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Abstract 

Beaked whales (Ziphiidae) are an incredibly diverse and elusive family, and behavioural 
responses linked to certain anthropogenic sounds have resulted in mass stranding events. 
The substantial knowledge gaps regarding abundance and population structure for most 
ziphiids highlight that more information is required for their effective management and 
conservation. To this end, next-generation DNA sequencing was used to investigate 
beaked whale ecology and evolution, showcasing the utility of reduced representation 
sequencing in non-model organisms. Single nucleotide polymorphisms (SNPs) were 
derived using double-digest restriction site associated DNA sequencing (ddRAD) from a 
newly established international beaked whale tissue and DNA archive.  
 
Globally, hierarchical genetic structure and diversity of cosmopolitan Cuvier’s and 
Blainville’s beaked whales (Ziphius cavirostris and Mesoplodon densirostris, “Cuvier’s” 
and “Blainville’s”) were investigated. Biogeographic barriers and differing life and 
evolutionary histories have contributed to the observed patterns, and the findings are 
evaluated in the context of management units for conservation. Regionally, population 
structure and demographic history were characterised for four North Atlantic beaked 
whales: Cuvier’s, Blainville’s, Sowerby’s beaked whales (M. bidens) and northern 
bottlenose whales (Hyperoodon ampullatus). Fluctuations in effective population size 
(Ne) were likely responses to climatic change. With these findings, potential responses of 
beaked whale populations to future climate change are discussed. Locally, genetic 
Essential Biodiversity Variables (EBVs) were calculated for paired ‘disturbed’ and ‘semi-
pristine’ populations of Cuvier’s and Blainville’s in three well studied populations: the 
Bahamas, Canary Islands and Mediterranean Sea (Cuvier’s only). At least one ‘disturbed’ 
site was found in each region with reduced genetic variation and at risk of genetic erosion.  
 
In summary, genetic population structure has been identified in many ziphiids. These 
populations have different levels of genetic diversity, different demographic responses to 
historic climatic change and it is likely that they have different abilities to adapt to future 
anthropogenic and climate impacts and should be managed on a population level.  
 
 
 
 
 
 
 
 
 
Keywords: Beaked whales, Molecular ecology, Genomics, ddRAD, Mitogenome, 
Ziphius cavirostris, Mesoplodon densirostris, Mesoplodon bidens, Hyperoodon 
ampullatus, Population structure, Genetic diversity, Inbreeding, Demographic history, 
Anthropogenic noise 
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1.1 FAMILY ZIPHIIDAE  

1.1.1 Beaked Whale Phylogenetics 

The family Ziphiidae (“ziphiids”) encompasses a monophyletic group of cetaceans called 
“beaked whales” that are found in all oceans around the world (MacLeod 2018). There 
are 24 recognized species, with three new species described in the last 20 years 
(Commitee on Taxonomy 2022). Although there have been important recent advances in 
our understanding of the diving, foraging and acoustic behaviour of some beaked whales, 
very little is understood about most species due to their often elusive behaviour at sea, 
offshore distributions, and deep-diving capabilities (MacLeod 2018). Most of the data 
available on beaked whale biology comes from individuals who have stranded, and some 
have no confirmed live sightings (Dalebout et al. 2008).  
 
Ziphiids are one of the oldest families of odontocetes, appearing in the fossil record in the 
early Miocene, after the sperm whales and about the same time as the diversification of 
early hominids in Africa (Nikaido et al. 2001; Bianucci et al. 2016; Harrison 2017; 
Fordyce 2018). Using whole mitochondrial genomes (mitogenomes), the estimated origin 
for all beaked whale haplotypes was approximately 20.06 million years ago (mya, Morin 
et al. 2012). More recently, target sequence capture data suggested that beaked whale 
species began to diversify 15.6 million years ago (mya, 95% CI: 13.65-17.79 mya; 
(McGowen et al. 2019). Bianucci et al. (2016) conducted a global analysis of all fossil 
and extant ziphiids and found that they were well represented in the fossil record and most 
diverse through the middle Miocene (15.97-11.61 mya; Mead 1989; Mead 2008).  
 
All extant and extinct ziphiids can be organised into two clades based on paleo-
biogeographical analysis and phylogenetic relationships: Messapicetus (MC) and crown 
Ziphiidae (CZ). Of the 23 described genera of ziphiids, six remain and are all members 
of the CZ (Mesoplodon, Ziphius, Tasmacetus, Indopacetus, Hyperoodon and Berardius). 
Fossil studies have shown that four main convergent traits evolved in both the CZ and 
MC: reduction of dentition, vertex elevation, ossification of the rostrum in males, and an 
increase in body size (Bianucci et al. 2016).  
 
In lieu of extensive ecological knowledge, the fossil record can help to examine the 
evolutionary patterns within the family (Bianucci et al. 2016). The reduction in dentition 
seen across ziphiids is likely an adaptation to suction feeding and the changing 
morphology of the face was most likely attributed to the optimisation of echolocation 
(Bianucci et al. 2016). Opposite to their current, non-polar distributions, fossil records 
indicate that the origin of Mesoplodon and Ziphius species was likely in the high latitudes 
of the Southern Ocean (Bianucci et al. 2016). Ziphiidae is the second most speciose 
family of extant cetaceans (after the delphinids), however in terms of the total number of 
described genera and species (extant and extinct), the ziphiids are the richest family of 
cetaceans (Bianucci et al. 2016).  
 
The earliest molecular work involving beaked whale samples were surveys of meat 
market products from Japan and South Korea. Fragments of the mtDNA control region 
(CR, 550bp) and cytochrome B gene (CytB, 500bp) from whale meat were compared to 
a database of 33 baleen whale sequences and 18 odontocete sequences sourced from the 
literature (Baker et al. 1996). At least 8 different species were identified, one of which 
was identified as a beaked whale, but couldn’t be identified further. 
 



 

 

Table 1-1. Full list of recognized beaked whale species and overall length in meters based on Dalebout 2002; MacLeod 2005; MacLeod et al. 2006; Commitee on Taxonomy 
2022).  

Genus Species Common name Authority Range Length 
(m) 

Berardius arnuxii Arnoux's beaked whale Duvernoy, 1851 Cold waters of Southern Hemisphere 6-9.3 
bairdii Baird's beaked whale Stejneger, 1883 North Pacific 10-11 
minimus Sato's beaked whale Yamada et al., 2019 North Pacific 6.9 

Hyperoodon ampullatus Northern bottlenose whale Forster, 1770 North Atlantic 6.5-10 
planifrons Southern bottlenose whale Flower, 1882 Cold waters of Southern Hemisphere 6.5-7.5 

Indopacetus pacificus Longman's beaked whale Longman, 1926 Tropical Indo-Pacific 6-6.5 
Mesoplodon bidens Sowerby's beaked whale Sowerby, 1804 North Atlantic 5.5 

bowdoini Andrew's beaked whale Andrews, 1908 Cold temperate waters of Southern Hemisphere 4.4 
carlhubbsi Hubb's beaked whale Moore, 1963 North Pacific 5.3 
eueu Ramari's beaked whale Carroll et al. 2021 Temperate waters of Southern Hemisphere 5.3 
europaeus Gervais' beaked whale Gervais, 1855 Warm temperate & subtropical Atlantic 5.2 
ginkgodens Ginkgo-toothed beaked whale Nishiwaki & Kamiya, 1958 Warm temperate & tropical Indian and Pacific  5.3 
grayi Gray's beaked whale von Haast, 1876 Cold temperate waters of Southern Hemisphere 5.6 
hectori Hector's beaked whale Gray, 1871 Cold temperate waters of Southern Hemisphere 4.4 
hotaula Deraniyagala's beaked whale Deraniyagala, 1963 Tropical Indo-Pacific 4.8 
layardii Strap-toothed beaked whale Gray, 1865 Cold temperate waters of Southern Hemisphere 6.2 
mirus True's beaked whale True, 1913 Temperate North Atlantic 5.3 
periini Perrin's beaked whale Dalebout et al. 2002 North Pacific 4.4 
peruvianus Pygmy beaked whale Reyes et al., 1991 Eastern tropical Pacific, western South Pacific 3.9 
stejnegeri Stejneger's beaked whale True, 1885 Cold temperate, subarctic North Pacific 5.7 
traversii Spade-toothed beaked whale Gray, 1874 Temperate South Pacific 5.3 
densirostris Blainville's beaked whale Blainville, 1817 Global, warm temperate & tropical 4.7 

Tasmacetus sheperdi Shepherd's beaked whale Oliver, 1937 Cold temperate waters of Southern Hemisphere 6-7 
Ziphius cavirostris Cuvier's beaked whale Cuvier, 1823 Global, temperate, subtropical, and tropical 7 

 
 

D
N

A
 in the deep: Com

parative m
olecular ecology for the conservation of beaked w

hales                                         
 Chapter 1: G

eneral Introduciton  
 

3 



Chapter 1: General Introduciton 

DNA in the deep: Comparative molecular ecology for the conservation of beaked whales 4 

In 1997, Henshaw et al. compiled the first database of specifically ziphiid mtDNA 
sequences for the use of identifying species taken in the California driftnet fishery. 
Sequences from 10 species were presented, with taxonomic confirmation based on skull 
morphology (Henshaw et al. 1997).  
 
As molecular taxonomy has become a more widely accepted method of describing and 
discovering species, our understanding of beaked whale phylogeny has benefited greatly. 
Using molecular methods, four new species have been described (Reyes et al. 1991; 
Dalebout et al. 2002; Morin et al. 2017; Yamada et al. 2019; Carroll et al. 2021) and two 
species have been resurrected (VanHelden et al. 2002; Dalebout et al. 2014) in the past 
30 years alone. Next-generation sequencing technologies are likely to contribute to this 
understanding even further (Cammen et al. 2016).  
 
In 2004, a comprehensive validated beaked whale database was published, including a 
437bp region of mtDNA CR, 384bp region of CytB, and complementary nuclear DNA 
actin intron sequences for 17 of the 21 then known species (Dalebout et al. 2004). 
Analysis of the sequences confirmed the monophyly of the family and accurate status of 
each species. The process of compiling this database and testing old samples from 
collections resulted in three interesting findings within the group that were published in 
the subsequent articles described below.  
 
Three partial skull specimens collected in Chile and New Zealand were originally 
assigned to three different species, yet after mtDNA analysis all specimens were declared 
the same: spade-toothed whale (Mesoplodon traversii), a species that until 2010, was only 
known by these three partial skulls and considered the rarest of all living cetaceans 
(VanHelden et al. 2002; Thompson et al. 2012). Longman’s beaked whale (Indopacetus 
pacificus) was described from two skull remains, but after two stranded individuals with 
photo records were linked by mtDNA sequences to these two specimens, new individuals 
were identified from across the tropical Indian and Pacific Oceans (Dalebout et al. 2003). 
Based on morphology, four individuals that stranded in California were identified as 
Hector’s beaked whales (Mesoplodon hectori) and one Cuvier’s beaked whale (Ziphius 
cavirostris), yet mtDNA analysis suggested they were all the same species, and different 
from all other beaked whale sequences (Dalebout et al. 2002). Later morphological 
studies showed subtle differences to Hector’s beaked whales and these individuals were 
described as a new species, Perrin’s beaked whale (Mesoplodon perrini). 
 
In 2014, the total number of species within the genus Mesoplodon increased to 15 with 
the resurrection of Deraniyagala’s beaked whale (Mesoplodon hotauloa) based on 
mitochondrial and nuclear DNA sequences (Dalebout et al. 2014). One beach-cast (El 
Hierro, Canary Islands) and one at-sea dead (the Azores) individual of the rarely observed 
True’s beaked whale (Mesoplodon mirus) was confirmed using mtDNA fragments 
(Aguilar de Soto et al. 2017). Evidence from these individuals indicated a new southern 
limit of the species’ disjointed, anti-tropical distribution and a new colouration pattern for 
the species. These new data allowed the species confirmation of other documented 
sightings and the first video recording of the species at sea. A later in-depth genomic 
investigation into the anti-tropical populations of True’s beaked whales found that they 
actually represented two separate species, and the Southern Hemisphere population was 
raised to species level: Ramari’s beaked whale (Mesoplodon eueu; Carroll et al., 2021). 
A third species of Berardius was suggested based on morphology (smaller, black form) 
and mtDNA CR sequences (Morin et al. 2017). The ‘black form’ has been known by 
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Japanese whalers in the Northern Hemisphere (Omura et al. 1955) and genetic analysis 
revealed that these individuals were genetically more similar to the Southern Hemisphere 
Arnoux’s beaked whale (Berardius arnuxii) than the sympatric Northern Hemisphere 
Baird’s beaked whale (Morin et al. 2017). This ‘black form’ has now been raised to 
species level: Sato’s beaked whale (B. minimus; Yamada et al., 2019).  

1.1.2 General Ecology 

Beaked whales are so named due to the pronounced rostrum that is present in all species 
(Mead 2008). Diagnostically, all beaked whales have a spindle-shaped body, coming to 
a point at their diverse range of rostrum morphologies. Beaked whales are tooth-bearing 
odontocetes and display a variety of unusual dentition patterns, setting this family apart 
from all other cetaceans. This provides the primary distinguishing feature used to 
differentiate similarly sized species (particularly males) both at-sea and when stranded 
(Mead 1989; MacLeod 2018). In most cases, males’ teeth are dramatically reduced to a 
single pair of “tusks” erupting from the lower jaw (with a few exceptions; Mead, 2008). 
This pattern occurs in all species of Ziphius, Indopacetus, Hyperoodon and Mesoplodon. 
Both sexes of Berardius have two pairs of teeth erupting from the lower jaw, and 
Tasmacetus has a full set of functional teeth in both sexes with two tusks erupting in adult 
males (Oliver 1937; Kirino 1956). Males and females of Gray’s beaked whales 
(Mesoplodon grayi) commonly have small maxillary teeth (Thompson et al. 2014). Tusk 
morphologies vary extensively among species of Mesoplodon and this has been proposed 
to correlate with the amount of male-male social aggression, but sexual selection and 
species recognition are also likely contributors (Heyning 1984; Dalebout et al. 2008; 
Mead 2008). Females and sub-adults can be very difficult to distinguish to species-level 
due to a lack of characteristic dentition, however stranded, bycaught or biopsied 
individuals can be identified using DNA sequences (Dalebout et al. 2004).  
 
