclohexane for tissues with low or moderate lipid content, and

chloroform:methanol for lipid-rich tissues.
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Chapter 4: Stable isotope analysis of specimens of opportunity reveals site fidelity in an

elusive North Atlantic species, the Sowerby’s beaked whale (Mesoplodon bidens)

4.1 Abstract

Elusive wildlife present challenges to effective conservation measures because it is often
challenging to collect enough data on these species to implement management and conservation
plans. Specimens of opportunity, such as museum specimens, provide a way to improve
knowledge on these species, and these specimens have already proven valuable by increasing
information on biodiversity, habitat and range, and population structure in many species. Stable
isotope analysis (SIA) if a powerful tool to investigate foraging behavior and habitat use and can
be used in elusive wildlife studies. In this study we conducted SIA on Sowerby’s beaked whale
(Mesoplodon bidens) specimens of opportunity. Beaked whales are a specious group of cetaceans
that are challenging to study in situ, and although Sowerby’s beaked whale was discovered >200
years ago, little is known about its biology. We collected bone, muscle, and skin tissue from 103
Sowerby’s beaked whales collected in the east and west Atlantic Ocean and conducted §'*C and
5'°N analyses. We found consistent trends in isotope values across all three tissue types. East
Atlantic specimens had less enriched §'°C and §'°N than west Atlantic specimens, and median
isotope values were significantly different between regions. Quadratic discriminant analysis
considering 6'°C and §'°N simultaneously correctly assigned 92.0%, 90.0%, and 80.3% of skin,
muscle, and bone samples, respectively, to their collection location. Our results indicate these
Sowerby’s beaked whale specimens exhibited short- and long-term regional site fidelity to the
region from which they were collected, and suggests the species exhibits a metapopulation
structure. This information lays the groundwork for future studies in this species and provides

critical knowledge regional and international conservationist scientists need. Our results
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demonstrate the effectiveness of SIA in specimens of opportunity, which can be applied to other

beaked whale species, and other elusive species.

4.2 Introduction

Effective wildlife conservation requires understanding the ecology of species to be conserved,
yet often species of concern are rare or elusive, resulting in large gaps in knowledge regarding
their biology and ecology (Cunningham & Lindenmayer 2005; McKelvey et al. 2008). Elusive
wildlife species present a unique set of challenges to researchers and managers because they
typically are rarely encountered, live in remote or inaccessible habitats, or actively avoid human
researchers and equipment (Kalton & Anderson 1986; Green & Young 1993; McDonald 2004;
Meek et al. 2014a). This can make it challenging or impossible to gain reliable information on
even basic elements of their life history through traditional field techniques (Piggott & Taylor
2003; Joseph et al. 2006). Thus, it is necessary to identify alternative ways to gather data on
these species.

Specimens of opportunity offer a potentially efficacious pathway for collecting data on
rare and elusive species (Robbirt et al. 2011; 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;
McDonough et al. 2018; MacLean et al. 2019). Salvaged carcasses, such as roadkill or stranded
marine mammals, have provided new information on range and population structure (Baus et al.

2019; Coombs et al. 2019; Schwartz et al. 2020). Similarly, animals collected for the pet trade or
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human consumption have yielded new species and information on hybridization events
(Erdmann 1999; Baker et al. 2007; Endo et al. 2012; Ebert et al. 2019). As research tools
develop, the quantity and quality of information that can be gained from these specimens of
opportunity grows, providing an invaluable resource to investigate the biology and ecology of
elusive species.

Stable isotope analysis (SIA) 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; MacKenzie et al. 2011). Using a
variety of tissues representing different timespans of the animal’s life, researchers can investigate
an animal’s natal grounds, movement behavior, and foraging ecology (Phillips & Eldridge 2006;
Vander Zanden et al. 2015). SIA conducted on specimens of opportunity has been used to better
understand animal migrations, the spatial origin of wildlife products, and even historical human
diets (Chamberlain et al. 1997; Hobson 1999; Hopkins & Ferguson 2012; Cheung et al. 2017;
Guillemain et al. 2019). Two of the most commonly used isotopes for wildlife studies are carbon
(8'3C), used to evaluate habitat range and latitudinal shifts, and nitrogen (5'°N), which is used for
obtaining foraging and trophic information (Ben-David & Flaherty 2012). As the body of
literature on the application of SIA to wildlife studies grows, in conjunction with more high-
resolution maps documenting the spatial relationship of stable isotope abundance (i.e.,
isoscapes), SIA creates more opportunities to utilize specimens of opportunity to increase
knowledge regarding elusive species (Vander Zanden et al. 2018).

Although they comprise >25% of extant whale and dolphin species, beaked whales are a
group of poorly understood and elusive species, with most questions regarding their basic

biology unanswered (Dalebout et al. 2004; Mead 2007, 2009). This paucity of data is largely
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attributable to the challenge of locating beaked whales and distinguishing species due to their
elusive behavior and similar appearance (MacLeod et al. 2005). 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. For example, three species (Mesoplodon bowdoini, M. traversii, and M.
hotaula) are known only from beach cast carcasses, and several other species are known
primarily from strandings and a few unconfirmed sightings. Similarly, during the last 20 years
four new species were discovered by reexamining museum specimens (Dalebout et al. 2002; van
Helden et al. 2002; Dalebout et al. 2014; Morin et al. 2017; Yamada et al. 2019).

The Sowerby’s beaked whale (M. bidens) was first described in 1804, yet in >200 years
since its original description little has been learned about its life history (Waller 2013; Ellis et al.
2017). Due to difficulty in locating and identifying Sowerby’s beaked whales, 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). 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 subpopulations (Macleod 2000; MacLeod et al.
2003; MacLeod et al. 2005).

Based on this lack of data on the population structure and spatial ecology of Sowerby’s
beaked whales, the management needs of this species are unclear. Site fidelity has been recorded

in other beaked whales, such as Cuvier’s (Ziphius cavirostris) and Blainville's (M. densirostris),
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but this has not been investigated or documented in Sowerby’s beaked whales (McSweeney et al.
2007). Although mitochondrial DNA analysis of 14 individuals identified shared haplotypes
between animals collected from both sides of the Atlantic Ocean, the population connectivity of
this species is largely unknown (COSEWIC 2006). Additional data regarding the spatial ecology
of Sowerby’s beaked whale is needed to identify conservation threats and aid in the development
of management plans.

In this study we evaluated carbon and nitrogen stable isotope values in tissues from
Sowerby’s beaked whale specimens of opportunity from the east and west Atlantic. Although
previous studies have used specimens of opportunity to increase knowledge on rare and elusive
species, these studies have primarily relied on museum or herbarium collections. Our research
brings together three tissues types from museum specimens, beach cast carcasses, and bycaught
animals to create a robust and diverse collection of specimens of opportunity. Our objectives
were to: (1) evaluate the efficacy of specimens of opportunity in spatial ecology studies; (2)
identify and characterize regional patterns in isotopic values among Sowerby’s beaked whale
individuals; and (3) determine if isotope values from specimens of opportunity can be used to

illuminate the spatial ecology of Sowerby’s beaked whale across multiple timescales.

4.3 Methods

4.3.1 Sampling

We sampled 103 opportunistically collected Sowerby’s beaked whale specimens from museums,
stranding programs, and research centers for bone, muscle, and skin tissue. In this study we
define east and west Atlantic Ocean as being on either side of longitude 35 west. However, all

east Atlantic specimens (n = 65) were beach cast, whereas west Atlantic specimens (n = 38) were
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either beach cast or bycaught in the swordfish (Xiphias gladius) pelagic drift gillnet fishery of
the western North Atlantic (Wenzel et al. 2013). In order to reduce the influence of the Seuss
effect (Keeling 1979), especially regarding bone tissue, we only sampled specimens collected
since 1980. We collected bone tissue from 71, muscle tissue from 41, and skin tissue from 50
specimens. For bone samples, we used a battery powered handheld drill to remove 1g of bone
tissue from the occipital bone, when available. In 17 specimens this bone was not available, and
we sampled an alternate location approved by the museum. Soft tissue samples were stored at -
20 °C prior to sampling; we removed 0.5g samples and stored them in 95% ethanol for
transportation. Soft tissues are commonly preserved in ethanol, and studies have demonstrated
that this preservation technique can contribute to lipid removal but has small and insignificant
effects on 8'3C and §'°N values (Kaehler & Pakhomov 2001; Sarakinos et al. 2002; Javornik et
al. 2019).

4.3.2 Stable isotope analysis

We ground bone samples with mortar and pestle and subsampled 200 mg for collagen extraction.
Our extraction protocol followed that outlined in Chapter 2, including lipid extraction and HCl
and NaOH baths to remove the mineral component. Carbon and nitrogen analyses were
completed at the Cornell Isotope Laboratory at Cornell University using a Thermo Delta V
isotope mass spectrometer interfaced with a NC2500 elemental analyzer (ThermoFisher
Scientific, 168 Third Avenue Waltham, MA USA 02451). We calibrated our results using 2
primary reference scales: Vienna Pee Dee Belemnite for §'°C, and Atmospheric Air for §'°N. To
ensure accuracy and precision, we analyzed an in-house standard (§'*C: -20.16 +£0.03%o and

5'9N: 6.35 £0.05%o0) between every 10 samples.
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Soft tissue samples were subsampled and freeze dried individually for 16 hours. We
ground dried tissues with mortar and pestle and extracted with 2:1 chloroform:methanol for 30
minutes, manually agitating every 5 minutes; additional extractions were performed as necessary
if the supernatant was not clear. We dried samples at 60 °C for 16 hours post extraction and
loaded between 0.5 and 0.8 mg in 3x5mm tin capsules and submitted for C and N SIA. Analysis
was completed at the Smithsonian Institution Museum Conservation Institute Stable Isotope
Mass Spectrometry Laboratory using a Thermo Delta V Advantage mass spectrometer in
continuous flow mode coupled to an Elementar vario ISOTOPE Cube Elemental Analyzer via a
Thermo Conflo IV (ThermoFisher Scientific, 168 Third Avenue Waltham, MA USA 02451).
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), were included between every 10 samples, with an analytical precision of +/-0.2%o (10).
Weight percent carbon and nitrogen values were calibrated to the in-house acetanilide standard
with an analytical precision of +/- 0.5%.

We use delta notation (8) to express our stable isotope results. This is the parts per
thousand difference between the sample and international standards, expressed as &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.

4.3.3 Data analysis

We first created carbon-nitrogen biplots for each tissue type and visually identified apparent
patterns in isotope values for samples collected from the east and west Atlantic. We next
performed quadratic discriminant analysis to determine whether samples could be correctly

assigned to their collection region based on §'*C values alone, §'°N values alone, or §'*C and
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8'°N values simultaneously. We then created box and whisker plots with 95% confidence
intervals to visualize difference in tissue §'3C or §'°N values between regions and performed
Mann Whitney U test to evaluate differences in median tissue isotope values between regions
and considered p-values < 0.05 significant. Finally, we used descriptive statistics to compare
differences in mean isotope values between regions. We performed our analyses using R (R Core

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

4.4 Results

Carbon and nitrogen biplots suggested that Sowerby’s beaked whales collected from the east and
west Atlantic had differing isotope values (Figure 4.1). Bone tissue had the most overlap in
isotope values between regions, whereas both skin and muscle samples appeared as two more
distinct regional groups.

Quadratic discriminant analysis assigned specimens to their collection location with a
high degree of success (Table 4.1). Analysis that simultaneously considered both §'*C and §'°N
values was more successful at correctly assigning specimens to their collection location than
analysis of either single isotope separately. Skin, muscle, and bone samples analyzed
simultaneously for §'3C and §'°N were correctly assigned in 92.0, 90.2, and 80.3% of the time,
respectively. Single isotope assignment percent probabilities for all tissue types were >70.0%
(70.4-82.9%; Table 4.1). We found no consistent trends in sex, age, or collection location among
mis-assigned samples.

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
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Figure 4.1 5'°C and §'°N biplots of (a) bone (n = 71), (b) muscle (n = 41), and (c) skin (n = 50) samples from Sowerby’s beaked
whale (Mesoplodon bidens) specimens of opportunity collected in the east and west Atlantic Ocean basin, 1980-2019. Ellipses are

95% normal confidence ellipses.
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Table 4.1 Quadratic discriminant analysis assignment percent probabilities for §!°C, §!°N, and
simultaneous §'°C and 5'°N values in three tissue types of Sowerby’s beaked whale (Mesoplodon
bidens) specimens of opportunity collected in the east and west Atlantic Ocean basins, 1980—
2019.

Tissue  n d13C 5N 313C & 8°N
Bone 71 760 704 803

Muscle 41 70.7 82.9 90.2
Skin 50 76.0 76.0 92.0
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Figure 4.2 Distribution of §'3C and §'°N values in three tissues of Sowerby’s beaked whale (Mesoplodon bidens) specimens of
opportunity collected in the east (n = 65) and west (n = 38) Atlantic Ocean basin, 1980-2019. Boxes present median and interquartile
range and whiskers represent 95% confidence intervals.
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displayed more enriched median isotope values (Figure 4.2). Mann Whitney U tests
demonstrated significant differences in median §'°C and §'°N values between east and west
Atlantic samples in all three tissue types (Table 4.2). Mean §'*C and §'°N values in west Atlantic
specimens were more enriched than east Atlantic specimens in all tissue types (Table 4.2). East
Atlantic specimens exhibited a larger range in 8'°C and §'°N values than west Atlantic specimens
except in 8'°N muscle values, which was the same between regions. In both regions and for both
isotopes, bone tissue was more enriched than muscle and skin tissue. For §'*C values, muscle
was more enriched than skin in both regions, but for §'°N values skin was slightly more enriched
than muscle in east Atlantic specimens and less enriched than muscle in west Atlantic specimens

(Table 4.2).

Table 4.2 Mean, standard deviation, and range of 8'*C and 8'°N values in three tissues of
Sowerby’s beaked whale (Mesoplodon bidens) specimens of opportunity collected in the east and
west Atlantic Ocean basin, 1980-2019. P values pertain to Mann Whitney U test used to

evaluate differences in median tissue isotope values by region of collection.

East Atlantic West Atlantic
. Mean Range Mean Range
Isotope Tissue n %, SD %, n %, SD %, P
d13C Bone 52 -163 113 5.1 19 -148 061 20 <0.001
Muscle 23 -17.7 120 5.1 18 -17.3 0.79 3.9 0.018
Skin 32 -190 087 3.3 18 -17.9 057 16 <0.001
S1°N Bone 52 14.2 0.77 51 19 149 087 3.2 0.002
Muscle 23 12.6 081 33 18 141 0.75 33 <0.001
Skin 32 12.7 0.85 4.6 18 137 066 23 <0.001
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4.5 Discussion

Our results suggest that Sowerby’s beaked whales exhibit short- and long-term regional site
fidelity. The distinct differences in 8'°C and 8'°N values across three tissue types with different
growth and turnover rates indicates 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 on a
continuously 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 most cetaceans due to the inability to conduct feeding
studies for these species; 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).

4.5.1 Stable isotope values by tissue type

Skin is the fastest growing tissue we evaluated, representing short-term movement and foraging
behavior. Skin can be relatively easily sampled in wild populations using biopsy darts, and its
growth and isotope incorporation rate has been studied in captive bottlenose dolphins (7ursiops
truncatus) and killer whales (Orcinus orca). Hicks et al. (1985) measured skin turnover in
bottlenose dolphins at 73 days, and Williams et al. (2008) found that captive bottlenose dolphins
and killer whales fed controlled diets for 5-7 months had reached isotope equilibrium in their
skin and had isotope values that reflected their diets. Thus, we estimate that the skin isotope
signatures in the Sowerby’s beaked whales in our study reflect habitat and foraging behavior ~3

months prior to sampling.
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East Atlantic skin samples demonstrated less enriched mean §'*C than west Atlantic
specimens, corresponding to Atlantic Ocean isoscape models (Magozzi et al. 2017). The
consistency of 'C and 8'°N isotope values among animals collected from the same region, the
clear distinction in median values between east and west Atlantic specimens, and the high
assignment percent probability from discriminant analysis all 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 4.1-4.2, Figure 4.2). This indicates that animals were not moving between
the east and west Atlantic during the months prior to their collections, suggesting regional site
fidelity on the order of months at a time.

Muscle is a more challenging tissue to study than skin due the invasive nature required to
collect samples, which is often limited to animals that have been sacrificed in feeding studies or
have died and been opportunistically sampled. 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 that muscle
had a higher half-life than other internal organs. Muscle isotope turnover rate has been studied in
cattle, which provide the best current approximation to Sowerby’s beaked whales 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,
thus demonstrating that muscle turnover time and isotopic integration in mammals of this size
takes >5 months. They suggested it may take a >1 year 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 ~1 year prior to sampling.
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We found that muscle tissue followed the same isotopic patterns as skin tissue, with east
Atlantic mean values less enriched than west Atlantic mean values for both isotopes, clear
distinction in median values by region, and high assignment percent probabilities (Tables 4.1—
4.2, Figure 4.2). These results suggest that animals were in the region of collection at least one
year prior to sampling. Combined with the shorter temporal snapshot of skin, muscle tissue
strongly suggests that Sowerby’s beaked whales are not frequently moving between the east and
west Atlantic and instead demonstrate regional site fidelity for at least a year.

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 5-10%
per year in adults (Bronner 2008, Chapter 2). Thus, bone tissue can provide a “smear” of isotopic
signatures 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 east
Atlantic specimens less enriched in both isotope values, and with distinct isotopic median values
between regions (Table 4.1, Figure 4.2). Bone tissue had the lowest assignment percent
probability; however, with an assignment percent probability >80%, variation in this slow
turnover tissue may reflect changing ecosystem isotope values rather than trans-Atlantic
movement patterns (Table 4.2). Ecosystem variables, such as the Atlantic meridional mode,
which contributes to interannual and decadal variation in Atlantic Ocean sea surface temperature,
may drive bone isotope variation (Doi et al. 2010). Additionally, in Chapter 2 we found that
Sowerby’s beaked whale skeletons exhibit median intraskeletal §!°C variation of ~4%o, which
may explain some of the isotope variation and mis-assigned 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
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this complex and slow growing tissue we see long-term east and west Atlantic site fidelity, with
the possibility of infrequent broader movements.
4.5.2 Spatial population structuring
When considered alone, §'°N values were better at correctly assigning specimens to their
collection region than 8'3C values. This is likely due to §'3C values being more geographically
variable due to a confluence of shallow and deep-water currents, particularly in the western
Atlantic, and to globally changing §'°C values due to the Seuss effect (Reverdin et al. 2003;
Hakkinen & Rhines 2009; Lorrain et al. 2020).