Beaked whales have larger than average tail-flukes which typically lack a central notch 
(Heyning, 1989; Mead, 1989; MacLeod, 2018). Adults range from 4m (pygmy beaked 
whale, Mesoplodon peruvianus) to 12m (Baird’s beaked whale, Berardius bairdii) in 
length (Table 1-1). The only species to exhibit sexual dimorphism in overall body size 
are Gervais’ beaked whale (females are slightly larger, M. europaeus) and the northern 
bottlenose whale (a small proportion of the males are larger than the largest females, 
Hyperoodon ampullatus; MacLeod, 2005). The dorsal fin is typically small and located 
about 2/3 down the back. Pectoral fins are proportionally smaller than other species, 
tucking into depressions on either side of the body termed “flipper pockets” to increase 
streamlining while diving (True 1910).  
 
Until recently, most of what is known about beaked whale foraging and diving behaviour 
came from stranded individuals and very few at-sea sightings (Cox et al. 2006). In recent 
years however, tagging technology has advanced and allowed fine-scale analyses of 
beaked whale diving behaviour to occur (Johnson and Tyack 2003; Johnson et al. 2004; 
Baird et al. 2006; Schorr et al. 2014). In 2003, Johnson and Tyack introduced the DTAG 
(www.soundtags.org) as a method to record environmental sound and animal 
vocalisations, as well as measure movement and orientation in space (Johnson et al. 
2004). Using the data generated by DTAGs and other biologging devices, it has been 
found that all studied beaked whales have commonalities in their dive cycle (Aguilar de 
Soto et al. 2006; Tyack et al. 2006; Tyack et al. 2011; Allen et al. 2014). Typical dive 
profiles include a foraging dive to depths between 400 m and 3000 m for between 30 min 
to 120 min during both the day and night. Foraging dives are defined by a steep descent 
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to the deepest depth with echolocation starting at around 400-500 m (Johnson et al. 2004; 
Tyack et al. 2006). At the maximum depth, individuals spend 25-35 minutes actively 
foraging, using ultrasonic clicks (inter-click-interval of 0.2-0.4 seconds) to locate 
individual prey (Johnson et al. 2004). Echoes from targeted prey can be heard in DTAG 
acoustic recordings immediately prior to an increase in acceleration with click train ICI 
increasing to “buzzes” (250 clicks/second), both of which are behaviours assumed to be 
prey capture attempts (Johnson et al. 2004). The ascent rate is slower than descent rate, 
and deep dives are followed by a 1-2 hours long series of shallower dives (“bounce 
dives”) to 100-400 m and 10-30 min duration each (Hooker and Baird 1999a; Cox et al. 
2006; Tyack et al. 2006; R.W. Baird et al. 2008). Ascents are made at a low pitch angle 
and about half of the speed of descents, a strategy that is not yet understood (Tyack et al. 
2006). The shallower ”bounce” dives are silent, primarily likely to serve an anti-predator 
function and may or may not serve a physiological function (as they are not always seen 
in night dives; (Heithaus and Frid 2003; Tyack et al. 2006; Zimmer and Tyack 2007; 
Baird et al. 2008; Aguilar de Soto et al. 2012).  
 
All beaked whale species are thought to be deep divers, preferring to live in water greater 
than 200 m (MacLeod et al. 2006; MacLeod 2018). Beaked whales use echolocation to 
find their prey (Johnson et al. 2004; Mead 2008) and the echoes off prey that have been 
recorded by DTAGs suggests that individuals are foraging for small, singular prey items 
(Johnson et al. 2004). Acoustic analysis of the frequency of ultrasonic “buzzes” indicate 
that approximately 30 prey capture attempts are made per dive (Johnson et al. 2004; 
Tyack et al. 2006). A lack of recorded diel differences in foraging dives suggests that 
beaked whales are feeding throughout the day and night on prey that does not migrate 
(Hooker and Baird 1999a; Baird et al. 2006; R.W. Baird et al. 2008; Schorr et al. 2014). 
However, Arranz et al. (2011) observed that the distribution of echolocation activity of 
Blainville’s beaked whales during day and night dives was different, suggesting they may 
be following the migration of the deep scattering layer in some locations.  
 
At-sea sightings indicate that beaked whales live in areas with underwater features that 
create upwelling and aggregate prey such as steep slopes, underwater canyons, and sea 
stacks, though they can also be found in the waters above the abyssal plane (MacLeod 
and D’Amico 2006; Baird 2018; Pitman 2018). At depth, beaked whales feed on meso- 
and benthopelagic prey using suction generated by a single pair of throat grooves 
extending from the lower jaw (Heyning and Mead 1996). The primary prey type for all 
beaked whales are schooling and solitary squid species, though some are known to eat 
fish and crustaceans (MacLeod et al. 2003; MacLeod and D’Amico 2006; West et al. 
2017). Analyses of stomach contents and stable isotopes from stranded, bycaught and 
harvested whales have revealed some general trends in beaked whale diet (MacLeod et 
al. 2003; Whitehead et al. 2003; Riccialdelli et al. 2017; Smith, Trueman, et al. 2021). 
Differences in prey size found in sympatric species indicate that individuals likely occupy 
different ecological niches or segregate themselves temporally and/or geographically. For 
example, members of the genus Mesoplodon will co-exist with Hyperoodon and Ziphius 
whales by predating on generally smaller prey items, and Ziphius and Hyperoodon will 
eat the same prey type/size but segregate geographically due to competitive exclusion 
(MacLeod et al. 2003; Whitehead et al. 2003). Species within the Mesoplodon genus will 
segregate from each other spatially  (Riccialdelli et al. 2017).  
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1.1.3 Beaked Whale Population Genetics 

Since the early 2000’s molecular methods have been used to investigate the population 
genetics of beaked whales. Evidence of genetic structure has primarily been identified 
from mtDNA and refined as sequencing technologies have improved or from the 
inclusion of nuclear DNA markers. Below, I will provide an overview of the findings 
from beaked whales that have been studied the most using molecular methods: northern 
bottlenose whales, Gray’s beaked whales and Cuvier’s beaked whale. 
 
Using a 434bp fragment of the mtDNA CR, three variable sites (four haplotypes) were 
discovered between 45 northern bottlenose whales sampled in the Gully (near Nova 
Scotia, Canada), Labrador and Iceland (Dalebout et al. 2001). Within each region, there 
was very little genetic diversity detected, although there were significant regional 
differences (AMOVA, p<0.05 for FST and ΦST) between the Gully and Labrador stocks 
(not enough samples from Iceland to analyse). In 2006, this study was updated with more 
samples and 10 nuclear microsatellites (Dalebout et al. 2006). Genetic diversity based on 
microsatellite heterozygosity was similar among all three regions and most alleles 
appeared in all three populations. Pairwise comparisons using microsatellites and mtDNA 
indicated significant differences between the Gully and both Iceland and Labrador but no 
difference between Labrador and Iceland. Using next generation sequencing, whole 
mitochondrial genomes (mitogenomes) and nuclear genomes revealed the genetic 
distinctiveness of three populations (Scotian Shelf, Jan Mayen and western North 
Atlantic) and a strong pattern of isolation-by-distance (Feyrer et al. 2019; de Greef et al. 
2022). Adding more molecular markers to these studies re-affirmed the need to protect 
the small population of animals present in the Gully, as they are likely to be a historically 
distinct population.  
 
Population structure has been examined in Gray’s beaked whale throughout most of their 
proposed Southern Ocean distribution. Thompson, et al. (2016a) examined a 530bp 
fragment of the CR and 12 microsatellites to test whether population structure exists using 
samples from stranded individuals collected from Australia and New Zealand. Thompson 
et al., (2014) found differences in morphology between Gray’s beaked whales measured 
on the east and west sides of New Zealand, suggesting some form of reproductive 
isolation. Although there were high levels of genetic diversity (and no indication of a 
bottleneck), there was no measurable structure in either marker throughout the 6,000 km 
range sampled. Using complete mitogenomes and partial nuclear genomes, an absence of 
population structure was still found in 16 individuals from Australia, New Zealand and 
South Africa (Westbury et al. 2021). It is suggested that after diverging from their most 
recent common ancestor, Gray’s beaked whales underwent a population expansion with 
abundant habitat, limited geographic barriers, and no directed exploitation by humans 
(Thompson, Patel, Baker, et al. 2016; Westbury et al. 2021). Gray’s beaked whales are 
unique among ziphiids in that when they strand, it is often in large groups (the holotype 
was one of 28 in a mass stranding; von Haast, 1876). Based on this unusual pattern, Patel 
et al. (2017) used microsatellites and mtDNA haplotypes from 113 stranded animals to 
determine if groups of animals that stranded together were related. Although there were 
some cases of mother-calf pairs stranding together (n=6), there was no evidence that 
adults were related (average relatedness within groups was not significantly higher than 
between groups, p<0.414). The evidence presented in this paper suggests that both male 
and female dispersal occurs in this species.  
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Cuvier’s are the widest ranging beaked whale for which a study of genetic structure and 
diversity has been done (Dalebout et al. 2005; Morin et al. 2012). Using a 290bp fragment 
of the CR, 87 samples of Cuvier’s beaked whales collected around the world (Figure 1-1) 
clustered together in a monophyletic group within the ziphiid family (Dalebout et al. 
2005). Four haplotype groups were found (derived from 33 haplotypes) and although 
there was sharing between ocean basins, an AMOVA (Analysis of Molecular Variance) 
could detect population differentiation, showing that 42% of the variance was due to 
ocean basin. All ocean basins were found to be significantly different from each other at 
the p=0.05 level, and within the North Atlantic, the Mediterranean was different from the 
other two regions.  
 
To improve the resolution of Cuvier’s population structure, and provide the first 
population genetics analysis of Blainville’s beaked whales (Mesoplodon densirostris), a 
study of beaked whale phylogeography was conducted using whole mitogenomes (Morin 
et al. 2012). Three beaked whale species were investigated: Cuvier’s (n=22), Blainville’s 
(n=19) and Gervais’ beaked whale (n=8) (Figure 1-2). Mitogenomes were analysed in 
their entirety, and by separating out three different partitions (12s + 16s, all coding sites, 
and CR; Morin et al. 2012). This study found that unlike most cetaceans where the 
putatively neutrally evolving CR is the most polymorphic, beaked whale mitogenomes 
were most polymorphic in the coding sites (Morin et al. 2012). Like Dalebout et al., 
(2004), species-level relationships were highly supported by bootstrap. Within species, 
Blainville’s assigned to two highly supported clades that were reciprocally monophyletic 
to ocean basin and likely diverged approximately 2 mya. Like Dalebout et al. (2005), 
Cuvier’s genetic structure generally correlated with geographic distance, however there 
was no reciprocal monophyly of haplotypes to ocean basin. Three clades were identified 
in the Cuvier’s samples, two of which contained individuals from both the Atlantic and 
Pacific Oceans. Although phylogenetic patterns in Cuvier’s weren’t as strong as 
Blainville’s, like Dalebout et al. (2005), similar haplotypes did cluster geographically. 
Morin et al. (2012) suggest that mitogenomes from more geographic regions and the 
inclusion of nuclear loci are needed to better understand the population structure within 
Cuvier’s beaked whales. The Gervais’ samples were not analysed in this manner as all 
samples were from the same geographic region (Morin et al. 2012). 

Figure 1-1. Map of samples and haplotypes from Dalebout et al., 2005. 
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Figure 1-2. Samples from Morin et al., 2012.  

1.1.4 Beaked Whale Social Structure 

Due to difficulty in obtaining data on ziphiids, few long-term studies have been conducted 
at the population level (Baird 2019; Hooker et al. 2019). Those photo-identification 
studies that have been conducted have found small,  persistent and resident populations, 
with very little connectivity between nearby locations (McSweeney et al. 2007; Claridge 
2013; Aguilar de Soto et al. 2015; Reyes 2018). Though little is understood about beaked 
whale social structure, different species are thought to fall into two group size categories 
(MacLeod and D’Amico 2006). The first category consists of Hyperoodon, Ziphius and 
some species of Mesoplodon, where groups contain a maximum of 20 individuals and an 
average of 2 – 4. For example, northern bottlenose whales in north east Canada were 
identified in groups averaging 3 individuals, often with mixed sex (Gowans et al. 2001). 
The second category has a maximum group size of 100 individuals and includes 
Berardius (average group size of 8; Fedutin et al. 2015) and Indopacetus (average group 
size of 19 individuals; Pitman et al. 1999). Similar data are not available for Tasmacetus. 
 
In areas where longitudinal photo-identification studies are taking place, more details 
about the social structure of these groups can be assessed (Baird 2019). In the Bahamas, 
Blainville’s beaked whales (Mesoplodon densirostris) are thought to live in a polygynous 
harem society (average group size 4) where one adult male will associate with a group of 
adult females for up to a year (Claridge 2013). Females form associations for up to three 
years with preferred individuals, often of the same reproductive state (Dunn 2014). These 
females may or may not have calves, and males will join the group at times when the 
females are not ready to mate, suggesting that these harems are important for more than 
just mating. These types of interactions with animals moving in and out of groups is 
termed “fission-fusion”. Without genetic studies of paternity however, the nature of this 
“social philopatry” will remain unknown. Blainville’s and Cuvier’s in Hawaii have been 
photo-identified in groups averaging 3.53 and 2.57 individuals, respectively (though not 
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significantly different, McSweeney et al. 2007). As with the Bahamas, the results of this 
study support a polygynous structure in Blainville’s, however, too few data were collected 
from Cuvier’s individuals to infer their breeding behaviour and social structure. In El 
Hierro (Canary Islands), a similar fission-fusion structure to what is seen in Hawaii and 
the Bahamas has been observed in Blainville’s beaked whales (Reyes 2018). Cuvier’s 
beaked whales in El Hierro also live in a fission-fusion society, however associations are 
shorter in duration and can change between dives rather than years (Reyes 2018). In each 
of these locations, females were re-sighted more frequently than males, suggesting some 
sort of difference in distribution and/or stronger site fidelity.  