Distinct 3'°N values were observed between east and west Atlantic specimens in all tissue
types, suggesting long-term differences in foraging behavior between these groups (Table 4.1,
Figure 4.2). 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 stranded in the Azores and the Bay of Biscay, where both studies
found that small to medium 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 pelagic driftnet fishery revealed similar 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 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 §'°N values strongly suggest that

Sowerby’s beaked whales demonstrate long-term fidelity in their foraging locations.
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Distinct east and west Atlantic §'°C ratios in our specimens indicate long-term regional
fidelity for Sowerby’s beaked whales rather than continuous or seasonal movement throughout
the Atlantic Ocean basin (Table 4.1, Figure 4.2). We observed a pattern of less enriched east
Atlantic $'°C values than west Atlantic values across all three tissue types; this trend is consistent
with 8'3C isoscape models of the Atlantic Ocean basin (Magozzi et al. 2017; Trueman & St John
Glew 2019). It is important to consider that §'C values are subject to the Seuss effect, the long-
term increase in isotopically light carbon being incorporated into marine ecosystems due to fossil
fuel use (Keeling 1979). Though we limited our samples to a 40-year window in order to reduce
the influence of the Seuss effect in our study, recent studies have shown declines in marine
ecosystem 8'°C values of up to 2.5%o over only 15 years (Lorrain et al. 2020). These changing
global 8'°C values could account for some of the §'*C variation we observed in specimens
collected from the same region, and partially explain why 8'*C was not as good a predictor of
collection location as 8'°N. However, §'*C values alone still successfully assigned >70% of
specimens to their collection region (Table 4.2) and aligned with trends in measured regional
813C isoscape values, suggesting that if it we had sufficient ecosystem data to account for
environmental fluctuations in §'°C values for these samples, assignment percent probability
would increase.

4.5.3 Conservation implications

These results provide the first evidence for spatial structuring in Sowerby’s beaked whale
populations and suggests there may be limited movement between these two regions. Coupled
with previously identified shared mitochondrial haplotypes between east and west Atlantic
animals (COSEWIC 2006), our results suggest that Sowerby’s beaked whales exhibits a

metapopulation structure. However, to further explore whether there are two or more Sowerby’s
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beaked whale distinct population segments, or a homogenous species with habitat preference
among individuals and regional mixing for mating, genetic analysis also is needed. The Atlantic
Ocean basin is a complex ecosystem and environmental factors such as seasonal productivity,
temperature, and ocean currents likely all 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 beach-cast 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 most strandings had not progressed sufficiently to suggest long-
term drift. In the east Atlantic, the North Atlantic Drift Current may explain why Sowerby’s
beaked whales strand in the United Kingdom, particularly Scotland, with such a high frequency
as compared to other locations.

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 SIA for elusive species research. The methods we used can be applied
to other beaked whales, providing much 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, SIA of specimens of opportunity can provide an efficient and
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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 SIA is an efficacious means of quickly generating data to address wildlife and
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 wildlife 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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Chapter 5: Conclusions and future directions

5.1 Sowerby’s beaked whales
Sowerby’s beaked whales (Mesoplodon bidens) remain an elusive species, but our research
helped shed light on important aspects of their biology and ecology. Foremost among these are
the stable isotope and morphological data that suggest population structuring in this species.
Previously, this species has been treated as a continuous population due to a lack of data, though
some management plans have mentioned that population structuring may exist (e.g., COSEWIC
2019). Our study provides strong stable isotope evidence for short- and long-term regional site
fidelity (Table 4.1, Figure 4.2), further substantiated by significant skull and mandibular
morphological variation between specimens from the east and west Atlantic (Table 1.1). Due to
difficulty locating animals in situ, and their strong aversion to the attachment of tracking devices
(Visser 2012), extensive field studies with current research methods may never be possible.

Molecular analysis of beach cast and museum specimens can be conducted to better
understand population structure and connectivity throughout the species’ range. Additionally,
there exists ample opportunities to conduct additional stable isotope analyses, such as compound
specific analysis, which provides more fine scale resolution data on foraging behavior.
Sowerby’s beaked whales strand relatively frequently in Europe, and a network of stranding
volunteers routinely collects material from these carcasses. Researchers should strive to
collaborate with these programs to gain access to samples that are all too often overlooked in
favor of boat-based field work.

Our collated database of specimens (Appendix Table 1.1) provides an opportunity to
explore skull and mandibular morphology, especially age- and sex-specific characteristics, such

as TML and the proportion of the mandibular length that is mandibular symphysis. We found
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that calf and juvenile Sowerby’s beaked whales were characterized by TML <45cm with a mean
percent ratio of MSDL to TML of 22.9%, compared to TML >45cm with a mean percent ratio of
31.2% in adult specimens. As Sowerby’s beaked whales mature, their TML increases, as
expected, but the proportion of that length that is mandibular symphysis increases as well.
Further investigation of how this varies between males and females will provide much needed
information on growth and sexual maturity in this species. We expect that there was some
systematic error in our measurements due to the tape measure we used, and random error as a
result of each museum having slightly different conditions under which we were taking
measurements. Therefore, selecting a subset of specimens to measure with calibrated calipers
and under more controlled conditions should be considered for a future study.

Finally, the extralimital strandings in the west Atlantic should be more closely evaluated
to see if a range expansion in this region is warranted. Through snowball sampling we were
connected to researchers who have photographs of beaked whales that strongly resemble
Sowerby’s beaked whales in Brazil and the Caribbean. Unfortunately, no bone or soft tissues
were retained from these animals and their identification cannot be confirmed. The animal that
stranded in Florida has previously been considered an extreme extralimital example, but this may
not be the case. The southwest portion of the north Atlantic may be less populated by Sowerby’s
beaked whales, may only be used by the species on a seasonal basis, and/or currents in the area
may severely reduce the probability of Sowerby’s beaked whale carcasses stranding. Any of
these scenarios could account for the few sightings and strandings in this region; however, ample
strandings have occurred outside of the accepted range along the southern US coastline for this

to be reconsidered as part of the species’ range.
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5.2 Cetacean stable isotopes

We found considerable intraskeletal isotopic variation among cetacean species; this was
an unanticipated result based on previous studies (Table 2.1). We have proposed bones to use in
cetacean skeletal isotope studies (i.e. proximal rib) and bones to avoid (i.e. humeral head and
mandibular ramus). However, this should be further explored. Specifically, species-specific
studies with many sampling locations (e.g., 20) across numerous specimens (e.g., 100)
encompassing both sexes across all age classes. Though it is easier to use soft tissue than bone
for stable isotope analysis, quite often bone is the only tissue available. Researchers then are
faced with the dilemma of assuming any single bone of an animal represent the bone tissue of
that animal as a whole or excluding these valuable samples because they cannot be standardized.
Species-specific analysis will help researchers to better integrate these tissues into their studies.
5.3 Specimens of opportunity
Specimens of opportunity were vital to the success of our research, and they should be utilized in
other elusive species research. We found that museum curators are eager to work with
researchers, and employing a snowball sampling approach similar to ours will facilitate making

these connections and locating specimens.
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Appendix

Appendix Table 1.1 List of Sowerby’s beaked whale specimens we located in museum and research institutions throughout North
America and Europe.

Collection date and location
Total Proximal Beak Total Mandibular Mandibular Total
_— . Specimen skull Braincase beak " skull to symphysis to body Additional
Institution Specimen 1D Sex Age class Day Month Year Lat. Long. condition length width (cm) width Ie(gg;t)h T;inﬂ']tzg:_ﬁ; symphysis distal end length notes
(cm) (cm) g length (cm) length (cm) (cm)
Biological
Museum, Complete
Lund 1.938/5004 Unknown Unknown 8 9 1938 56.24 12.81 skeleton - - - - - - - -
University
Canadian E:lmaggg
Museum of 26484 Male Adult = = 1952 49.64 -55.90 damaged 716 L 137 432 443 232 211 =
Rl mandibles
Canadian Complete
Museum of 1987-143 2 Male Adult 1 9 1986 49.40 -54.29 P 61.4 311 13.6 32.1 55.4 43.2 122 -
Nature skeleton
Canadian Skull and
Museum of 1987-143 1 Male Adult i 9 1986 49.40 -54.29 ibl 80.3 318 14.4 47.6 71.0 46.8 24.2 -
Nature mandibles
Canadian Skull and
Museum of 1987-1433 Male Adult 1 9 1986 49.40 -54.29 " 79.6 321 145 50.1 724 485 239 -
Nature mandibles
Canadian E:Lmagr?g
Museum of 26483 Unknown Subadult = 9 1953 49.64 -55.90 damaged 522 272 126 32.6 517 32.6 19.1 =
D mandibles
Ciénciae nf:#élll?g
Recursos MMF 2674 Female Unknown 14 8 1941 32.72 -16.76 partial ’ - - - - - - - -
Naturais postcranial
Department
of Fisheries Soft tissue
and Oceans Mb2006-01 Female Unknown 23 6 2006 48.80 -64.21 only - - - - - - - -
Canada
Department
of Fisheries Soft tissue
and Oceans Mb2018-01 Unknown Unknown 17 10 2018 50.27 -64.77 only - - - - - - - -
Canada
Gothenburg Skull and
Museum of mandibles; Stranded with
Natural Coll. an.-8234 Female Adult 7 9 1956 57.59 11.86 partial 79.8 327 139 49.8 69.6 42.4 27.2 = Coll. an.-8236
History postcranial
Gothenburg Skull and
Museum of Coll. an.-2696 Male Adult 30 10 1881 | 5936 | 1824 | Mandibles; 727 282 122 a2 635 424 211 -
Natural partial
History postcranial
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Collection date and location

Total Proximal Beak Total Mandibular Mandibular Total
-~ : Specimen skull Braincase beak " skull to symphysis to body Additional
Institution Specimen ID Sex Age class e N N length mandibular . "
Day Month Year Lat. Long. condition length width (cm) width (cm) length (cm) symphysis distal end length notes
(cm) (cm) length (cm) length (cm) (cm)
Gothenburg Skull and
Siuseumier Coll. an.-459 Male Adult 15 6 1869 | 5932 | ag7 | mandibles 712 301 123 23 651 479 172 5
Natural partial
History postcranial
Gothenburg
Museum of Partial
Natural Coll. an -18527 Male Unknown 1 6 2010 58.72 11.17 postcranial - - - - - - - -
History
Gothenburg Skull and
Museum of q mandibles; Stranded with
Natural Coll. an.-8236 Unknown Juvenile 7 9 1956 57.59 11.86 partial 46.5 228 10.2 25.9 411 314 9.7 = Coll. an.-8234
History postcranial
Group for
Research and mS::élusg (:
Education on 2013069 Male Unknown 27 7 2013 48.11 -69.32 artial ! - - - - - - - -
Marine p .
Mammals postcranial
Husavik Skull and
Whale A Female Adult = = = = = right 7.7 30.3 129 48.5 7.2 443 26.9 =
Museum mandible
Husavik Complete
Whale B Female Unknown - 1 2009 64.90 -23.73 P - - - - - - - - On display
skeleton
Museum
Icelandic Skull
Institute of without
Natural 1INH15734 Unknown Adult = 7 2004 63.99 -22.75 mandibles: 67.6 349 131 36.5 = = = =
History vertebrae
Museum
National MNHN-ZM-AC- Skull and
dHistoire 1975-172 Female Adult 4 9 1975 49.37 -0.86 mandibles 67.3 27.3 117 43.4 58.7 415 17.2 -
Naturelle
Museum
National MNHN-ZM-AC- Skull and
d'Histoire A3541 Female Adult = = 1825 49.49 0.09 e Es 76.3 312 136 51.2 64.5 43.9 20.6 =
Naturelle
Museum Skull and
National MNHN-ZM-AC- mandibles;
dHistoire 1975-111 Female Subadult 4 9 1975 49.36 -0.84 partial 62.1 24.4 1.1 37.7 53.9 38.6 153 -
Naturelle postcranial
Museum On display;
National Skull and also listed as
d'Histoire MNHN-ZM-A14519 Male Adult = = 1909 49.59 -1.26 D = = = = = = = = MNHN-ZM-
Naturelle 1909-81
Dotoge
National MNHN-ZMAC- | Gnknown | Adult - - 1963 | 4348 | -157 without - 29.1 13 - - - - -
d'Histoire 1963-259 - .
mandibles;
Naturelle "
hyoids
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Institution

Specimen ID

Sex

Age class

Collection date and location

Day

Month

Year

Lat.

Long.

Specimen
condition

Total
skull

length
(cm)

Braincase
width (cm)

Proximal
beak
width
(cm)

Beak
length
(cm)

Total
mandibular
length (cm)

Mandibular
skull to
symphysis
length (cm)

Mandibular
symphysis to
distal end
length (cm)

Total

body

length
(cm)

Additional
notes

Museum of
Comparative
Zoology,
Harvard

51084

Unknown

Unknown

1898

42.66

-70.68

Complete
skeleton

Museum of
Comparative
Zoology,
Harvard

BOM-1727

Unknown

Unknown

1867

4129

-70.12

Skull

National
Museum of
Natural
History
(USNM)

572954

Female

Adult

10

2003

43.34

-70.52

Skull and
mandible

70.5

33.1

13.8

439

67.1

43.2

23.9

440.0

Also listed as
USNM ID
594602;
pregnant with
USNM 572963

National
Museum of
Natural
History
(USNM)

550204

Female

Adult

1982

4127

-71.20

Skull and
mandibles

78.6

27.6

134

52.8

71.0

45.6

25.4

448.0

Trawl net
entanglement

National
Museum of
Natural
History
(USNM)

572009

Female

Adult

1996

40.02

-68.46

Complete
skeleton

78.0

29.5

14.2

53.9

7.3

44.4

26.9

462.0

Drift net
entanglement;
North East
Fisheries
Science Center
1D DO3070

National
Museum of
Natural
History
(USNM)

594220

Female

Adult

24

2015

41.96

-70.63

Postcranial
only

426.8

Weight: 785.5
kg

National
Museum of
Natural
History
(USNM)

572996

Female

Subadult

29

2004

31.63

-81.13

Skull and
damaged
mandibles

73.2

25.7

11.6

411

26.3

380.0

National
Museum of
Natural
History
(USNM)

572007

Female

Unknown

1996

40.03

-68.43

Postcranial
only

471.0

Drift net
entanglement,
North East
Fisheries
Science Center
1D DO3458

National
Museum of
Natural
History
(USNM)

594130

Male

Adult

11

2009

37.06

-76.28

Complete
skeleton

69.6

29.9

436

61.1

40.3

430.0

Weight: 397.0
kg

National
Museum of
Natural
History
(USNM)

550414

Male

Adult

17

10

1984

29.77

-85.40

Complete
skeleton

80.1

289

53.4

70.1

25.4

457.0

Weight: 649.0
kg
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Collection date and location

Total Proximal Beak Total Mandibular Mandibular Total
Institution Specimen 1D Sex Age class Specimen skull Braincase beak length mandibular skull to symphysis to body Additional
Day Month Year Lat. Long. condition length width (cm) width (cm) length (cm) symphysis distal end length notes
(cm) (cm) length (cm) length (cm) (cm)

Racpal ent,[a)r?flterr]:;nt'
Sz i Complete Nor?h East '
Natural 572008 Male Adult 6 7 1996 40.35 -67.35 e 80.7 29.8 138 422 74.9 48.8 26.1 473.0 Fisheries
(B'SS:\?,% Science Center

1D DO3202
National
Museum of Whole
Natural 572963 Male Fetus 2 10 2003 43.34 -70.52 I - - - - - - - 47.0 Weight: 1.7 kg
History etus
(USNM)
National
Rlsedmict Skull and
Natural 593438 Male Subadult 22 i 2009 37.22 -76.02 q 58.9 232 10.7 328 49.5 353 14.2 3220
sy mandibles
(USNM)

. Drift net
Ml\xﬁtelsga!:f Partial entanglement,
Natural 572377 Unknown Adult 24 6 1995 | 4001 | -68.49 z';‘rlr']'pf;‘; - - 146 50.9 70.3 437 26.6 - NF‘?;LZE::‘
(’[‘JISS:\(I)I\?II) mandibles Science Center

ID DO0341
M,\leztelspnagf Skull and
Natural 504146 Unknown Adult - 9 1973 | 5417 | -5858 '"Z’;‘::Iba'fs 759 289 155 491 707 445 26.2 -
(ﬂlss:\?,% postcranial
National
Museum of .
Natural 572378 Unknown Calf - - 1999 - - Pos(!)tlzquamal - - - - - - - -
History Y
(USNM)
National entgnnflterrlr?;nt
Museum of Partial left Nortgh East
Natural 572376 Unknown Juvenile 9 8 1999 40.47 -66.34 2 - - - - - - - - T
|45 mandible Fisheries
(USNI:/IY) Science Center
1D DO6061
Damaged
National skull with
Museums Z.1986.45 Female Adult 17 10 1986 55.97 -5.83 mandibles; - 29.1 133 - 57.2 45.4 118 - -
Scotland partial
postcranial
National A
Skull and Also listed as
hélélos‘si:rr::‘s Z.1956.36.47 Male Adult = 4 1895 55.95 -3.01 s = = 12.8 48.7 = = ZLE) = 7.1081.057.527
National Rib and SMASS
Museums No ID Male Adult 12 6 2018 57.69 -3.99 scapula - - - - - - - 370.0 stranding ID
Scotland P M325/18
National daliem
Museums No ID Unknown Unknown = = 2016 57.83 -8.58 m;r:::ihalles; = = = = = = = = =
S| postcranial
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Collection date and location

Total Proximal Beak Total Mandibular Mandibular Total
-~ : Specimen skull Braincase beak " skull to symphysis to body Additional
Institution Specimen ID Sex Age class e N N length mandibular . "
Day Month Year Lat. Long. condition length width (cm) width (cm) length (cm) symphysis distal end length notes
(cm) (cm) 9 length (cm) length (cm) (cm)
Damaged
National skull with .
Museums 2.1902.25.1 Female Adult - 9 1899 | 5759 | -385 | mandibles; 726 297 142 453 675 462 213 - Sgi’;‘éezdz"sv';h
Scotland partial ) e
postcranial
National A
Museums 71902.25.2 Unknown | Juvenile : 9 1899 | 5750 | -3ss | Skulland 457 212 94 2656 410 308 102 5 Suanceciwitl
Scotland mandibles Z.1902.25.1
National Mandibular
Museums Z.1954.27 Male Adult 27 10 1954 56.16 -3.06 f - - - - - - - - -
Scotland rgaments
National Partial left
Museums Z.1954.27h Male Adult 27 10 1954 56.16 -3.06 mandible = = = = = = 38.9 = =
Scotland and tooth
National Skull and Also listed as
Museums 7.1956.36.44 Male Adult 25 5 1885 | 6041 | -1.35 m;g‘::ﬂfs 7.3 302 118 46.1 60.1 443 158 - 2:1981.057526
Scotland postcranial Z.1981.57.453
Skull with
National mandl_bles; i
_ y partial _ Also listed as
’\éléljﬁgmjs Z.1956.36.45 Male Adult 10 1888 56.03 -3:85 postcranial; 76.0 34.0 131 46.6 64.4 47.9 16.5 7.1081.57.528
preserved
caudal fin
. Skull and
National e .
Museums 7.1956.36.46 Male Adult - 4 1881 | 6049 -1.46 "‘a”d',b'les- 50.4 276 123 29.4 63.7 454 183 - z’*'lz%y"ggds%
Scotland partia 1981.57.
postcranial
fuaticral Skull and
Museums 7.1960.11 Female Adult - - 1872 57.37 -1.87 il 71.2 28.8 13.9 49.4 61.3 432 18.1 - -
Scotland mandibles
: Partial
National .
Museums 7.196118.1 Female Adult 19 6 1961 | 5913 | -3.32 skull, - 30.2 1256 - - - 272 - Stranded with
Scotland man_dlb e Z.1961.18.2
tips
Damaged
: skull and
National .
Museums 71961.18.2 Female | Subadult | 19 6 1061 | se1s | -3z | CAmaged. 462 2238 111 . : . : . Suacedinitl
Scotland mandibles; Z.1961.18.1
partial
postcranial
National Skull_and
Museums 2199033 Female Adult 2 10 1967 | 57.52 178 ’“";‘J"a‘::gfs’ 714 29.1 14.4 439 64.9 456 193 - -
Scotland postcranial
National e
Museums Z.1990.3.4 Male Adult 24 ) 1968 60.35 -1.27 e - 325 14.8 532 74.4 50.1 243 - -
S b
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Collection date and location