1.1.5 Anthropogenic Threats to Beaked Whale Populations 

Major threats from anthropogenic activities have been identified across marine mammals, 
most of which can impact beaked whales too (Hooker et al. 2019; Nelms et al. 2021). 
Specific threats that have been highlighted for beaked whales include climate change, 
entanglement in fisheries gear, exposure to contaminants and the ingestion of plastics 
(Hooker et al. 2019; Nelms et al. 2021). The threat that has been most studied for beaked 
whales however is the impact of anthropogenic sound, such as military sonar (Parsons 
2017; Hooker et al. 2019).  
 
The northern bottlenose whale and members of the genus Berardius are the only ziphiids 
to be targeted in large-scale, commercial whaling industries, though other species have 
been taken in small fisheries or opportunistically (Heyning and Mead 2008; Mead 2008; 
Pitman 2018). Mead (1989) briefly describes that Japan, Taiwan and Newfoundland 
conducted small-scale harpoon fisheries that would take small cetaceans, including 
beaked whales, opportunistically. However due to the sporadic sightings and lack of 
knowledge of at-sea behaviour, beaked whales were primarily overlooked as a sustainable 
or commercially valuable resource.  
 
There are numerous accounts of stranded beaked whales that have ingested both macro- 
and microplastics with varying levels of impact (Abreo et al. 2016; Alexiadou et al. 2019). 
In Brazil, a female Blainville’s beaked whale was found with a stomach predominantly 
full of plastic and no evidence of recent feeding, suggesting the plastic in her stomach 
could have led to false satiation (Secchi and Zarzur 1999). When three True’s beaked 
whales stranded in Ireland, both macro and microplastics were found throughout their 
digestive tracts, suggesting that these particles can pass through an individual. In this case, 
there was no sign of malnutrition as the small amount of plastic found was probably not 
enough to cause the false satiation hypothesised to have occurred in the Brazilian 
Blainville’s (Lusher et al. 2015). The ingestion of plastic is known to be a problem in 
Cuvier’s beaked whales with several incidents of impaction in the stomach and necrosis 
of the stomach lining (Gomerčić et al. 2006; Brownlow et al. 2015).  
 
Sound is extremely important to all cetacean species (Nowacek et al. 2007) and like other 
odontocetes, beaked whales rely on their sensitive hearing underwater to echolocate for 
prey (Johnson et al. 2004). The frequency range of many anthropogenic sounds overlaps 
with the range emitted and perceived by beaked whales, potentially impacting them in a 
number of ways (Aguilar de Soto et al. 2006; Cox et al. 2006; Nowacek et al. 2007). The 
four primary concerns of animals exposed to loud sounds underwater are PTS (permanent 
threshold shift), TTS (temporary threshold shift), acoustic masking and behavioural 
disturbance (Nowacek et al. 2007). PTS and TTS are physiological changes that would 
be difficult to measure in free-ranging beaked whales. Acoustic masking and behavioural 
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disturbance however, have both been measured in beaked whales in response to various 
sources of noise (shipping traffic, predator calls, and sonar playbacks) using DTAGs 
(Aguilar de Soto et al. 2006; Tyack et al. 2011; DeRuiter et al. 2013; Allen et al. 2014).  
 
As early as the 1970’s, a connection has been suggested between certain military 
exercises and mass strandings of cetaceans, particularly beaked whales (van Bree and 
Kristensen 1974; Frantzis 1998; Balcomb III and Claridge 2001; Evans et al. 2001; Jepson 
et al. 2003; Cox et al. 2006; Nowacek et al. 2007). van Bree and Kristensen (1974) 
described four Cuvier’s beaked whales that washed ashore in Bonaire, Lesser Antilles. 
Two days before the stranding, locals described hearing heavy explosions at sea, 
coinciding with a navy vessel dumping ammunition and causing underwater explosions. 
This study was the first to suggest a link between naval exercises and beaked whale mass 
strandings. Simmonds and Lopez-Jurado (1991) describe a series of multi-species mass 
strandings occurring in the Canary Islands between 1985 and 1989, all of which coincided 
temporally and geographically with at-sea military manoeuvres. The authors here suggest 
the naval activity may have driven the animals to shore. The first time active-sonar was 
suspected to be involved in beaked whale strandings was by Frantzis (1998). He 
correlated an atypical mass stranding of 12 Cuvier’s beaked whales over 2 days (12-13 
May 1996) and 38.2 km of Greek coastline with low-frequency active sonar tests being 
carried out by the NATO vessel Alliance from the 11-15 May 1996. The United States 
Government determined that a multi-species stranding event involving the deaths of at 
least 4 Cuvier’s, 1 Blainville’s and 1 spotted dolphin was linked to mid-frequency sonar 
use in the Bahamas in March 2000 (Balcomb III and Claridge 2001; Evans et al. 2001). 
Reviews of atypical strandings in conjunction with military activity have found linked 
events as far back as the 1960s (Jasny et al. 2005; Podestà et al. 2016). 
 
Although the correlation between sonar and beaked whales is now recognized, the 
mechanism that causes the animals to strand is still not completely understood. The 
animals from the 2000 stranding in the Bahamas (Balcomb III and Claridge 2001) that 
were fresh enough to be necropsied were in good body condition with no sign of disease 
or contact trauma, yet all showed some type of auditory structural damage (Evans et al. 
2001). One Blainville’s beaked whale was the best preserved and showed bleeding in the 
kidney, lung and larynx, lesions in the heart, and bleeding in the inner ear and brain, 
symptoms providing strong evidence for acoustic trauma. It was concluded that some sort 
of acoustic insult (likely mid-frequency sonar) had caused a behavioural response leading 
to stranding, and the injuries from stranding were the cause of death. After a 2002 atypical 
stranding event coinciding with the Neo Tapon naval exercise in the Canary Islands, 
necropsy results from 8 Cuvier’s, 1 Blainville’s and 1 Gervais’ beaked whale showed 
lesions consistent with in vivo bubble formation, similar to those seen in human 
decompression sickness (i.e. wide-spread microvascular haemorrhages, fat emboli in 
organs and intravascular bubbles; Jepson et al., 2003; Fernández et al., 2005). Jepson et 
al. (2003) suggest that such symptoms of decompression sickness could result from 
behavioural changes while diving (ascending quicker than usual) in response to sonar 
exposure.  
 
Since the detection of decompression-like symptoms in stranded beaked whales, 
controlled play-back studies have attempted to explain the connection between sonar and 
strandings (Tyack et al. 2006; Zimmer and Tyack 2007; Tyack et al. 2011; DeRuiter et 
al. 2013; Allen et al. 2014). Although Baird et al. (2006) and Jepson et al. (2003) suggest 
ascending too quickly as the likely mechanism for mass strandings, beaked whale 
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responses to sonar playbacks show that both Blainville’s and Cuvier’s make longer and 
slower ascents away from the sound source during exposure (Tyack et al. 2011; DeRuiter 
et al. 2013). The response seen to sonar playbacks is similar, though less prolonged, than 
that seen to killer whale vocalisations, suggesting beaked whales are eliciting an anti-
predator response (Tyack et al. 2011; Allen et al. 2014). Zimmer and Tyack (2007) 
developed a model to predict nitrogen saturation and to examine the effect on nitrogen 
tension and bubble growth from different diving behaviours. Based on the results, the 
authors suggest that the sustained anti-predator response consisting of repeated bounce 
dives (to below the limit of alveolar collapse) and directed swimming away from the 
source for the duration of the sound could result in decompression sickness. Repeated 
dives to this shallow depth (25 m-72 m) while moving away from the sound source may 
increase the horizontal distance travelled while underwater and keep the individual out of 
the water depths where their primary predators are found. The longer an individual 
continues to make these shallow bounce dives, the greater the predicted risk of 
decompression sickness. It has therefore been suggested that reducing the length of sonar 
transmissions may shorten this anti-predator response and reduce the risk of injury, yet it 
is still unknown if an animal discontinues the response as soon as the sound is gone 
(Zimmer and Tyack 2007).  
 
Although beaked whale mass strandings are not particularly common (except Gray’s 
beaked whales in New Zealand; Patel et al. 2017), they do raise a lot of public attention 
when they occur (Parsons 2017). During these events, a discreet number of individuals 
are in danger or are being removed, yet without understanding the underlying population 
structure and level of connectivity, it is impossible to know whether these strandings are 
causing long-term, population-level impacts.  
 

1.2 THESIS OVERVIEW 

1.2.1 Justification 

As the first part of this review has highlighted, beaked whales are an incredibly diverse 
and elusive family, and little is known about population structure, connectivity, and 
genetic diversity for any ziphiid, on local or global scales. In recent years, beaked whales 
have come into the public eye due to their exceptional diving behaviour and dramatic 
behavioural responses linking certain anthropogenic sounds to mass stranding events 
(Cox et al. 2006; D’Amico et al. 2009). The recognized susceptibility to noise pollution 
and substantial knowledge gaps regarding abundance and population structure, strongly 
highlight that more information is required for effective management and conservation of 
these species. Highly publicised mass-stranding events clearly impact a discrete number 
of individuals but without data on population structure it is unknown whether they have 
long-term, population-level effects. Cuvier’s are one of the most studied beaked whales 
in terms of publications, and although mounting evidence suggests population structure, 
the insufficient amount of data means very little has been officially recognized. Due to 
the recognized susceptibility and genetic distinctiveness of Mediterranean Cuvier’s 
beaked whales, a “data-deficient” Mediterranean subpopulation has now been listed by 
the International Union for the Conservation of Nature (IUCN; Cañadas, 2012). 
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1.2.2 Study Species 

Figure 1-3. The four beaked whale species investigated this thesis and their relative sizes: a) Northern 
bottlenose whale (Hyperoodon ampullatus; 7-9 m), b) Cuvier’s beaked whale (Ziphius cavirostris, 7 m), 
c) Sowerby’s beaked whale (Mesoplodon bidens, 5.5 m), and d) Blainville’s beaked whale (Mesoplodon 

densirostris, 4.7 m). Drawings by Gabriel Melo-Santos.  

1.2.2.1 Cuvier’s Beaked Whale (Ziphius cavirostris) 

Cuvier’s beaked whale (or “goose-beaked” whale) is the only species in its genus and was 
described by Cuvier in 1823 from a specimen that was mistakenly identified as a fossil 
due to its heavily ossified rostrum (Heyning 1989). Cuvier’s reach lengths of 7m (Figure 
1-3b) and the relatively blunt profile of their heads terminates at a small and poorly 
defined rostrum (Heyning 1989; Baird 2018). Like all ziphiid males, two tusks erupt from 
the lower jaw outside the gape of the mouth, however unlike some members of the 
Mesoplodon genus (mesoplodonts), they are located on the terminal end of the mandibles. 
 
As with other ziphiids, Cuvier’s are rarely sighted at sea due to the short amount of time 
that they spend on the surface (Heyning and Mead 2008). Although easier to identify to 
species level than mesoplodonts, sex is difficult to determine as the colour patterns are 
not consistently sexually dimorphic (Coomber et al. 2016). Adult males vary in colour 

a. Northern bottlenose whale 

b. Cuvier’s beaked whale 

c. Sowerby’s beaked whale 

d. Blainville’s beaked whale 
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from nearly white to very dark and have a highly contrasted white cape extending from 
the melon to the dorsal fin.  Most adult females are brown with a much less contrasting 
cape extending a third of the way down their back however, up to 1/3 of the females 
identified in some locations have displayed the same pigment pattern as adult males 
(Coomber et al. 2016). Adults of both sexes usually display a large number of circular 
scars caused by cookie-cutter sharks, however this varies among locations with different 
abundances of the sharks. Males will display linear scars as a result of male-male 
aggression using their tusks (Heyning 1989; Coomber et al. 2016; Baird 2018). Such 
scarring and pigmentation patterns facilitate the use of photo-identification studies to 
identify individuals within populations.  
 
Cuvier’s beaked whales have the most cosmopolitan distribution of all ziphiids based on 
stranding records and at-sea sightings (Figure 1-4). Individuals have been sighted in all 
oceans and seas apart from high polar areas, including resident populations in the 
Mediterranean Sea (Allen, Mead, et al. 2011; Coomber et al. 2016; Podestà et al. 2016). 
As with other ziphiids, at-sea sightings are usually in deep water or near continental slopes 
and individuals are usually sighted in small groups or singularly (McSweeney et al. 2007; 
Schorr et al. 2014; Baird 2018). Similar to Blainville’s beaked whales, resident 
populations of Cuvier’s in Hawaii, the Bahamas, the Canary Islands and also the 
Mediterranean have been identified and individual Cuvier’s have been re-sighted over 
many years using photo-identification (McSweeney et al. 2007; Rosso et al. 2011; Reyes 
et al. 2012; Claridge et al. 2015). 
 
There is no single estimate of population size or abundance trend in Cuvier’s beaked 
whales, and many localized counts have had high levels of uncertainty (McSweeney et 
al. 2007; Taylor et al. 2008a; Cañadas and Vázquez 2014; Rogan et al. 2017; Baird 2018; 
Reyes 2018). Cuvier’s are the most common beaked whales to strand suggesting they are 
probably not as rare as originally believed (Kenyon 1961; Heyning 1989; Allen, Brownell 
Jr., et al. 2011). The IUCN estimates that there are over 100,000 individuals (Baird et al. 
2020) and classifies Cuvier’s beaked whales globally as “Least Concern” (Baird et al. 
2020). A sub-population has been assigned to Cuvier’s found in the Mediterranean, and 
since most of the required data on abundance, trends, and structure are still unknown, 
these animals are listed as “Data-Deficient” (Cañadas 2012). Although there are known 
threats that could cause localized declines, the species has such a large range that it is 
unlikely that a 30% reduction of population size over three generations will occur (Baird 
et al. 2020). Never the target of large-scale fisheries, Cuvier’s beaked whales were taken 
in both the Japanese Berardius fishery and the small cetacean fishery in Lesser Antilles 
(Allen, Brownell Jr., et al. 2011). Like Blainville’s beaked whales, Cuvier’s are also 
predated upon by killer whales (Heyning 1989) and have been discovered as bycatch in 
long-line and gillnet fisheries (Allen, Brownell Jr., et al. 2011).  
 
Long-term photo-identification studies have revealed that this species lives in small, 
discrete populations with some degree of site fidelity (Hooker et al. 2019) and it is likely 
that the current species-wide conservation status is thus inappropriate (Allen, Brownell 
Jr., et al. 2011).  
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Figure 1-4. Known distribution of Cuvier's beaked whale (Ziphius cavirostris).  

1.2.2.2 Blainville’s Beaked Whale (Mesoplodon densirostris) 

Blainville’s beaked whales (or “dense-beaked” whale) were described in 1817 by 
Blainville and are a member of the most speciose genera of ziphiids (Mead 1989). In 
Blainville´s, males exhibit erupted teeth raised up on the bony arch of the lower jaw 
(Mead 1989). Sharp denticles form on the tip of the teeth, which may wear down over 
time and are most often encrusted with barnacles. Based on their tooth morphology, it is 
suggested that Blainville’s are the most derived of the mesoplodont whales (Heyning 
1984). The erupted tusks and heavily ossified rostrum are expected to be used in male-
male combat (Heyning 1984).  
 
Blainville’s reach 4.7m in length (Figure 1-3d) and there is no evidence for sexual size 
dimorphism (MacLeod 2005). Females and sub-adults are difficult to differentiate as they 
are usually a non-descript grey/brown colour and lack distinctive erupted tusks (Mead 
1989). Dominance battles lead to linear body scarring in males, and in conjunction with 
circular scars on both sexes from cookie-cutter sharks (Mead 1989), these marks provide 
an opportunity to identify individuals using photo-identification (McSweeney et al. 2007; 
Allen, Mead, et al. 2011; Reyes et al. 2012; Claridge 2013).  
 
Blainville’s also have a global distribution (Figure 1-5) and they are the most widely 
distributed of all mesoplodonts (Mead 1989; MacLeod et al. 2006; Pitman 2018). 
Mesoplodonts are difficult to distinguish to a species level and much of what is known 
about individual distribution comes from stranding records (Mead 1989; Allen, Mead, et 
al. 2011). Individuals are thought to associate in small groups (Mead 1989; Claridge 2013; 
Reyes 2018; Marques et al. 2019) and be distributed throughout all warm-temperature 
waters in the world and some colder waters, although they are notably absent from the 
Mediterranean Sea (MacLeod et al. 2006; Allen, Mead, et al. 2011). In some locations, 
e.g. Hawaii, the Bahamas and the Canary Islands, resident populations have been 
identified and individual whales have been re-sighted over many years (Aguilar de Soto 
2006; McSweeney et al. 2007; Allen, Mead, et al. 2011; Reyes et al. 2012; Claridge 2013; 
Reyes 2018).  
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As with all other ziphiid species, there are no published global population size estimates 
of Blainville’s beaked whales (Pitman 2018). Only a handful of populations have been 
well studied and overall estimates of abundance and population trends are unknown. The 
IUCN recently updated their listing from “Data Deficient” (Taylor, Baird, J. P. Barlow, 
et al., 2008) to “Least Concern” (Pitman and Brownell Jr. 2020a). Although there are no 
documented observations, killer whales are likely predators based on tooth-scars and 
Blainville’s behavioural response to killer whale vocalization play-backs (Mead 1989; 
Allen, Mead, et al. 2011; Tyack et al. 2011; Allen et al. 2014). There has never been a 
directed Mesoplodon fishery however, Blainville’s have been taken opportunistically in 
Taiwanese small-scale, harpoon fisheries (Kasuya and Nishiwaki 1971; Mead 1989). 
Blainville’s are also taken incidentally in gill-net and long line fisheries (Mead 1989; 
Pitman 2018).  
 
 

Figure 1-5. Known distribution of Blainville's beaked whale (Mesoplodon densirostris).  

1.2.2.3 Sowerby’s beaked whale (Mesoplodon bidens) 

Sowerby’s beaked whales were the first mesoplodont to be officially recognized. 
Originally classified in 1804 as Physeter bidens (“two-toothed cachalot”; Sowerby, 1804) 
based on the skull of an individual stranded in Scotland, Sowerby’s share many of the 
same physical characteristics as other mesoplodont beaked whales (Ellis and Mead 
2017a). Notably, Sowerby’s reach approximately 5.5m in length (Figure 1-3c), have a 
longer beak length than many other mesoplodonts, and are typically dark grey in colour 
with some scarring (COSEWIC 2006; Ellis and Mead 2017a; Pitman 2018).  
 
Occupying a medium-sized range, Sowerby’s are the most northerly mesoplodont in the 
Atlantic with a distribution spanning from Massachusetts, USA to Labrador, Canada and 
across to Madeira and Northern Norway with some extralimital strandings and sightings 
in the Mediterranean, Gulf of Mexico and Brazil (Figure 1-5; MacLeod et al. 2006; Bittau 
et al. 2018; Pitman and Brownell Jr. 2020b). There’s no information about migrations or 
site fidelity, though Sowerby’s likely prefer deep water and/or continental shelves like 
other beaked whale species (COSEWIC 2006; MacLeod et al. 2006). With few external 
features to identify Sowerby’s at sea, there are not many sightings of live individuals 
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(Ellis and Mead 2017a; Pitman and Brownell Jr. 2020b). In the handful of cases where 
live individuals have been sighted at sea, groups have included up to 8-10 individuals 
(Hooker and Baird 1999b) and been of mixed composition with males, females and calves 
together (Hooker and Baird 1999b; Berrow et al. 2018).  
 
Few studies have specifically aimed to investigate Sowerby’s due to the difficulty 
sampling or observing individuals at sea. The ontogeny of tusk and jaw formation was 
evaluated across the skulls of Sowerby’s in Scotland, showing sexual and age-related 
dimorphism likely linked to intraspecific combat (Macleod and Herman 2004). 
Movement ecology and spatial structure were investigated in Sowerby’s museum 
specimens using stable isotopes and morphological variation, suggesting that a 
metapopulation may structure individuals across their range (Smith, Trueman, et al. 2021; 
Smith, Mead, et al. 2021).  Recently, two individuals outfitted with DTAGs showed for 
the first time that the foraging behaviour of Sowerby’s differed greatly from similar-sized 
Blainville’s, suggesting their ability to exploit different ecological niches and prey types 
using faster movements and echolocation clicks (Visser et al. 2022).  
 
Like other beaked whale species, there are no estimates of abundance across the entire 
Sowerby’s range. The species is classified as “Least Concern” by the IUCN Red List 
(Pitman and Brownell Jr. 2020b), where the justification for this category suggests that 
the species may encompass demographically independent populations (due to the wide 
geographic range), which would buffer potential risks to the species as a whole (Pitman 
and Brownell Jr. 2020b). In Canada, Sowerby’s are classified as “Special Concern” due 
to the observed risk of anthropogenic sounds to closely related species (Cox et al. 2006; 
Filadelfo et al. 2009), and an overlap of these potentially harmful activities (specifically 
sonar) with the known range of Sowerby’s (COSEWIC 2006). In the eastern North 
Atlantic, an estimate of n=3518 (95% CI: 1570-7883) Sowerby’s was calculated based 
on only six observations during ship-based and aerial surveys in 2005 and 2007 (Rogan 
et al. 2017).  
 

 
Figure 1-6. Known distribution of Sowerby’s beaked whale (Mesoplodon bidens). 
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1.2.2.4 Northern bottlenose whale (Hyperoodon ampullatus) 

Northern bottlenose whales were the first named extant beaked whale species (Forster, 
1770) and are one of the best studied beaked whale species due to their heavy exploitation 
in the 19th and 20th centuries (Whitehead and Hooker 2012; Moors-Murphy 2018). 
Striking sexual dimorphism resulted in the proposal of two separate species for males and 
females by Gray (1860). Males are larger (9.15m vs 7.3m; MacLeod, 2005; Ellis and 
Mead, 2017; Figure 1-3a) and have more bulbous and dense foreheads likely for head-
butting in male-male combat (Gowans and Rendell 1999). Colour patterns also vary 
between sexes with darker females and mottled brown to yellow males (Ellis and Mead 
2017b; Moors-Murphy 2018).  
 
Like Sowerby’s beaked whales, northern bottlenose whales are exclusively found in the 
North Atlantic and range from the northeast USA up to Davis Strait in Canada, across to 
Iceland and Norway, and down to the Azores (Figure 1-6; MacLeod et al. 2006).  
Extralimital records include the Canary Islands and Mediterranean, as well as in the 
shallow North and Baltic Seas (MacLeod et al. 2006). Based on whaling data, northern 
bottlenose whales were concentrated in six areas including north east Canada, Greenland, 
Iceland and north Norway (Whitehead and Hooker 2012), with some genetic differences 
between them. Northern bottlenose have a fission-fusion social structure, where females 
form loose networks and males can have some long-term associations (Gowans et al. 
2001). Group sizes tend to be smaller (<10) but larger groups have been seen (>20 
individuals) (Ellis and Mead 2017b; Moors-Murphy 2018).  
 
There is no single updated estimate for northern bottlenose whale abundance across their 
range, and the species is listed as “Near Threatened” by the IUCN Red List (Whitehead 
et al. 2021). Recent local estimates include n=143 individuals (95% CI: 129 - 156) in the 
Scotian Shelf (Canada) population (O’Brien and Whitehead 2013) and n=19539 (95% CI: 
9921 – 38482) in the Faroe Islands and Europe (Rogan et al. 2017). The Scotian Shelf 
(“Gully”) population has been heavily studied using photo-identification and genetics 
(Dalebout et al. 2006; O’Brien and Whitehead 2013) and is  listed as “Endangered” by 
the Canadian government (COSEWIC 2011). The Davis Strait-Baffin Bay-Labrador Sea 
population is listed as “Special Concern” (COSEWIC 2011).  
 

 
Figure 1-7. Known distribution of northern bottlenose whale (Hyperoodon ampullatus) 
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1.2.3 Molecular Ecology 

“Species are the result of descent with modification, and molecular 
characters are the direct archive of this history” (Dalebout et al. 2004, p. 
471) 

Improvements in DNA sequencing technology have opened up new avenues of research 
that incorporate molecular methods with ecology, advancing the field of “molecular 
ecology” (Monsen-Collar and Dolcemascolo 2010; Andrews and Luikart 2014; Hoelzel 
2018). Within this field, molecular data are used to investigate questions across spatial 
and temporal scales, from individuals to species and communities (DeYoung and 
Honeycutt 2005; Monsen-Collar and Dolcemascolo 2010). Marine mammals are well 
suited for this field of study since many of their behaviours are hard to observe in the wild 
and incorporating genetic tools can provide a more comprehensive overview of the life 
history and population dynamics of species and individuals (Carroll and Garland 2022). 
Some examples of the use of molecular ecological methods in marine mammal science 
have been to inform management by defining species and conservation units, estimate 
life history parameters, investigate evolutionary hypotheses regarding adaptation to the 
aquatic environment, assess individual and population health and diet, and for forensic 
identification of market products (Baker et al. 1996; Cammen et al. 2016; Leroy et al. 
2017; Waples et al. 2018; Zhou et al. 2018; Carroll and Gaggiotti 2019; Carroll and 
Garland 2022).  

1.2.3.1 Population genetics theory 

While the theories used to explain evolution have advanced greatly since Darwin first 
proposed it in 1859, the findings from some of the earliest theoretical publications still 
underpin the assumptions and analytic methods of population genetics (Darwin 1859; 
Charlesworth 2010). Namely, that genetic variation is driven by four evolutionary forces: 
mutation, natural selection, migration, and genetic drift. Mutations are the source of all 
new genetic variation in a closed gene pool. Natural selection concerns generational 
changes in phenotypes due to different survival or reproductive rates amongst individuals 
within a gene pool, and may lead to changes in gene frequencies. Natural selection can 
be directional (where one gene or genotype is consistently favoured), disruptive (where 
homozygotes are favoured), balancing (where heterozygotes are favoured), positive 
(selection for a particular genotype that increases fitness) or negative (when deleterious 
alleles/genotypes are removed from a gene pool). Migration, in this context, relates to the 
movement of individuals between populations and the exchange of genes between them 
(gene flow). Genetic drift is defined as the random changes in allele frequencies that occur 
from one generation to the next.  
 
Early theoretical models provide a framework for understanding the complexities of 
evolution. One of the most used is the Wright-Fisher model, which is an idealised 
population that is not evolving, with discrete generations, random mating, and equal 
reproductive success (Fisher 1922; Wright 1931). The theoretical size of a population that 
is subject to the same strength of genetic drift as an idealised Wright-Fisher population is 
termed the effective population size (Ne) (Wright 1931; Wright 1938). When the ideal 
population and Wright-Fisher population share the same strength of drift, the Ne will be 
the same as the census population size (Nc). A Wright-Fisher  population is expected to 
be in Hardy-Weinberg equilibrium (HWE), which means that allele and genotype 
frequencies will stay the same over time (Hardy 1908; Weinberg 1908). The equation that 
models the frequencies of alleles p and q at a single locus is p2 + 2pq +q2 = 1. Several 
assumptions are made about these theoretical models: the species is hermaphroditic, no 
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natural selection, no mutation, no migration, infinite population size (therefore no genetic 
drift), non-overlapping generations and random mating. While many of the assumptions 
are violated in wild populations, these theoretical models provide the framework to 
estimate genetic diversity, structure, and demographic changes over time.  
 