Total Proximal Beak Total Mandibular Mandibular Total
-~ : Specimen skull Braincase beak " skull to symphysis to body Additional
Institution Specimen ID Sex Age class e N N length mandibular . "
Day Month Year Lat. Long. condition length width (cm) width (cm) length (cm) symphysis distal end length notes
(cm) (cm) g length (cm) length (cm) (cm)
National Skull and
Museums Z.1990.3.5 Male Subadult 5 10 1981 55.99 -3.46 mandibles; 55.1 26.7 11.2 314 49.6 35.7 139 - -
Scotland scapula
National Skull and
Museums Z.1990.3.6 Female Adult 28 5 1908 56.34 -2.78 mandibles; 773 30.9 139 58.0 72.0 471 249 - -
Scotland clavicles
National Sl and SMASS
Museums Z.1992.151.4 Female Adult 19 8 1992 57.75 -3.91 partial ’ 755 312 141 453 68.3 49.4 - 504.0 stranding 1D
Scotland postcranial M1880/9
National Skull and SMASS
Museums Z.1992.151.5 Female Adult 28 7 1992 57.44 -6.58 mandibles; 76.2 293 137 47.8 68.3 44.1 24.2 490.0 stranding ID
Scotland scapula M1681/92
Stranded with
National Skull and Z.1992.62.8;
Museums Z.1992.62.7 Male Subadult 15 6 1992 58.21 -6.28 mandibles; 56.7 252 116 321 49.3 37.0 123 - SMASS
Scotland scapula stranding ID
M1309/92B
Stranded with
National Skull and Z.1992.62.7;
Museums 72.1992.62.8 Male Subadult 15 6 1992 58.21 -6.28 mandibles; = 231 103 43.2 34.9 83 = SMASS
Scotland scapula stranding ID
M1309/92A
National Skull and SMASS
Museums Z.1992.62.9 Female Juvenile 15 6 1992 58.21 -6.28 mandibles; 476 203 9.9 274 429 341 8.8 298.0 stranding ID
Scotland scapula M1309/92C
National Skull and SMASS
Museums Z.1994.100 Male Adult 5 8 1994 57.69 -3.49 mandibles 746 29.4 145 43.9 64.1 437 20.4 472.0 stranding 1D
Scotland M1622/94
National Scapula
Museums Z.1994.55.26 Unknown Unknown 24 4 1994 55.42 -4.75 onpl - - - - - - - -
Scotland v
Damaged
National skull and SMASS
Museums Z.1994.61 Female Subadult 30 4 1994 56.69 -6.08 mandigIeS' = = 108 29.1 = = = = stranding ID
Scotland i M808/94
partial
postcranial
National Complete SMASS
Museums Z.1997.19 Male Juvenile 10 6 1996 55.99 -3.38 skelstun 46.4 209 8.9 244 40.0 30.9 9.1 269.0 stranding ID
Scotland M1878/96
National Skultand SMASS
Museums Z.1997.20 Female Adult 5] 10 1996 56.06 -3.22 P 741 28.6 127 42.8 67.9 46.8 211 459.0 stranding 1D
Scotland [N M1877/96
postcranial
National Skultand SMASS
Museums Z.1999.119 Unknown Subadult 29 9 1994 57.80 -8.59 partial . - 24.1 119 - - 37.1 - 385.0 stranding ID
Scotland postcranial M2070/94
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Collection date and location

Total Proximal Beak Total Mandibular Mandibular Total
-~ : Specimen skull Braincase beak " skull to symphysis to body Additional
Institution Specimen ID Sex Age class e N N length mandibular . "
Day Month Year Lat. Long. condition length width (cm) width (cm) length (cm) symphysis distal end length notes
(cm) (cm) length (cm) length (cm) (cm)
Damaged
National Zl:;:laagg SMASS
Museums Z.2000.25.15 Female Subadult 7 1 2000 56.11 -3.15 mandigIeS' - 27.1 124 - - - - 414.0 stranding ID
Scotland R M3/00
partial
postcranial
Damaged
National skull and SMASS
Museums Z.2000.372 Unknown Adult 22 3 2000 59.35 -2.91 mandigles' - 28.1 - - - - - - stranding 1D
Scotland i M56/00
partial
postcranial
National Sk and SMASS
Museums Z.2001.109.2 Female Adult 14 4 2001 58.01 -3.84 partial ’ 74.4 299 135 45.4 67.3 43.9 234 450.0 stranding ID
Scotland postcranial M41/01
National Skull and SMASS
Museums Z.2002.35.1 Male Adult 18 9 2001 57.59 -4.11 ost cranial - 30.3 14.9 - 70.9 46.3 24.6 459.0 stranding ID
Scotland P M138/01
National Skl and SMASS
Museums Z.2004.143.120 Female Unknown 4 8 2004 57.58 -4.11 partial " - - - - - - - 378.0 stranding ID
Scotland postcranial M165/04
National Damaged SMASS
Museums Z.2004.143.96 Female Adult 4 7 2003 58.58 -4.75 mandibles; - - - - - - - 473.0 stranding ID
Scotland scapula M211/03
National Skull and SMASS
Museums Z.2007.7.153 Unknown Subadult 26 2 2006 57.60 -3.84 partial : 63.4 249 118 38.4 54.6 372 17.4 = stranding 1D
Scotland postcranial MO045/06
National Partial SMASS
Museums Z.2011.41.171 Female Subadult 18 8 2007 57.50 -7.34 skull with - 265 123 - 57.3 40.7 16.6 371.0 stranding 1D
Scotland mandibles M165/07
National 5
Museums Z.2011.41.226 Unknown Unknown - - - - - Partlal_ - - - - - - - -
Scotland postcranial
Damaged
National skull and SMASS
Museums Z.2011.97.116 Male Subadult 1 2 2008 57.43 -7.39 damaged - 254 124 - - 38.9 - 358.0 stranding ID
Scotland mandibles; M35/08
scapula
Damaged
National Z';‘r‘,:;agg SMASS
Museums Z.2011.97.117 Female Adult 9 4 2008 58.19 -6.91 mandigleS' - 30.8 15.4 - - 475 - 483.0 stranding ID
Scotland P M88/08
partial
postcranial
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Collection date and location

Total Proximal Beak Total Mandibular Mandibular Total
Institution Specimen 1D Sex Age class Specimen skull Braincase beak length mandibular skull to symphysis to body Additional
Day Month Year Lat. Long. condition length width (cm) width (cm) length (cm) symphysis distal end length notes
(cm) (cm) length (cm) length (cm) (cm)
?ﬁmag:g Pregnant with
National damaged Z.2014.21.42;
Museums Z.2011.97.187 Female Adult 26 1 2007 57.81 -5.67 mandigIeS' - 319 14.9 - - - - 492.0 SMASS
Scotland o stranding ID
partial M18/07
postcranial
National i SMASS
Museums Z.2011.97.188 Female Subadult 6 8 2006 56.43 -6.34 damaged - 236 11.4 - - 36.9 - stranding ID
Scotland mandibles M202/06
Damaged
National skull and SMASS
Museums Z.2011.97.189 Female Adult 4 12 1994 59.97 -1.34 damaged - 29.7 138 - - - - 488.0 stranding ID
Scotland mandibles; M2556/94
clavicles
Damaged Stranded with
National skull with Z.2014.21.40;
Museums Z.2014.21.39 Female Subadult 4 8 2012 56.05 -3.63 mandibles; = 22.2 9.1 = 448 32.2 12.6 281.0 SMASS
Scotland partial stranding 1D
postcranial M256.1/12
Damaged Stranded with
National skull with Z.2014.21.39;
Museums Z.2014.21.40 Female Subadult 16 8 2012 56.02 -3.61 mandibles; 67.7 26.4 133 41.8 59.7 42.6 17.1 372.0 SMASS
Scotland partial stranding ID
postcranial M256.2/12
Damaged
National skull and SMASS
Museums Z.2014.21.41 Female Subadult s 6 2013 58.46 -5.06 mandigIeS' = 256 121 = = = = 372.0 stranding 1D
Scotland P M199/13
partial
postcranial
Fetus of
National Skt and 7.2011.97.187;
Museums Z.2014.21.42 Unknown Neonate 26 1 2007 57.50 -7.34 artial ’ - - - - 235 18.6 4.9 - SMASS
Scotland p . stranding 1D
postcranial MO18/07
Damaged Stranded with
National skull with Z.2015.142.80;
Museums Z.2015.142.79 Female Adult 30 9 2014 58.58 -4.77 mandibles; 73.1 28.7 127 48.2 67.6 441 235 460.0 SMASS
Scotland one stranding 1D
scapula M282.1/14
Stranded with
National Damaged 2.2015.142.79;
Museums Z.2015.142.80 Male Juvenile 30 9 2014 58.58 -4.70 mandibles: 475 203 9.8 263 441 30.9 10.2 290.0 SMASS
Scotland scapula stranding 1D
s M282.2/14
National B T SMASS
Museums Z.2017.29.1 Female Adult 22 6 2015 58.49 -6.23 damaged - - - - - - - 345.0 stranding ID
Scotland mandibles M187/15
National Darraged SMASS
Museums Z.2017.29.2 Male Adult 30 11 2016 58.62 -3.35 damaged - - - - - - - 462.0 stranding ID
Scotland oo M565/16
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Collection date and location