The neutral theory of molecular evolution states that all mutations are random (Kimura 
1991). The changes in allele frequency that occur by chance  is termed genetic drift. Under 
neutral theory, most genetic variation on a molecular level does not convey a fitness 
advantage, and the fixation rate of these mutations differs from those that can cause amino 
acid changes (Kimura 1991).This theory provides the basis for most population genetic 
analyses, with the assumption that the molecular marker being used is under no selective 
pressure. In the case of SNPs used for demographic analyses, selection on a few loci when 
thousands of SNPs are being analysed is thought to not impact the inferences as long as 
any physical linkage among SNPs is negligible (Waples et al. 2018). Neutral loci located 
in autosomal chromosomes are suitable for most applications of population structure, 
diversity and demographic reconstructions, since they are distributed across the genome 
and have been similarly impacted by the evolutionary history of populations (Luikart et 
al. 2003; Johnson and Lachance 2012).  

1.2.3.2 Population genetics applications: Beaked whales 

Based on aspects of the population genetics theories described above, this PhD aims to 
characterize the genetic structure, diversity, relatedness, and demographic history of 
beaked whale species across a wide temporal and geographic range using next-generation 
DNA sequencing. Bi-parentally inherited nuclear DNA markers (single nucleotide 
polymorphisms, SNPs) were derived from double-digest restriction-site associated DNA 
(ddRAD) sequences (Peterson et al. 2012). Whole mitochondrial genomes were 
sequenced from a representative number of individuals (Duchêne et al., 2011; Morin et 
al., 2012), allowing for investigations of broader patterns of population structure.  

1.2.3.2.1 Phylogenetics and population structure 
The current management of most ziphiids is done on a species-wide level, though 
mounting evidence suggests that population structure within beaked whale species may 
be more common than panmixia (Dalebout et al. 2001; Dalebout et al. 2004; Dalebout et 
al. 2006; Feyrer et al. 2019; de Greef et al. 2022). Although beaked whales appear to be 
a monophyletic group (Dalebout et al. 2004; McGowen et al. 2019), advancing genomic 
technologies reveal the presence of new species more frequently than any other cetacean 
family (e.g., Morin et al. 2017; Carroll et al. 2021). Delimiting higher order groups such 
as species and subspecies can be done using phylogenetic trees, which may be based on 
sequence/genotype similarities or optimality methods (maximum parsimony or 
likelihood) (Waples et al. 2018).  
 
Species are made up of populations with varying levels of isolation, and conservation and 
management of marine mammals on a species-level is considered to be insufficient as so 
many have wide-ranging distributions (Morin and Dizon 2018). Although there is not one 
single definition of a population (Waples and Gaggiotti 2006), it has been suggested that 
it would be more relevant to conserve the diversity within a species to a population or 
“stock” level (Reeves 2018). All definitions of population assume that some process 
unites individuals, and typically fall into either an ecological or evolutionary paradigm 
(Waples and Gaggiotti 2006). Within these two paradigms, the forces uniting individuals 
relate more to demography (individuals co-occur and can interact with each other; such 
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as “Demographically Independent Populations” (DIPs), Martien, Lang, et al. 2019) or 
genetics (individuals co-occur and can breed with each other; such as “Evolutionarily 
Significant Units” (ESUs), (Waples 1995), respectively (Waples and Gaggiotti 2006).  
 
Several methods are available to investigate genetic structure in cetaceans (see Waples et 
al. 2018), and for this thesis, population structure was characterised using clustering and 
without assigning populations a priori using the R package tess3r (Caye et al. 2018; R 
Core Team 2019). Analyses using tess3r are fast and allow you to incorporate the 
geographic coordinates of each sample to help guide the formation of clusters (see 2.7.1 
for a more in-depth review). Once biologically meaningful genetic clusters were 
identified, the commonly used fixation index (FST) was calculated between each 
population pair (Wright 1931; Wright 1951; Wright 1965; Weir and Cockerham 1984). 
This index is calculated based on allele frequencies and provides a measure of divergence 
between two populations ranging from 0 (no differentiation between populations) and 1 
(each population is fixed for a different allele). The statistical significance of FST values 
can be addressed by bootstrapping and calculating the 95% confidence intervals around 
the FST point estimates and the p-value. There are some limitations to FST (Jost 2008; Jost 
et al. 2018; Waples et al. 2018), but it is still recommended to infer population structure 
in cetacean populations due to the validity of its theoretical foundation and the wide use 
of it across wildlife studies (Waples et al. 2018).  

1.2.3.2.2 Genetic diversity 
In wild populations, there is a positive correlation between population size, genetic 
diversity and fitness (Hansson and Westerberg 2002; Bouzat 2010; Hoelzel 2018). 
Genetic diversity is an important measure of adaptive potential and is also linked to an 
individual’s or population’s resilience to environmental change (Reed and Frankham 
2003; Bouzat 2010; Leroy et al. 2017). Longitudinal photo-identification studies of 
several beaked whale species show they form resident populations (Gowans et al. 2001; 
McSweeney et al. 2007; Reyes et al. 2012; Claridge 2013; Aguilar de Soto et al. 2015). 
Living in small and socially-complex groups may indicate that beaked whales could 
naturally exhibit low levels of genetic diversity, thus increasing the risk of genetic erosion 
by the removal of individuals due to human impacts (Leroy et al. 2017). 
 
Many metrics are available to investigate the genetic diversity of populations and species, 
which are typically calculated from neutral DNA markers (nuclear microsatellites or 
SNPs) and mtDNA haplotypes (Waples et al. 2018). In this thesis, observed 
heterozygosity (Ho; frequency of heterozygotes per locus) and gene diversity (Hs; the 
expected probability that an individual will be heterozygous at that locus) were calculated 
in Chapters 3-5 for each ddRAD SNP locus and averaged within populations (Nei 1987a; 
Goudet 2005). Both measures estimate the evenness of genetic diversity within a 
population (Hoban et al. 2022). Allelic richness (AR, mean number of alleles per locus 
calculated through rarefaction) was also averaged within populations in Chapter 5 using 
ddRAD SNPs, as it can provide an indication of adaptive potential (Hurlbert 1971; El 
Mousadik and Petit 1996; Goudet 2005; Hoban et al. 2022). To estimate diversity of the 
mtDNA in Chapter 3, the number of segregating sites between haplotypes (S) and the 
number of unique haplotypes (h) were calculated per population, as well as the haplotype 
diversity (Hd, an indication of the uniqueness of a haplotype in a population) and 
nucleotide diversity (π, the average number of differences between sequences) per 
population (Rozas et al. 2017).  
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1.2.3.2.3 Inbreeding and Relatedness 
To maintain genetic diversity within a population, it is useful to understand the diversity 
within individuals. When inbreeding occurs, genetic diversity is lost due to individuals 
sharing genetic material that is derived from a common ancestor. The negative impacts 
of inbreeding on fitness (inbreeding depression) are due to the accumulation of 
deleterious recessive alleles, and evidence of this has been seen across taxa (Keller and 
Waller 2002; DeWoody et al. 2021; Hohenlohe et al. 2021).  
 
Inbreeding can be quantified using metrics such as the inbreeding coefficient (FIS), which 
was calculated for each population according to the method by Weir and Cockerham 
(1984) in Chapters 3-5. Individual-level metrics of inbreeding are also available, 
including Internal Relatedness (IR, Amos et al. 2001), an estimate of parental relatedness, 
which was calculated in Chapter 5.  

1.2.3.2.4 Demographic history  
Contemporary molecular data can tell us about the evolutionary history of past 
populations using analyses based on coalescent theory (Salmona et al. 2017). The 
coalescent method is a framework to reconstruct and trace the alleles in a population back 
through time to a common, ancestral allele (Charlesworth 2009). Based on this theory, 
several analytical techniques have been developed to estimate changes in effective 
population size backwards through time. Many such programs require that an underlying 
demographic model be specifically tested (i.e. Ne changes, population divergence, 
migration, etc), however some allow for a relaxed estimation of Ne changes overtime 
without a pre-defined demographic model (Salmona et al. 2017).  
 
In this thesis, demographic histories were investigated using two methods. Firstly, 
Tajima’s D was calculated directly from the SNP VCF files in Chapters 3 and 4 (Tajima 
1989; Danecek et al. 2011). Tajima’s D is a neutrality test statistic that can detect if a 
population is under any selective pressure. In practice, a population is in mutation-drift 
equilibrium when the Tajima’s D value does not differ significantly zero. When the 
Tajima’s D value is significantly positive, this indicates that there is a lack of rare alleles, 
a potential indicator of a recent population bottleneck. A positive Tajima’s D could also 
be an artefact of mixing individuals from different populations, which would look like 
balancing selection. When the Tajima’s D value is negative, there is an excess of rare 
alleles, which can indicate that a population expansion is occurring after a bottleneck or 
a recent selective sweep.  
 
Demographic histories were reconstructed for each population from unfolded site 
frequency spectrum (ancestral allele unknown, SFS) files using Stairway Plot 2 in Chapter 
4 (Liu and Fu 2020). The resulting plots from this analysis show changes in Ne overtime, 
which are calculated from theta (θ, the output of the Stairway Plot 2 calculations) and 
species-specific mutation rate per generation (μ) using the following equation: θ=4Neμ.   

1.2.3.3 Population genomics and wildlife conservation 

Improved sequencing technologies mean that genome-wide data are available for 
potentially any species, even in the absence of a reference genome (Hohenlohe et al. 
2021). Access to these genomic resources has provided conservation biologists with 
additional tools to assess the biodiversity of this planet (Hohenlohe et al. 2021). One of 
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the foundations of biodiversity is genetic diversity, as it is correlated with the structure, 
function and resilience of ecosystems (DeWoody et al. 2021; Hoban et al. 2022). Genetic 
markers are a particularly powerful tool to investigate biodiversity, as the timescale of the 
potential inferences can go back thousands of generations and be based on data from a 
single individual (Hoban et al. 2022).  
 
There are still many knowledge gaps and challenges to overcome to fully implement 
genomic methods in wildlife conservation (Hohenlohe et al. 2021; Hoban et al. 2022). 
For example, while specific metrics have been proposed to investigate genetic variation 
of populations and species (Hoban et al. 2022), some are difficult to calculate with 
insufficient sample sizes and some are best to evaluate when there is data from more than 
one time-point. Another great challenge will be to standardise the methods for sampling, 
generating and analysing the data (Hoban et al. 2022).  
 
Beaked whales are one of the most speciose families of cetaceans and some of largest 
predators in the deep sea, and therefore the viability and persistence of these populations 
will be important for maintaining the overall biodiversity and ecosystem function of this 
planet. Global collaborations and the use of archival specimens will be necessary for 
calculating conservation metrics to assess the health of populations and species across 
their sometimes-wide distributions.  

1.3 THESIS OUTLINE 

This thesis is made up of six chapters, to provide a comprehensive investigation of the 
ecology and evolution of beaked whales across time and space, with an aim to provide 
updated data for conservation and management applications.  

1.3.1 Chapter 2: General Methods 

Here I provide an in-depth explanation and justification for the laboratory, bioinformatic, 
and analytical methods used to conduct the analyses across the three investigative 
chapters. I also provide the methods and results from four optimisation studies done.  

1.3.2 Chapter 3: “Biogeography in the deep: Hierarchical population genomic 
structure of two beaked whale species” 

The primary objective of this chapter was to investigate the global population genetic 
structure of Cuvier’s and Blainville’s beaked whales and estimate whether current 
management units for conservation are appropriate. Using SNPs derived from ddRAD 
sequencing data and whole mitogenomes, I characterised population structure across the 
wide ranges of two cosmopolitan species and investigated structure at a finer spatial scale 
than in previous studies. Using this data, I proposed new management units to conserve 
in the form of ESUs and DIPs. This chapter was peer-reviewed and published in the 
journal Global Ecology and Conservation in October 2022 and is presented in its peer-
reviewed, pre-print format. I was the lead author of this work, and the list of co-authors 
and their contributions are described in more detail in Chapter 3.  

1.3.3 Chapter 4: “Demography in the deep: Reconstructed demographic histories 
of North Atlantic beaked whales 

In this chapter, I investigated the population structure and demographic histories of North 
Atlantic beaked whale species to infer their response to future climate change. 
Specifically, I used SNPs generated from four species found in the North Atlantic: 
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Cuvier’s, Blainville’s and Sowerby’s beaked whales (using ddRAD sequencing) and 
northern bottlenose whales (genotyping-by-sequencing, GBS) to calculate and compare 
demographic histories in the context of past glacial events. As both Sowerby’s and 
northern bottlenose whales are only found in the North Atlantic, I hypothesised that 
periods of extended historic climate change would reduce their populations more than the 
globally distributed Cuvier’s and Blainville’s, who would have access to lower latitude 
areas of refuge.  

1.3.4 Chapter 5: “Conservation in the deep: Genetic Essential Biodiversity 
Variables in ‘disturbed’ and ‘semi-pristine’ beaked whale populations” 

In this chapter I investigated whether population-level impacts of repeated anthropogenic 
disturbance are evident in small beaked whale populations based on genomic diversity 
metrics. To do this, I calculate four genetic Essential Biodiversity Variables (EBVs) for 
paired ‘disturbed’ and ‘semi-pristine’ beaked whale populations in three regions to 
estimate genetic variation. In this chapter, I predicted that the ‘disturbed’ populations 
would have stronger genetic drift (smaller Ne), lower genetic diversity and higher 
inbreeding. I also generated kin networks, for visualising and comparing the relatedness 
of individuals within beaked whale populations.  

1.3.5 Chapter 6: General Discussion 

In the final chapter, I synthesized the findings from the data chapters and highlighted the 
key contributions of my methods to population genomics. I finished the chapter with a 
discussion on the future directions that beaked whale genomics should take.  
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2 GENERAL METHODS  
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2.1 INTRODUCTION 

To meet the primary objectives described in Chapter 1 of investigating the ecology and 
evolution of an understudied group of non-model organisms, this PhD combined several 
laboratory and analytical methods to process and analyse high-throughput sequencing 
data. In the following chapter, I will present the foundational components of this thesis 
(the available tissue, DNA, and genomic sequences) as well as a thorough explanation of 
the laboratory and analytical methods used, including their justification when appropriate. 
In the final section, I provide details of the steps that I took to optimise parameters and 
test the suitability of various methods prior to the final analyses in the accompanying data 
chapters. 

2.2 AVAILABLE GENOMIC RESOURCES 

2.2.1  Genomic Databases 

Several international databases store and maintain repositories of genomic data for open 
access use by researchers. Currently, there are two which house genomic data for beaked 
whales. Genbank® is maintained and distributed by the National Centre for 
Biotechnology Information (NCBI) and houses all publicly available sequence data that 
has been generated across the widest range of species and sequence types in the world 
(Benson et al. 2005). The DNA Zoo database (https://www.dnazoo.org/assemblies) stores 
high quality reference genomes that have been generated using the Hi-C sequencing 
approach (Dudchenko et al. 2017) for as many species as possible to aid in wildlife 
conservation.  

2.2.2 Whole Nuclear Genomes 

As of 13 August 2022, the following whole nuclear genomes were available in open-
access databases for beaked whales: 
 
Genbank:  
Sowerby’s beaked whale (Mesoplodon bidens, GCA_004027085.1) 
Cuvier’s beaked whale (Ziphius cavirostris, GCA_004364475.1) 
Northern bottlenose whale (Hyperoodon ampullatus, GCA_024363105.1)  
 
DNA Zoo:  
Blainville’s beaked whale (Mesoplodon densirostris, 
 https://www.dnazoo.org/assemblies/Mesoplodon_densirostris) 
Gervais’ beaked whale (Mesoplodon europaeus,  
https://www.dnazoo.org/assemblies/Mesoplodon_europaeus) 
Stejneger’s beaked whale (Mesoplodon stejnegeri,  
https://www.dnazoo.org/assemblies/Mesoplodon_stejnegeri)  
 
Draft whole genomes of Cuvier’s and Sowerby’s beaked whales were provided by Jeremy 
Johnson of the Broad Institute before they were made available on Genbank. These 
genomes were sequenced as part of the NIH funded project, “The 200 Mammals Project: 
sequencing genomes by a novel cost-effective method, yielding a higher resolution 
annotation of the human genome”, a large-scale collaborative study comparing whole 
genomes from >200 species of mammal. The genomes were assembled with large contigs 
and little scaffolding but due to varying quality of DNA from the voucher specimens, the 
genome qualities vary accordingly. The Sowerby’s genome was considered good quality 
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(N50=41908) however the Cuvier’s genome is heavily fragmented (N50=7140). At the 
time the genomes were being used to align the sequencing data in Chapter 3 of this thesis, 
they were still undergoing the process of being uploaded to NCBI 
(https://www.ncbi.nlm.nih.gov/genome) and it was advised that any edits to the genome 
would have been extremely localised and not affect the alignments. These genomes have 
since been uploaded to Genbank and the accession numbers are provided above.  

2.2.3 Whole Mitochondrial Genomes 

Whole mitochondrial genomes (mitogenomes) were available from 236 individuals of 12 
ziphiid species (Table 2-1) on the NCBI Genbank database as of 13 August 2022. While 
I did not conduct any analyses using mitogenomes for this thesis, collaborators at the 
University of Copenhagen used mitogenomes from Cuvier’s and Blainville’s to provide 
complementary genetic structure and diversity estimates in Chapter 3.  

Table 2-1. Available whole mitochondrial genomes of family Ziphiidae on NCBI Genbank database. 

Genus Species n 
Berardius bairdii 2 
Hyperoodon ampullatus 138 
Indopacetus pacificus 2 
Mesoplodon bidens 2 

densirostris 20 
eueu 2 
europaeus 9 
ginkgodens 2 
grayi 23 
mirus 10 
stejnegeri 2 

Ziphius cavirostris 24 
Total 

 
236 

2.2.4 Collaborator Data 

Phylogenetic trees were generated for Cuvier’s and Blainville’s in Chapter 3 based on 
SNP genotypes generated from double digest restriction-site associated DNA (ddRAD) 
sequencing. To root these trees, ddRAD sequences generated using the same laboratory 
protocol were provided by Dr. Emma Carroll from Southern right whales (Eubalaena 
australis).  
 
The DNA sequence data for northern bottlenose whales were generated using genotyping-
by-sequencing” (GBS) by the project collaborator Dr. Morten Tange Olsen at the 
University of Copenhagen. DNA was extracted from these samples at the Centre for 
Geogenetics, Natural History Museum of Denmark using either a Qiagen DNeasy® 
Blood and Tissue kit or Thermo Scientific™ KingFisher™ Cell and Tissue DNA kit. 
DNA was sent to the Cornell University Institute of Biotechnology for GBS library 
preparation and sequencing following the methods of Elshire et al. (2011). The raw 
sequencing reads were incorporated in the comparative analysis of North Atlantic beaked 
whale species presented in Chapter 4.  



Chapter 2: General Methods 

DNA in the deep: Comparative molecular ecology for the conservation of beaked whales 28 

2.3 SAMPLE COLLECTION AND ARCHIVE 

2.3.1 Sample Collection Methods 

Tissue samples were either collected specifically for this project or provided on loan from 
archives maintained by contributors. A large set of samples was provided by Dr. Merel 
Dalebout, who used these samples for both her PhD thesis and subsequent publications 
(Dalebout et al. 2002; Dalebout 2002; VanHelden et al. 2002; Dalebout et al. 2003; 
Dalebout et al. 2004; Dalebout et al. 2005; Dalebout et al. 2006; Gomerčić et al. 2006; 
Dalebout et al. 2007; Dalebout et al. 2008; Dalebout et al. 2014). All samples were either 
skin biopsies collected directly from free-swimming animals, tissue collected from dead 
beach-cast or ship-strike individuals, or bone collected from dead stranded or museum 
specimens. Already-extracted DNA samples were provided by NOAA’s Southwest 
Fisheries Science Centre Marine Mammal and Turtle Molecular Research Sample 
Collection (https://www.fisheries.noaa.gov/west-coast/science-data/marine-mammal-
and-sea-turtle-research-tissue-collection). This DNA was extracted from biopsies 
collected from live whales, or tissue from dead beach-cast, ship-strike or entangled 
individuals. Freshly collected tissue samples were typically stored in DMSO or 70-99% 
ethanol and stored at -20°C. A full list of the samples that were sequenced for this thesis 
and their associated metadata are available in Appendix A. The organisation and/or 
individual that provided the sample is presented, as well as any animal welfare or ethical 
considerations required to collect tissue from deceased animals.  

2.3.1.1 Tissue collection via skin biopsy sampling 

Individual research institutions maintain their own protocols and regulations with regards 
to the collection of biopsy samples from live animals based on their own experiences, 
animal ethics and welfare guidelines, and government regulations. Typically, biopsy 
samples were collected using a small dart deployed by cross bow, adjustable-pressure 
modified air-gun, black powder gun or a pole (methods reviewed in Noren and Mocklin, 
2012). In some instances, sloughed skin was collected after the deployment of telemetry 
devices such as the suction-cup mounted DTAG on free-ranging individuals (Miller et al. 
2004). The specific procedures for close boat approaches and skin biopsy sampling are 
determined by the animal ethics approved protocols that each research group operates 
under, which may determine the number of individuals, their sex, age and breeding status, 
and the methods for targeting and approaching individuals for biopsy sampling. 
Typically, groups are approached slowly in small boats and sampled when they are within 
5-30 meters away. The reaction of the sampled individual, and sometimes the whole 
group, is recorded on a standardised scale (Noren and Mocklin 2012), following the 
approved animal ethics protocol the fieldwork is conducted under (Appendix A). 

2.3.1.2 Tissue collection from dead whales 

Most samples in this thesis were collected opportunistically from already deceased 
animals that were either beach-cast, dead at sea, or bycaught. Most of the beach-cast 
animals were sampled by members of organised stranding networks with the aim of 
collecting data on the health of individuals and wild populations, while also allowing for 
investigations into the biology and life history of often hard to study marine mammals 
(Appendix A).  
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2.3.2 Ethical Considerations and Approval 

The use of samples for this project was approved by the University of St Andrews School 
of Biology Ethics committee and the Animal Welfare and Ethics Review Body 
(AWERB). All research using vertebrate animals is strictly regulated in the UK under the 
Animals (Scientific Procedures) Act 1986 (ASPA) and the University of St Andrews 
adheres to the principles of the NC3Rs initiative (https://www.nc3rs.org.uk/). This PhD 
project involved the use of samples collected from live and dead animals overseas and 
tissue collected from dead-stranded specimens in the UK and is thus considered a non-
ASPA study which did not require a license from the UK Home Office. Ethics approval 
for this study was provided for the umbrella project supervised by Prof. Oscar Gaggiotti 
titled “Population genetics and molecular ecology of cetaceans” (see Ethics Approval 
letter, page v). All samples collected or donated by project collaborators, including skin 
biopsy samples and tissue collected from dead beach-cast or ship-strike individuals, were 
done so under appropriate local permits and if applicable, local animal ethics approvals 
as described in Appendix A.  

2.3.3 International Tissue Archive for Beaked Whales (ITABW)  

Figure 2-1. Map of all tissue (and DNA from NOAA) samples submitted to the International Tissue 
Archive for Beaked Whales (ITABW) for northern bottlenose whales (H. ampullatus), Sowerby’s (M. 
bidens), Blainville’s (M. densirostris), Gervais’ (M. europaeus), True’s/Ramari’s (M. mirus/eueu), and 

Cuvier’s beaked whale (Z. cavirostris). Some samples were also provided without species identified and 
are presented as “Unknown Ziphiid”.  

Between samples that were provided directly by collaborators on the Office of Naval 
Research (ONR) project that funded this PhD and from other contacted research, 
government and stranding organisations, this project has amassed an extremely large, 
international, beaked whale tissue sample collection. Due to the uniqueness of this dataset 
and rarity of beaked whale samples, an international repository for beaked whale samples 
(tissue and DNA) was created to be maintained between three institutions: the University 
of Auckland Waipapa Taumata Rau (maintained by Dr. Emma Carroll), the University of 
Copenhagen (maintained by Dr. Morten Olsen) and the University of La Laguna 
(maintained by Dr. Natacha Aguilar de Soto). The newly named “International Tissue 
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Archive for Beaked Whales”, or ITABW, will facilitate access to these samples by future 
researchers and ensure that none of these rare samples are ever lost or forgotten. This 
global initiative aims to increase the knowledge of the molecular ecology of these poorly 
understood species. In the future, it will be easy to submit any tissue collected from a 
beaked whale to one of the three archives, where they will be subsampled (if enough 
tissue is provided), archived in the appropriate medium and temperature, and any future 
use will require evaluation and approval by a small committee. A map with all samples 
in the ITABW database is presented in Figure 2-1. 

2.4 DNA EXTRACTION 

2.4.1 Method 

The Phenol:Chloroform:Isoamyl Alcohol method of DNA extraction as described by 
Sambrook, Fritsch and Maniatis (1989) was used in this thesis, with modifications 
allowing for greater recovery of DNA from small and difficult to digest samples (Baker 
et al. 1994), such as skin collected from free-ranging whales. This well-established 
method was suitable for the current study as it yields the greatest quantity and quality 
DNA, which is required for downstream next-generation sequencing applications.  
 
DNA was extracted from approximately 30-50mg of tissue (preferably from the skin-
blubber interface). Tissue samples were manually scored with sterile razor blades and 
digested overnight at 55°C in a mixture of 450μl SET buffer (53.9mL H2O, 0.1mL 0.5M 
EDTA, 5mL 1M Tris pH 8, 1mL 5M NaCl), 25μl SDS and 20-40μl Proteinase K. 
Following digestion, 500μl Phenol was added to each tube and rocked for 10 minutes 
before being spun down at 10,000rpm for 10 minutes. In this step, the phenol removes 
and absorbs the proteins, leaving a biphasic mixture with DNA, salts, and other 
contaminants in the top layer. After centrifugation, the top layer was removed and added 
to 500μl of Phenol:Chloroform:Isoamyl Alcohol (P:CI) at a 25:24:1 ratio. Samples were 
again rocked and centrifuged at 10,000rpm for 10 minutes each. The upper layer 
containing the DNA was removed and added to 500μl CI (24:1 ratio), rocked and 
centrifuged at 10,000rpm for 10 minutes each. The resulting supernatant with all proteins, 
salts and contaminants removed was moved to a new tube with 50μl of 3M sodium acetate 
and 1.2mL of isopropanol or pure ethanol (if samples were low quality/quantity) and 
inverted gently. If DNA precipitated immediately, the samples proceeded directly into the 
ethanol washes. If no visible precipitate occurred, 0.5μl linear polyacrylamide was added 
to each sample and then stored overnight at -4°C. After precipitation or the overnight 
storage, samples were spun at 13,000rpm for 10 minutes, pelleting the DNA at the bottom 
of the tube. All liquid (isopropanol or ethanol) was removed, 1mL of 70% absolute 
ethanol was added and samples were spun again at 13,000rpm for 10 minutes. This step 
was repeated one more time. With most of the ethanol removed, samples were left to dry 
completely on the bench before elution in 50-100μl of Qiagen EB buffer. At this stage, 
the DNA samples were checked for quality/quantity before laboratory analyses or 
archival at -4°C.  

2.4.2 Sample Quality Control and Scoring  

The extracted DNA was checked for quality and quantity using a NanoDrop™ (Thermo 
Scientific ™) spectrophotometer and gel electrophoresis. The NanoDrop™ measures 
sample purity based on the ratio of absorbances at 260nm/230nm (~2.0-2.2) and 
260nm/280nm (~1.8). Excessive deviations from these numbers can indicate carryover of 
contaminants such as phenol and ethanol from the extraction. Although fluorometric 
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methods such as the Qubit™ (Invitrogen™) are more accurate at quantifying precise 
amounts of double stranded DNA (dsDNA), spectrophotometry measurements by the 
NanoDrop™ (Thermo Scientific™) are sufficient for estimating the approximate 
quantity. Extracted DNA quality with regards to its integrity (state of degradation) can be 
checked using agarose gel (Figure 2-2). High molecular weight DNA will show a thick 
and well-defined band, which indicates that the DNA has not fragmented into smaller 
pieces. Degraded DNA will show up as a smear.  
 