Total Proximal Beak Total Mandibular Mandibular Total
— . Specimen skull Braincase beak . skull to symphysis to body Additional
Institution Specimen ID Sex Age class e N N length mandibular . "
Day Month Year Lat. Long. condition length width (cm) width (cm) length (cm) symphysis distal end length notes
(cm) (cm) g length (cm) length (cm) (cm)
National Partial SMASS
Museums Z.2019.18.15 Male Adult 22 4 2018 55.88 -2.09 st - - - - - - - 362.0 stranding 1D
Scotland P M256/18
National Psi':;ﬁl
Museums No Data A Unknown Subadult - - - - - d'bi . - 274 119 40.6 61.2 42.9 183 - -
Scotland manaibles;
scapula
Partial
National skull with
Museums Z.2019.18.16 Unknown Juvenile = = = = = mandibles; 517 21.8 12,6 29.2 44.1 33.7 104 = =
Scotland partial
postcranial
Natural
History Complete R
Museum of CN.5 Female Adult 8 10 1900 56.52 10.45 skeleton 76.2 30.3 141 50.4 733 48.2 251
Denmark
Natural
History Complete B
LR 6 CN.4 Female Subadult 20 12 1899 57.05 8.49 e 713 27.1 124 46.6 63.0 416 21.4
Denmark
Natural
History Skull and
Museum of CN.7 Male Adult - - 1932 62.04 -6.94 mandibles 703 321 137 425 62.6 447 179 -
Denmark
Natural
History A Frozen
R 6 M1677 Male Juvenile 7 11 2016 56.53 8.11 fizs0] = = = = = = = 271.0
Denmark
Natural
History Skull and
Museum of CN.8 Male Subadult 26 11 1957 55.90 10.64 mandibles 717 26.9 121 43.8 62.6 45.2 174 -
Denmark
Natural
History Skull and
YR G C.N. 901 Unknown Subadult 21 10 1992 56.74 10.50 mandibles 63.8 26.3 g 374 54.3 39.4 14.9 =
Denmark
Natural
History CN.3 Unknown Adult 13 2 1894 | 5556 8.07 Mandibles - - - - 50.7 436 161 -
Museum of o ' ! . ! .
Denmark
u\:\;gal Left Recovered in
MuSeL:?IT\ NMR999000000450 Unknown Juvenile = = 1994 54.27 2.57 mandible = = = = 445 341 10.4 = dredging
Rotterdam GrawEn
Naral Riaht Recovered in
MUSeL’|?‘11 NMR999100012066 Unknown Unknown - - 1995 53.08 1.99 man?jible - - - - - - - - dredgi_ng
Rotterdam operation
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Collection date and location

Total Proximal Beak Total Mandibular Mandibular Total
-~ : Specimen skull Braincase beak " skull to symphysis to body Additional
Institution Specimen ID Sex Age class e N N length mandibular . "
Day Month Year Lat. Long. condition length width (cm) width (cm) length (cm) symphysis distal end length notes
(cm) (cm) length (cm) length (cm) (cm)
Natural
SR NMR999000002861 | Unknown | Unknown - - - - - Ulna - - - - - - - -
Museum
Rotterdam
uiasttuoral Recovered in
Museme NMR999000002218 Unknown Unknown - - 2003 52.26 2.94 Vertebrae - - - - - - - - dredging
Rotterdam operation
u?stgal Recovered in
M uset.% NMR999000002217 Unknown Unknown - - 1994 54.08 2.93 Vertebrae - - - - - - - - dredging
Rotterdam operation
uiasttl:)ral Recovered in
Y NMR999000002216 Unknown Unknown - - 1994 54.08 2.93 Vertebrae - - - - - - - - dredging
Museum :
Rotterdam operation
Natural
History
Museum NMR999000002860 Unknown Unknown = = = = = Vertebrae = = = = = = = =
Rotterdam
Natural
History Skull and Also listed as
Museum, C.1920.12.20.1 Female Adult 12 9 1916 53.14 0.35 mandibles 70.4 29.8 12.8 47.2 66.5 48.6 17.9 448.6 SW.1916.21
London
Natural Skull and
History mandibles; Also listed as
Museum, C.1964.6.3.3 Female Adult 20 7 1939 51.53 0.69 partial 79.3 279 134 517 67.9 442 Pk 452.1 SW1938/18
London postcranial
Natural
History Complete Also listed a
Museum, C.1964.6.3.6 Female Adult - - 1932 57.49 -4.26 skeleton 73.2 28.9 14.4 49.4 68.0 42.3 25.7 472.4 SW.1932:28
London
uiasttuoral Skull and Also listed as
Y C.1964.6.3.7 Female Adult = = 1926 53.05 -9.54 damaged 75.9 30.4 14.6 49.8 711 472 239 -
Museum, s SW.1926.2
London
Natural
History Skull and
Museum, C.1914.9.28.1 Female Subadult 21 9 1914 52.25 -6.35 mandibles 51.4 249 111 321 48.7 38.6 101 362.7
London
Natural
History , Damaged B B _ _ Also listed as
Museum, C.1964.6.3.11 Female Adult 13 8 1915 57.49 4.23 A 48.5 324 16.1 365.8 SW.1915.17
London
Natural
History " Also listed as
Museum, ZD.1980.519 Female Adult 10 1978 52.94 0.09 Mandibles - - - - 68.2 441 241 - SW1978/30
London
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Collection date and location

Total Proximal Beak Total Mandibular Mandibular Total
-~ : Specimen skull Braincase beak " skull to symphysis to body Additional
Institution Specimen ID Sex Age class e N N length mandibular . "
Day Month Year Lat. Long. condition length width (cm) width (cm) length (cm) symphysis distal end length notes
(cm) (cm) g length (cm) length (cm) (cm)
Natural
,\T'S“‘“’ ZD.1980.518 Female Adult - - 1980 - - Mandibles - - - - 727 459 26.8 -
useum,
London
Natural
. Tooth; :
History o Also listed as
Museum, C.1964.6.3.13 Female Adult - - 1959 51.50 0.45 partial - - - - - - - - SW.1959.26
London postcranial
Natural
History Skull and Also listed as
Museum, ZD.1980.521 Male Adult = = 1980 50.36 -4.39 mandibles 69.2 30.4 137 42.9 59.9 44.8 151 = SW.1975.28
London
Natural
History C.19082.28.1 Male Adult . - 1908 | 5770 | -2.00 Skull and 67.1 28.4 12.2 426 64.2 439 203 .
Museum, mandibles
London
Natural
History Skull and Also listed as
Museum, C.1964.6.3.5 Male Adult = = 1928 53.34 0.27 mandibles 743 282 124 49.3 64.6 437 20.9 442.0 SW.1028.4
London
Natural Damaged
History skull and Also listed as
Museum, C.1954.99.1 Male Adult - - 1954 59.38 -2.38 damaged 78.3 30.6 131 50.1 66.0 46.3 19.7 472.4 SW.1954.5
London mandibles
Natural Damaged
History Sl Also listed as
Museum, C.1964.6.3.8 Male Adult 17 7 1933 58.81 -2.99 m;r;(::iballes; = 29.7 13.2 = 68.0 45.9 22.1 487.7 SW.1933.21
[LaEom postcranial
Damaged
Natural skull and
History damaged Also listed as
Museum, C.1964.6.3.4 Male Adult 26 7 1940 54.68 -1.20 mandibles; 66.1 27.8 12.6 41.2 - 44.3 - 462.3 SW.1940-9
London partial
postcranial
uia;gal Skull
Museurr¥1 SW.1967.28 Male Adult 24 10 1967 53.48 0.17 without 82.8 319 14.9 55.3 = = = 518.2
London mandibles
Natural
History Skull and
Museum, C.1964.6.3.9 Male Subadult 18 11 1949 60.27 -1.21 mandibles 48.1 26.1 124 239 54.7 374 173 370.8
London
Natural
History _ _ . Complete _ _ _ Also listed as
Museum, C.1964.6.3.1 Male Subadult 1938 51.58 4.00 Sl 63.8 24.4 10.9 39.2 365.8 SW1938.31
London
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Collection date and location