As the protocol for ddRAD requires both high molecular weight and high concentration 
DNA (>20ng/ul), a scoring system was developed to rank samples (Table 2-2) prior to 
preparing libraries for pooling and sequencing. DNA was run on 1.2% agarose gels to 
assess the overall quality of the sample and the concentration was measured using a 
NanoDrop and Qubit. Samples selected based on their DNA score were pooled into 
libraries with individuals that shared the same score whenever possible.  

Figure 2-2. Example gel image of recently extracted DNA. In the 12 lanes above, the first has the 100bp 
ladder and the following lanes contain extracted DNA. Lanes 1, 7 and 11 have no visible DNA; lanes 3, 8, 
and 10 have only very fragmented DNA; and lanes 2, 4, 5, 6 and 9 show a band of high molecular weight 

(HMW) DNA with some fragmented DNA.  

Table 2-2. The scoring system developed to rank DNA samples before ddRAD library preparation based 
on the amount of DNA in the sample (measured using a Qubit fluorometer) and the molecular weight 

according to 1.2% agarose gels (HMW =High Molecular Weight, Smear=degraded DNA of varying sizes, 
LMW= Low Molecular Weight).   

 
 
 
 
 
 
 
 
 
 

Score DNA Concentration (Qubit) DNA Gel Result 
Great >20ng/ul HMW 
Good >20ng/ul HMW + smear 
Good >20ng/ul Smear 
Good >20ng/ul No visible DNA 
Good 15-20ng/ul HMW 
OK >20ng/ul LMW 
OK 15-20ng/ul Smear 
OK <15ng/ul HMW 
Some <15ng/ul Faint HMW 
Some <15ng/ul Smear 
Some <15ng/ul No visible DNA 

   L 1         2        3       4       5       6       7        8         9  10      11 
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2.5 GENOMIC LABORATORY METHODS 

2.5.1 Double-digest Restriction Associated Digest Sequencing 

Restriction site-associated DNA sequencing, or RADseq, was first described by Miller et 
al. (2007) out of a need to identify and genotype polymorphisms of non-model organisms 
in a high-throughput, yet cost-effective manner. The original use of the method generated 
species-specific microarrays and Baird et al. (2008) went on to adapt the method for 
Illumina sequencing, where one run could do the equivalent of hundreds of RAD arrays. 
This method is massively parallel due to the multiplexing of samples with individual 
barcodes, and allows for the discovery and genotyping of single nucleotide 
polymorphisms (SNPS) to occur in the same step (Baird et al., 2008).  
 
In the original RADseq protocol (Baird et al., 2008), one restriction enzyme (RE) was 
used to cut the genome at a rarely occurring motif. P1 adaptors were ligated to the RE cut 
site that contain primers for Illumina sequencing as well as a 4-5bp nucleotide barcode 
(short DNA sequence that can be used downstream to de-multiplex pooled samples). 
Once the adaptors were ligated, the DNA fragments were pooled together, mechanically 
sheared with a sonicator and broadly size-selected using gel electrophoresis. The final 
step before sequencing ligated a Y-shaped adaptor (P2) to the other end of the fragment, 
ensuring that fragments are only sequenced from the P1 end.  
 
ddRAD (Double-Digest RAD) sequencing builds upon this method by adding a second 
RE to the digest and uses explicit size selection, allowing researchers to have more control 
over the fraction of the genome that is sequenced (Peterson et al. 2012). In this protocol, 
samples were digested with two REs, one that targets a commonly occurring motif (4bp) 
and a rarely occurring motif (6bp). Unique P1 adaptors containing individual barcodes 
and PCR primers, and universal P2 adaptors with PCR primers, were ligated to both ends 
of the digested DNA. The samples were then cleaned, pooled and size selected using a 
Pippin Prep. A PCR step added a secondary identifier (index) to the P2 end and Illumina 
flow cell annealing sequences on both ends. After this step, samples can be cleaned, 
pooled, and sequenced.  
 
These methods have revolutionized the field of genomics for non-model organisms by 
dramatically increasing the ability to quickly and cost-effectively discover and genotype 
thousands of polymorphisms in the absence of a reference genome (Andrews et al. 2016; 
Cammen et al. 2016; Lowry et al. 2017). By massively increasing the number of markers 
per individual, the resolution and statistical power is great enough to conduct studies in 
ecology and evolution of species or populations that are difficult to sample or show little 
genetic diversity using traditional genotyping approaches (Cammen et al. 2016). The 
method described by Peterson et al. (2012) has many advantages over the single digest 
RADseq protocol by Baird et al. (2008). By adding a second RE digest, and eliminating 
random mechanical shearing and broad size selection, individual studies can be much 
more reproducible and precise. Limiting the DNA window that is sequenced and precisely 
size-selecting, means that the sequenced fragments from different individuals are more 
likely to be recovered from the same region of the genome (Peterson et al. 2012).  
 
To assess the usefulness of ddRAD for beaked whales, Carroll et al. (2016) conducted a 
pilot study using four samples each of Cuvier’s and Blainville’s beaked whales. 
Following the ddRAD protocol of Peterson et al. (2012) with modifications, it was found 
that approximately 10,000 variable loci (likely to be a sufficient number to detect 
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structure in beaked whales) at 30x coverage could be obtained with >4 million paired end 
reads. All four Blainville’s samples in this pilot study were collected from El Hierro, 
Canary Islands and showed no genetic differentiation using STRUCTURE (Pritchard et 
al. 2000; Carroll et al. 2016). The four Cuvier’s samples had a wider geographic origin 
(n=1 Scotland, n=1 Ligurian Sea, n=2 Canary Islands) and did show differentiation using 
STRUCTURE (Carroll et al. 2016). The initial analysis indicated that the Scottish sample 
belonged to a different population and when removed, the two Canary Island samples 
clustered together separate from the Ligurian Sea sample. The samples in this pilot study 
were sequenced using an Illumina MiSeq, and scaling up to a HiSeq2500, it was expected 
that 45-50 samples could be multiplexed in a single lane to obtain this level of coverage 
(Carroll et al. 2016).  
 
In the three data chapters that follow, laboratory methods for ddRAD library preparation 
followed the method described in Peterson et al. (2012) as modified in Carroll et al. (2016, 
2021). In order to combine many individuals into a single pool for sequencing, a 
combinatorial labelling system was used (Peterson et al., 2012). Each sequencing library 
contained DNA from up to 10 individuals labelled with 10 unique 5-8 bp long barcodes. 
Each sequencing library was labelled with a unique 6 bp long reverse index. This 
combinatorial approach using barcodes and indices allowed for multiplexing up to 50 
individuals in a single sequencing lane on a HiSeq2500, increasing the cost efficiency 
significantly.  
 
The specific steps to generate the ddRAD libraries were as follows. Samples selected for 
sequencing were normalised to 20ng/μl and underwent an overnight digestion at 37°C 
with two restriction enzymes: MspI and HindIII. After a 20-minute heat kill step at 65°C, 
adaptors were ligated with one of 10 forward barcodes per sample. This mixture was kept 
at 22°C for 2 hours followed by 65°C for 20 minutes. With unique barcodes now ligated, 
all samples within a library were pooled and cleaned using 3 PureLink PCR Micro Kit 
columns (Invitrogen) per library. Following the final elution step, 30μl of cleaned ligate 
underwent size selection to a 300-400bp range using a Pippin Prep (Sage Science). The 
resulting size-selected ligate was divided into 8 wells and library-specific reverse indices 
were annealed during PCR using a Phusion High-Fidelity PCR kit (ThermoFisher). PCR 
products were pooled and cleaned using AMPURE-XP (Beckman-Coulter) beads and 
eluted to a final volume of 10μl in EB buffer (Qiagen). 
 
Two separate rounds of sequencing were done in 2018 and 2020. The aim of the 2018 
sequencing round was to develop an understanding of the baseline patterns of genetic 
diversity and structure of Blainville’s and Cuvier’s beaked whales across their global 
ranges, providing context for investigating the impacts of anthropogenic activities on 
resident populations in future studies. It was decided that five lanes of sequencing on a 
HiSeq 2500 (Illumina) would be sufficient to balance the coverage of samples across their 
respective distributions and budgetary constraints. Finished libraries were sent to the 
National High-throughput DNA Sequencing Centre at the University of Copenhagen 
where the final library quantities and quality were checked with qPCR and Bioanalyzer 
(Agilent Genomics), and the libraries were normalised, pooled into sequencing lanes, and 
sequenced on a HiSeq2500 (Illumina) using paired-end (PE, 150bp) chemistry.  
 
The sequencing round in 2020 focused on individuals that were sampled in the three focal 
regions in Chapter 5 which are the focus of the ONR funded project: the Bahamas, Canary 
Islands and Mediterranean Sea. Following ddRAD library prep, final library quantities 
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were checked using the qPCR NGS Library Quantification Kit (Agilent Genomics) 
following manufacturer instructions. The final library quality and size was checked using 
a TapeStation 4200 (Agilent Genomics) and D1000 ScreenTape. Since the University of 
Copenhagen retired their HiSeq2500, the 2020 sequencing round was upgraded to the 
NextSeq (Illumina) platform, and ddRAD libraries for 150 individuals (three pools, five 
libraries per pool, 10 individuals per library) were sent to NovogeneAIT Genomics 
Singapore Pte. Ltd for PE (150bp) sequencing. 

2.5.2 Whole Mitogenome Sequencing 

Sequencing regions of mitochondrial DNA (mtDNA) has been a common method of 
studying genetic variation and divergence between species/populations for several 
decades (Harrison 1989). MtDNA is small, circular and conserved DNA that is found in 
the mitochondria, thus only inherited maternally and without any recombination 
(Harrison 1989). Traditionally, it was only possible to sequence fragments of the mtDNA 
genome due to cost and time, such as the non-coding control region (CR), cytochrome b 
(CytB) gene or the cytochrome c oxidase subunit 1 gene (CO1 or Cox1) (Duchêne et al. 
2011). Studies have shown that cetaceans have particularly slow molecular clocks and 
low genetic diversity, as such traditional short fragment mtDNA methods have been 
unable to resolve some phylogenies on species and/or population levels (Duchêne et al. 
2011; Morin et al. 2012).  
 
As the cost of DNA sequencing decreases, the ability to sequence whole mitogenomes of 
cetaceans has allowed for more accurate phylogenies and estimates of divergence time to 
be generated (Morin et al., 2008, 2012; Duchêne et al., 2011; Hancock-Hanser et al., 
2013; Thompson, et al., 2016). In a comparative analysis, Duchêne et al. (2011) compared 
the resolution of cetacean phylogenies using whole mitogenomes, subsets of informative 
genes, and single genes. Whole mitogenomes were determined to be the most reliable 
based on topologies that were highly supported and exhibited clock-like behaviour. This 
study also found that informative subsets of genes could summarize the phylogenies 
generated by the whole mitogenome, however they were species-specific and could only 
be determined by first sequencing entire mitogenomes. In longer time scales (>15 mya), 
single genes would also be sufficient for phylogenetic analyses. 
 
To explore major phylogeographical patterns and supplement the ddRAD analyses for 
Cuvier’s and Blainville’s in Chapter 3, complete mitogenomes were generated by Dr. 
Morten Tange Olsen and colleagues at the University of Copenhagen from a subset of the 
ddRAD individuals, including some low-quality museum specimens. “Shotgun” 
sequencing was used, whereby DNA was fragmented to approximately 350bp, using the 
M220 Focused-Ultrasonicator™ (Covaris), according to the manufacturer’s protocol. 
After fragmentation, samples were quantified on the Agilent 2200 TapeStation according 
to the protocol for genomic DNA, to verify fragmentation success. DNA libraries were 
built, using the blunt-end single-tube protocol described by Carøe et al. (2018) with a few 
modifications. To each library, 2 μl of 10 μM Illumina® adapters were added to the 
fragmented DNA, followed by a MiniElute (Qiagen) clean-up step before indexing with 
P5 and P7 indices. Libraries were sequenced using paired-end (PE) 150 bp chemistry on 
two lanes of Illumina® HiSeq 4000 at the National High-Throughput Sequencing Centre 
at University of Copenhagen, Denmark. In addition, 16 libraries characterized by average 
fragment lengths <300bp were sequenced on a single lane of HiSeq4000 using single-end 
80 bp chemistry.  
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2.6 BIOINFORMATIC PIPELINES 

2.6.1 Assessing Sequencing Read Quality 

All sequencing reads regardless of method (ddRAD, GBS and mitogenome) underwent 
quality control using the program FastQC (Andrews et al. 2010). FASTQ formatted files 
provided by the sequencing facilities were imported directly into FastQC to obtain a 
detailed report summarising the quality of the reads according to several analysis 
modules. Quality reports included per sequence quality scores, per sequence GC content, 
per base N content, sequence length distribution, etc. One of the most useful modules, per 
base sequence quality, gave an overview of how the quality of each base changed 
according to its position in the total read. Using these plots, you can decide if and at what 
length you would like to trim your sequencing read, as quality usually decreases as the 
read increases. An example plot of one sequencing library (Mde_L3, reverse) is in Figure 
2-3. As the sequencing read approaches 90 base pairs, the read quality decreases.  
 
There are some special considerations for interpreting FastQC results of sequences 
generated using restriction enzymes in the library preparation. Each sequencing read will 
have a restriction enzyme overhang which is visible in the slightly reduced quality score 
for the first 5 bases in Figure 2-3. This is more obvious in the “Per base sequence content” 
of a FastQC report, which will show extremely skewed per base composition for the first 
five bases which are the restriction enzyme overhangs. 