Total Proximal Beak Total Mandibular Mandibular Total
— . Specimen skull Braincase beak . skull to symphysis to body Additional
Institution Specimen ID Sex Age class diti | h idth idth length mandibular hysi distal end length t
Day Month Year Lat. Long. condition engtl width (cm) Wi (cm) length (cm) symphysis istal en eng notes
(cm) (cm) length (cm) length (cm) (cm)
Natural
History . Skull and Also listed as
Museun, C.1964.6.3.10 Unknown Juvenile - - 1952 52.83 154 mandibles 40.4 19.9 8.1 253 349 258 9.1 320.0 SW1952/13
London
Natural
History _ . _ _ Complete _
Museum, C.19485.1.3 Unknown Neonate 1948 e 30.3 124 5.6 17.3 245 19.8 4.7
London
Natural
History " Also listed as
Museum, C.1964.6.3.12 Unknown Subadult - - 1948 50.22 -5.49 Mandibles - - - - 49.8 36.4 134 353.0 SW.1948.7
London
Natural Damaged
History skull and Also listed as
Museum, C.1964.6.3.2 Unknown Unknown = = 1949 50.36 -4.13 damaged = = = = = = = 442.0 SW.1949.26
London mandibles
Naturalis n?:;ﬁtl?lgg
Biodiversity ZMA.MAM.1383 Female Adult 1 7 1952 52.55 4.60 partial ’ 63.1 284 128 35.9 56.7 421 146 -
Center postcranial
Naturalis rﬁz:(ljlll?;:
Biodiversity RMNH.MAM.7512 Female Adult 16 7 1947 53.09 4.75 &1 ’ 83.6 30.4 136 48.1 72.6 46.2 26.4 -
Center partial
postcranial
Naturalis Partial
Biodiversity RMNH.MAM.41153 Female Adult 1 9 2002 53.49 6.13 ial - - - - - - - 350.0
Center postcranial
Naturalis rﬁg:(lillglr::(:
Biodiversity RMNH.MAM.38259 Female Subadult 5 8 1992 51.41 3.77 partial : 68.1 26.4 117 44.1 59.0 38.7 20.3 415.0
Center postcranial
Naturalis Skt and
Biodiversity RMNH.MAM.9404 Male Adult 20 9 1949 51.50 3.46 partial ’ 7.9 285 131 46.8 63.9 435 20.4 -
Center postcranial
Naturalis rﬁg:(lillglr::(:
Biodiversity ZMA.MAM.2721 Unknown Subadult 22 9 1952 52.62 4.62 o : 56.2 24.2 10.7 331 48.4 37.8 10.6 =
Center partial
postcranial
Damaged
Naturalis zl;umllaagg
Biodiversity RMNH 2114 Unknown Subadult 14 9 1932 51.42 3.92 mandigles' - - - - 53.5 452 8.3 -
Center partial
postcranial
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Collection date and location

Total Proximal Beak Total Mandibular Mandibular Total
— . Specimen skull Braincase beak . skull to symphysis to body Additional
Institution Specimen ID Sex Age class diti | h idth idth length mandibular hysi distal end length t
Day Month Year Lat. Long. condition engtl width (cm) widtl (cm) length (cm) symphysis istal en eng notes
(cm) (cm) length (cm) length (cm) (cm)
Damaged
Naturalis Zl;%agg
Biodiversity RMNH.MAM.59145 Unknown Unknown - 9 1896 51.50 4.18 mandigIeS' - - - - - - - -
Center partial
postcranial
New Complete
Brunswick NBM- 011488 Female Adult 15 6 2004 47.89 -53.08 Kel 55.9 29.9 14.9 283 70.6 48.4 222 -
Museum skeleton
DB Complete
Brunswick NBM- 016536 Female Adult 25 10 2016 46.21 -60.20 78.2 30.3 139 50.2 738 50.4 234 =
Museum skeleton
New :
Brunswick NBM- 18027 Female Adult 20 6 1997 | 4393 | -50.95 5°mss”e - - - - - - - -
Museum Y
New Complete
Brunswick NBM- 012438 Male Adult 5 6 2013 46.50 -63.35 K Ip 71.6 30.5 132 50.1 68.9 46.2 22.7 =
Museum Seee
New Complete
Brunswick NBM- 016530 Male Adult 14 6 2016 48.01 -66.63 P 77.4 31.9 14.4 52.6 713 44.4 26.9 -
Museum skeleton
By A Complete
Brunswick NBM- 011494 Unknown Juvenile = = 2007 48.93 -54.88 Kel 59.8 221 10.4 36.1 50.2 36.1 141 =
o, skeleton
Northeast
Fisheries Soft tissue
Science FO0190 Female Adult 28 8 1989 41.02 -66.52 only - - - - - - - -
Center
Northeast
Fisheries Soft tissue
S DO03486 Female Adult 6 7 1994 40.56 -66.24 only = = = = = = = =
Center
Northeast
Fisheries Soft tissue
Science FO0120 Male Adult 26 8 1989 40.52 -66.29 only - - - - - - - -
Center
Northeast
Fisheries Soft tissue
S DO1369 Male Adult 10 6 1994 40.52 -66.26 only = = = = = = = =
Center
g&rﬁzﬁg Mandibles
Science No ID Male Adult 26 8 1989 40.57 -66.29 and soft - - - - - - - -
Center tissue
Northeast
Glshetes DO3685 Unknown | Subadult | 6 8 1998 | 4047 | -gog | Softtissue . . : . : . : .
Science only
Center
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Collection date and location

Total Proximal Beak Total Mandibular Mandibular Total
-~ : Specimen skull Braincase beak " skull to symphysis to body Additional
Institution Specimen ID Sex Age class e N N length mandibular . "
Day Month Year Lat. Long. condition length width (cm) width (cm) length (cm) symphysis distal end length notes
(cm) (cm) g length (cm) length (cm) (cm)
Northeast
Fisheries D00247 Unknown | Subadult | 11 8 1908 | 4034 | -ee5a | Softtissue - - - - - - - -
Science only
Center
Northeast
Fisheries Soft tissue
St FO3720 Unknown Subadult 23 8 1989 40.52 -66.27 only = = = = = = = =
Center
Northeast
Fisheries Soft tissue
Science FO3730 Unknown Subadult 23 8 1989 40.51 -66.27 only - - - - - - - -
Center
Northeast
Fisheries Soft tissue
Science No ID Unknown Subadult 27 7 1990 40.30 -67.06 only - - - - - - - -
Center
Northeast
Fisheries Soft tissue
Science DO6009 Unknown Subadult 7 8 1998 40.44 -66.35 only - - - - - - - -
Center
Northeast
Fisheries Soft tissue
Science DO6013 Unknown Subadult 8 8 1998 40.43 -66.40 only - - - - - - - -
Center
Northeast
Fisheries Soft tissue
Science DO0052 Unknown Subadult 4 10 1989 40.53 -66.22 only - - - - - - - -
Center
Northeast
Fisheries Soft tissue
Science DO0253 Unknown Subadult 10 10 1989 40.14 -67.54 only - - - - - - - -
Center
g;)sr:;ﬁa;t Mandibles
Science DO1380 Unknown Subadult 3 6 1994 40.58 -66.19 and soft - - - - - - - -
Center tissue
Oxford
University Efﬂagﬁg
Museum of ZC-06998 Male Adult = = 1800 57.66 -3.72 damaged = = = = = = = 456.0
Natural 3
History mandibles
Skull and
OZEANEUM B14/09 Male Adult 9 7 2000 | 5413 | gs3 | Mmandibles; 703 277 122 454 623 27 196 406.0
Stralsund partial
postcranial
Scottish
Marine .
Animal M151/07 Female Adult 3 8 2007 | 5669 | -2.44 S“;rf:ss“e - - - - - - - -
Stranding y
Scheme
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Institution

Specimen ID

Sex

Age class

Collection date and location

Day

Month

Year

Lat.

Long.

Specimen
condition

Total
skull

length
(cm)

Braincase
width (cm)

Proximal
beak
width
(cm)

Beak
length
(cm)

Total
mandibular
length (cm)

Mandibular
skull to
symphysis
length (cm)

Mandibular
symphysis to
distal end
length (cm)

Total

body

length
(cm)

Additional
notes

Scottish
Marine
Animal
Stranding
Scheme

M228/08

Female

Adult

10

11

2008

57.65

-3.70

Soft tissue
only

Scottish
Marine
Animal
Stranding
Scheme

M299.1/13

Female

Adult

12

2013

57.81

-8.57

Soft tissue
only

Scottish
Marine
Animal
Stranding
Scheme

M344/17

Female

Adult

2017

57.65

-7.37

Soft tissue
only

Scottish
Marine
Animal
Stranding
Scheme

M14/08

Male

Adult

22

2008

57.57

-4.10

Soft tissue
only

Scottish
Marine
Animal
Stranding
Scheme

M43/10

Male

Adult

2010

59.32

-2.56

Soft tissue
only

Scottish
Marine
Animal
Stranding
Scheme

M391/18

Male

Adult

25

2018

58.36

-6.57

Soft tissue
only

Scottish
Marine
Animal
Stranding
Scheme

M402/18

Male

Adult

29

2018

56.01

-2.57

Soft tissue
only

Scottish
Marine
Animal
Stranding
Scheme

M1325/96

Unknown

Subadult

29

1996

57.20

-7.43

Soft tissue
only

Scottish
Marine
Animal
Stranding
Scheme

M122/09

Unknown

Subadult

23

2009

57.46

-7.40

Soft tissue
only

Scottish
Marine
Animal
Stranding
Scheme

M126/17

Unknown

Subadult

27

2017

57.11

-7.28

Soft tissue
only
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Collection date and location

Total Proximal Beak Total Mandibular Mandibular Total
-~ : Specimen skull Braincase beak " skull to symphysis to body Additional
Institution Specimen ID Sex Age class e N N length mandibular . "
Day Month Year Lat. Long. condition length width (cm) width (cm) length (cm) symphysis distal end length notes
(cm) (cm) g length (cm) length (cm) (cm)
Scottish
Marine .
Animal M1325/96 Unknown | Subadult | 29 7 199 | 5720 | -7.42 S°2;:55”e - - - - - - - -
Stranding Y
Scheme
Society for
the Study of
Cetacean in No ID Male Adult 4 16 2007 | 2885 | -13.79 Csﬁg’l‘gt'g:f - - - - - - - -
the Canary
Archipelago
Damaged
University skull and
Museum of B.2776 Male Adult 14 11 1901 61.90 5.37 damaged - 341 126 - - - - -
Bergen mandibles;
postcranial
University
Museum of B.1097 Unknown | Juvenile | - . 1895 | 5036 | 524 | Complete . . : . 528 38.4 144 .
skeleton
Bergen
University Complete
Museum of B.1102 Unknown Subadult - - 1895 59.41 5.23 Skelston 60.7 22.9 10.1 37.8 52.9 37.1 15.8 -
Bergen
University Left
Museum of B.9095 Unknown Subadult = 6 2011 60.69 4.93 q = = = = 54.9 373 176 -
mandible
Bergen
Damaged
skull and
University of damaged R R B R B R B R
Oslo M4287 Unknown Adult 30 11 1859 58.09 6.81 mandibles:
partial
postcranial
Damaged
skull and
University of damaged _ _ _ _ _ _ _ _
0Oslo M7191 Unknown Adult 5] 9 1907 63.47 8.02 mandibles;
partial
postcranial
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Appendix Table 2.1 List of specimens and skeletal elements sampled for Chapter 2 held in the collections of the National Museums
Scotland, Edinburgh.

Skeletal element sampled
Thoracic Thoracic
Ade Occipital Mandibular vertebral Proximal Distal Humeral
_ _ 9 vertebral , . . Scapula
Species NMS accession no. class condyle ramus spinous rib rib head
body
process
Balaenoptera NMS.Z.1965.49 Adult X X X X X X 3 X
acutorostrata
Balaenoptera NMS.Z.1993.4 Juvenile X X X X X X X X
acutorostrata
Balaenoptera NMS.Z.2000.386.1 Juvenile X X X X X X X X
acutorostrata
Delphinus NMS.Z.2011.41.60 Adult X X X X X X X X
delphis
Delphinus NMS.Z.2011.41.62 Adult X X X X X X X X
delphis
Delphinus NMS.Z.2011.41.63 Adult X X X X X X X X
delphis
Delphinus NMS.Z.2011.41.64 Adult X X X X X X X X
delphis
Delphinus NMS.Z.2011.41.66 Adult X X X X X X X X
delphis
Globicephala NMS.Z.1997.116.42 Adult X X X X X X X X
melas
Globicephala NMS.Z.2000.25.9 Subadult X X X X X X X X
melas
Globicephala NMS.Z.2011.41.198 | Juvenile X X X X X X X X
melas
Globicephala NMS.Z.2014.21.17 Subadult X X X X X X X X
melas
Grampus griseus NMS.Z.1993.77 Subadult X X X X X X X X
Grampus griseus NMS.Z.1995.93.1 Subadult X X X X X X X X
Grampus griseus NMS.Z.2011.41.9 Adult X X X X X X X X
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Skeletal element sampled

Thoracic Thoracic
Adge Occipital Mandibular vertebral Proximal Distal Humeral
) ) g vertebral . . ; Scapula
SpeC|eS NMS accession no. Class Condyle ramus Splnous r|b I‘Ib head
body
process
Grampus griseus NMS.Z.2011.41.12 Juvenile X X X X X X X X
Grampus griseus NMS.Z.2015.142.16 | Juvenile X X X X X X X X
Hyperoodon NMS.Z.1989.59.1 Juvenile X X X X X X X X
ampullatus
Hyperoodon NMS.Z.2001.166 Adult X X X X X X X X
ampullatus
Hyperoodon NMS.Z.2003.6 Juvenile X X X X X X X X
ampullatus
Hyperoodon NMS.Z.2007.7.151 Juvenile X X X X X X X X
ampullatus
Hyperoodon NMS.Z.2011.97.138 | Subadult X X X X X X X X
ampullatus
Kogia breviceps  NMS.Z.1999.264.1 Adult X X X X X X X X
Kogia breviceps  NMS.Z.1999.264.2 Juvenile X X X X X X X X
Kogia breviceps  NMS.Z.2011.97.192 | Subadult X X X X X X X X
Lagenorhynchus  NMS.Z.2000.386.5 Adult X X X X X X X X
acutus
Lagenorhynchus  NMS.Z.2000.386.7 Adult X X X X X X X X
acutus
Lagenorhynchus  NMS.Z.2011.41.109 Adult X X X X X X X X
acutus
Lagenorhynchus  NMS.Z.2011.41.114 Adult X X X X X X X X
acutus
Lagenorhynchus  NMS.Z.2011.41.115 | Adult X X X X X X X X
acutus
Lagenorhynchus  NMS.Z.2011.41.81 Adult X X X X X X X X
albirostris
Lagenorhynchus  NMS.Z.2011.41.82 Adult X X X X X X X X
albirostris
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Skeletal element sampled

Thoracic Thoracic
Adge Occipital Mandibular vertebral Proximal Distal Humeral
) ) g vertebral . . ; Scapula
SpeC|eS NMS accession no. Class Condyle ramus Splnous r|b I‘Ib head
body
process
Lagenorhynchus  NMS.Z.2014.21.33 Adult X X X X X X X X
albirostris
Lagenorhynchus NMS.Z.2014.21.34 Adult X X X X X X X X
albirostris
Lagenorhynchus  NMS.Z.2014.21.35 Adult X X X X X X X X
albirostris
Mesoplodon NMS.Z.2019.18.15 Adult X X X X X X X X
bidens
Mesoplodon NMS.Z.2019.18.16 Adult X X X X X X X X
bidens
Mesoplodon NMS.Z.1992.151.4 Adult X X X X X X X X
bidens
Mesoplodon NMS.Z.1994.61 Adult X X X X X X X X
bidens
Mesoplodon NMS.Z.1994.100 Adult X X X X X X X X
bidens
Mesoplodon NMS.Z.1997.20 Adult X X X X X X X X
bidens
Mesoplodon NMS.Z.1999.119 Adult X X X X X X X X
bidens
Mesoplodon NMS.Z.2000.25.15 Adult X X X X X X X X
bidens
Mesoplodon NMS.Z.2001.109.2 Adult X X X X X X X X
bidens
Mesoplodon NMS.Z.2002.35.1 Adult X X X X X X X X
bidens
Orcinus orca NMS.Z.1876.11 Adult X X X X X X X X
Orcinus orca NMS.Z.2001.7 Adult X X X X X X X X
Orcinus orca NMS.Z.2015.179 Adult X X X X X X X X
Orcinus orca NMS.Z.2016.118 Adult X X X X X X X X
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Skeletal element sampled

- . Thoracic Thoracic . .
Age Occipital ~Mandibular vertebral vertebral Proximal Distal Scapul Humeral
i i R . R pua
Species NMS accession no. class | condyle ramus body spinous rib rib head
process
Phocoena NMS.Z.1989.23.2 Adult X X X X X X X X
phocoena
Phocoena NMS.Z.2011.41.141 Adult X X X X X X X X
phocoena
Phocoena NMS.Z.2011.41.151 | Subadult X X X X X X X X
phocoena
Phocoena NMS.Z.2011.41.155 Adult X X X X X X X X
phocoena
Phocoena NMS.Z.2011.41.156 Adult X X X X X X X X
phocoena
Stenella NMS.Z.1995.93.3 Subadult X X X X X X X X
coeruleoalba
Stenella NMS.Z.2011.41.20 Subadult X X X X X X X X
coeruleoalba
Stenella NMS.Z.2011.41.21 Adult X X X X X X X X
coeruleoalba
Stenella NMS.Z.2011.41.23 Juvenile X X X X X X X X
coeruleoalba
Stenella NMS.Z.2011.41.24 Subadult X X X X X X X X
coeruleoalba
Tursiops NMS.Z.1993.36.4 Subadult X X X X X X X X
truncatus
Tursiops NMS.Z.1993.36.5 Adult X X X X X X X X
truncatus
Tursiops NMS.Z.1994.13.33 Adult X X X X X X X X
truncatus
Tursiops NMS.Z.1998.40 Adult X X X X X X X X
truncatus
Tursiops NMS.Z.2001.109.1 Adult X X X X X X X X
truncatus
Tursiops NMS.Z.2001.109.21 Adult X X X X X X X X
truncatus
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Skeletal element sampled

. Thoracic
Age Occipital Mandibular Thoracic vertebral Proximal Distal Humeral
. . vertebral . ) : Scapula
Species NMS accession no. class | condyle ramus body spinous rib rib head
process
Tursiops NMS.Z.2011.41.16 Adult X X X X X X X X
truncatus
Tursiops NMS.Z.2011.41.17 Adult X X X X X X X X
truncatus
Tursiops NMS.Z.2011.41.18 Adult X X X X X X X X
truncatus
Tursiops NMS.Z.2017.29.20 Adult X * X X X X X X
truncatus
Ziphius NMS.Z.1999.121.1 Adult X X X X X X X X
cavirostris
Ziphius NMS.Z.2011.41.168 | Juvenile X X X X X X X X
cavirostris
Ziphius NMS.Z.2011.41.169 | Juvenile X X X X X X X X
cavirostris
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