Figure 2-3. Per base sequence quality report for one sequencing library (Mde_L3) generated in FastQC. 
The quality score is based on the Illumina 1.9 encoded Phred score. In each box and whisker plot the red 
line indicates the median, the yellow box is the inter-quartile range, the whiskers represent 10% and 90% 

and the blue line indicates the mean quality. The shaded green region indicates good calls, the orange 
indicates reasonable quality, and the red area indicates poor quality.  
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2.6.2 SNP Discovery and Genotyping 

2.6.2.1 Bioinformatic pipeline selection 

Nuclear SNP genotypes were derived from ddRAD sequencing data using the program 
Stacks (v2, Catchen et al., 2011, 2013; Rochette, Rivera-Colón and Catchen, 2019). 
Unlike other genotyping programs, Stacks is particularly useful for non-model organisms 
as it can discover and genotype SNPs with or without a reference genome, and version 2 
is especially well suited to deal with paired-end sequencing data. As it was unknown 
whether reference genomes would be available in time for the analysis, Stacks was 
selected for its utility with de novo assembly. To further justify the use of Stacks, I 
compared the number of peer-reviewed papers citing the five most used genotyping 
programs or pipelines on Web of Science since 2013: dDocent (Puritz et al. 2014), 
UNEAK (Lu et al. 2013), Pyrad (Eaton 2014), ANGSD (Korneliussen et al. 2014) and 
Stacks (Catchen et al. 2011; Catchen et al. 2013; Rochette et al. 2019) (Figure 2-4). 
Within the Stacks pipeline, there are a number of parameters that can be modified which 
impact the genotyping stringency (Rivera-Colón and Catchen 2022) and rather than apply 
an arbitrary cut-off across all species, I undertook an optimisation study to determine the 
best set of parameters for using Stacks with the beaked whale ddRAD data (2.8.1). 
 

 
Figure 2-4. The number of journal citations for each of the five most used programs and pipelines 

(dDocent, UNEAK, PYRAD, ANGSD and Stacks) to discover and genotype SNPs between 2013 and 
2019, when the analysis was started.  

As described in section 2.2.2, reference genomes became available in April 2018 from 
Jeremy Johnson at the Broad Institute, and the reference map pipeline was followed in 
Stacks. The multi-step process of going from raw sequencing data to genotypes usable 
for various analyses in this pipeline involves five main steps: 1. cleaning the data, 2. 
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aligning the data, 3. building the loci catalogue, 4. applying a population-level framework 
and 5. filtering the dataset. Steps 1, 3, and 4 were conducted in Stacks while steps 2 and 
5 were done externally. Each step is described in detail below. 

2.6.2.2 Cleaning the data 

During library preparation, samples were pooled together based on the combinatorial 
labelling system of forward barcodes and reverse indices. The sequences were 
demultiplexed based on the library-specific reverse index by the sequencing centres prior 
to returning the data. The program ‘process_radtags’ in Stacks was then used to 
demultiplex individuals within libraries using their individual-specific forward barcodes. 
For each individual, this program allows you to check and correct the enzyme cut sites, 
check the quality score of a read in a sliding window and discard those below a determined 
threshold, and trim the ends off reads if the base quality deteriorates as the sequence 
length increases (see section 2.6.1). 

2.6.2.3 Aligning and sorting the data 

Once the sequencing reads were cleaned, trimmed, and demultiplexed, they were aligned 
to the reference genome using the BWA-MEM algorithm in the Burrows-Wheeler 
Alignment Tool implemented in the software BWA (Li and Durbin 2009; Li 2013). This 
algorithm is particularly well suited for Illumina reads between 70-100bp long and is 
faster and more accurate than the other alignment options (Li and Durbin 2009; Li 2013).  
Prior to alignment, the reference genome must be indexed, condensing the file, and 
therefore decreasing computation time. The alignments are output as human-readable 
SAM (Sequence Alignment/Map) files that are converted using SAMtools (Li et al. 2009) 
to a compressed, binary version called a BAM (Binary Alignment Map) file for more 
efficient downstream applications. Once the BAM files are sorted by their genomic 
coordinates in SAMtools, they were used to discover and genotype SNPs in Stacks.  

2.6.2.4 Building the loci 

SNP loci were discovered and genotyped from the sorted BAM files in the ‘gstacks’ 
program within Stacks. Stacks has incorporated the Bayesian genotype caller (BGC) 
algorithm of Maruki and Lynch (2015, 2017; Rochette, Rivera-Colón and Catchen, 2019) 
which uses a Bayesian genotype-frequency prior that takes into account population-level 
allele frequencies, does not assume Hardy-Weinberg equilibrium and estimates error rates 
directly from the sequence data (not from read quality scores) when calling genotypes 
(Maruki and Lynch 2015; Maruki and Lynch 2017). ‘gstacks’ first estimated significant 
polymorphic loci from the BAM alignments with confidence set by the parameter “var-
alpha” in ‘gstacks’ (Maruki and Lynch 2015; Rochette et al. 2019). Genotypes for each 
individual were called at these loci, using a method that takes into account allele balance 
and read depth (Maruki and Lynch 2017). Confidence in the genotype calling was done 
using a likelihood ratio test which compared the likelihood of the two most likely 
genotypes (Maruki and Lynch 2015).  
 
Four parameters must be defined within the ‘gstacks’ command and can be optimised in 
a preliminary analysis with a subset of the data: “min-mapq” (minimum mapping quality 
score to consider a read; 10,20), “max-clipped” (maximum soft-clipping level as a 
fraction of the read length; 0.1, 0.2), “var-alpha” (SNP discovery threshold; 0.05, 0.01) 
and “gt-alpha” (genotype calling threshold; 0.05, 0.01). The best combination of 
parameters was selected based on resulting datasets with the highest number of SNP loci 
and the lowest amount of missing data (see 2.8.1). 
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2.6.2.5 Applying a population framework 

The resulting loci from ‘gstacks’ were passed through the ‘populations’ program in 
Stacks. In ‘populations’, individuals and their genotyped loci can be analysed in a 
framework incorporating some sort of group assignment (such as geographical origin or 
sex) and then filtered according to minor allele frequency (MAF) or locus frequency 
within the entire population. To reduce bias from potentially arbitrary population 
designations, no such population framework was provided for Chapters 3 and 4, however 
a priori populations were assigned in Chapter 5 to maximise the number of loci retained 
for each population. MAF filters were applied only to ensure that there were no 
monomorphic loci.  

2.6.2.6 Filtering and Quality Control 

Massively parallel sequencing can lead to high error rates and genotypic uncertainties that 
can be introduced at any step throughout the analysis (O’Leary et al. 2018). Fortunately, 
many of these can be overcome by employing rigorous filtering to identify and reduce 
errors before analysing the final dataset (O’Leary et al. 2018). In this study, I implemented 
a tiered approach to filtering, starting with low cut‐off values for missing data (applied 
separately per locus and individual) and finalizing the dataset with higher thresholds. This 
alternative and iterative filtering method whereby you increase the cut-off threshold has 
been shown to retain more loci and individuals as poor‐quality individuals can deflate 
genotype call rates in otherwise acceptable loci while poor‐quality loci can increase the 
amount of missing data in otherwise acceptable individuals (O’Leary et al. 2018). 
Therefore, a rigorous quality control (QC) process followed Stacks ‘populations’ (Nielsen 
et al. 2011; O’Leary et al. 2018), using R v.3.6.0 (R Core Team 2019) and VCFtools 
v.0.1.12a (Danecek et al. 2011) to filter individuals and loci based on the amount of 
missing data, read depth, and quality score, following the recommendations of O’Leary 
et al. (2018; see Table 2-3).  

Table 2-3. List of filtering commands and steps used in the program VCFtools to filter loci and 
individuals based on locus depth, genotype quality, minor allele frequency (MAF) and missingness.  

Threshold 
Level 

VCFtools Command Description 

Low --minDP 5 –minGQ20 Recode genotypes with quality <20 and depth <5 to 
zero 

--maf 0.001 Remove the sites made monomorphic by previous 
step.  

--max-missing 0.5 Remove sites with >50% missing data 
--missing-indv Calculate missingness per individual, write a list of 

individuals with >50% missing data 
--remove Remove individuals on list with >50% missing data 

High --site-depth Calculate site depth, write a list of loci with mean site 
depth >3x the overall mean 

--exclude-positions Remove sites with site depth >3x the overall mean 
--max-missing 0.75 Remove sites with more than 75% missing data 
--missing-indv Calculate missingness per individual, write a list of 

individuals with >25% missing data 
--remove Remove individuals on list with >25% missing data 
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The list of remaining loci (“whitelist”) was passed back into ‘populations’, retaining loci 
that appeared in a predetermined proportion of individuals and had predetermined minor 
allele frequencies (depending on the analysis). The resulting data were exported as a VCF 
file using Stacks with a single random SNP written per locus, and any individuals with 
>25% missing data were removed using VCFtools. 

2.6.2.7 Assessing final datasets 

The resulting bi-allelic genotypes were plotted using the command “glPlot” in the R 
package, adegenet v. 2.1.1 (Jombart 2008), to visually inspect the frequency of the minor 
allele for each  locus. Such plots allow you to see where individuals or loci may have 
excessive amounts of missing data and in this study, individuals to remove were identified 
using “glPlot” due to sequencing errors from library-specific artefacts (Jombart 2008; 
Jombart and Collins 2017). To assess the quality of the final dataset for each species, the 
total number of SNP loci per species, per individual and SNP depth per individual were 
derived using VCFtools. The total proportion of missing data per species was calculated 
using adegenet. Ascertainment bias was not explicitly accounted for, as GBS-type 
approaches are not  

2.6.3 Mitogenome Assembly 

The following work involving mitogenomes was done by the collaborators at the 
University of Copenhagen. In summary, de-multiplexing of mitogenome sequencies and 
removal of indices with mismatches and initial QC were performed with bcl2fastq 
Conversion Software (Illumina®). All PE sequences were paired, merged and trimmed 
with the “BBDuk” plugin in Geneious v.9.1.5 (Kearse et al. 2012), and subsequently 
mapped to the reference mitogenomes for Cuvier’s (NCBI GenBank: LN997430) and 
Blainville’s beaked whales (NCBI GenBank: NC_021974.2), using Geneious mapper. 
Coverage was assessed for the newly generated mitogenomes using Geneious.  

2.7 ANALYSIS OF NUCLEAR SNP DATA 

2.7.1 Investigating and Measuring Population Structure 

The R package tess3r (Caye et al. 2018) was selected to carry out investigations into 
population structure for the ddRAD data for Chapters 3 and 4. This package incorporates 
genotypic and geographical information (latitude and longitude coordinates for each 
sample) in a spatially explicit, least-squares optimization approach to estimate ancestry. 
Results are presented in bar plots, where each individual is represented by a bar and the 
ancestry coefficients reflect the probability of population membership and estimates of 
admixture. Prior to running the program, a predefined range of ancestral population 
clusters (K) is assigned, and the appropriate value of K is selected based on the cross-
entropy scores and parsimony of resulting bar plots. Cross-entropy scores are plotted by 
the package against the range of K values to select the optimal value. In these plots, 
smaller cross-entropy scores indicate better fit, and often the best estimate of K is found 
when the curve reaches a plateau or starts to increase. In this study, there was rarely a 
clear minimum or plateau, and in these cases the optimal value of K was that which led 
to the most parsimonious assignment of individuals (least amount of admixture) to 
populations in the bar plots. This version of tess3r doesn’t assume an underlying 
biological model but does assume that individuals sampled close together will share more 
ancestry than those sampled from further away. 
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Population structure was also visualised using Discriminant Analysis of Principle 
Components (DAPC) in the R package, adegenet (Jombart 2008; Jombart et al. 2010). 
DAPC summarises the amount of genetic differentiation between groups (either 
determined a priori or using K-means clustering) while minimising the amount of 
variation within groups. The DAPC method comprises two steps. In the first, data are 
transformed using principal component analysis (PCA) based on a genotype matrix. In 
the second step, the uncorrelated variables generated by PCA in the first step are input in 
the Discriminant Analysis (DA) (Jombart et al. 2010; Miller et al. 2020). To optimise the 
number of principle components (PCs) to retain from the first step in the DAPC analysis, 
adegenet offers a cross-validation tool with “xvalDapc” (Jombart et al. 2010; Jombart and 
Collins 2015). This command subsets the data to use as a training set, runs the analysis 
over a pre-determined number of repeats (n=30), and determines the best number of PCs 
to retain based on whichever yields the highest predictive success of the training data with 
the lowest root mean squared error (RMSE). The resulting DAPC scatter plots visualise 
structure across two dimensions. In the following data chapters, DAPC optimisation was 
done using genetic populations identified a priori in tess3r.  
 
The amount of genetic differentiation between the defined clusters was measured by 
calculating pairwise FST values (Weir and Cockerham 1984) and their 95% confidence 
intervals (dartr v1.3.3, based on 100 bootstraps; Gruber, Unmack, Berry, & Georges, 
2018). Statistical significance of the fixation indices was determined by permutation test 
using the strataG R package or dartr (Archer et al. 2017; Gruber et al. 2018). Calculations 
of FST give a measurement of similarity of allele frequencies between populations, with 
high FST values indicative of greater genetic differentiation (Waples et al. 2018). FST is 
widely used to measure population divergence since its value and significance are easily 
calculated using different types of data and it is straightforward to interpretate (Waples et 
al. 2018).     

2.8 OPTIMISATION AND SENSITIVITY STUDIES 

Summarised here are the four analyses I undertook to ensure sound methodology: 
optimise the genotype calling algorithm in Stacks for the beaked whale dataset (2.8.1), 
compare the relative success of different cetacean genomes to retain reads and enable loci 
to be called across study species (2.8.2), compare the utility of two different sequencing 
platforms and estimate the reproducibility of ddRAD sequencing (2.8.3), and conduct a 
sensitivity analysis to determine the number of SNPs required to produce accurate 
estimates of genetic structure and diversity (2.8.4).  

2.8.1 Optimising ‘gstacks’ Parameters 

The Stacks SNP discovery pipeline (Rochette et al. 2019) implements the Bayesian 
genotype caller (BGC) algorithm of Maruki & Lynch (2015, 2017) in the command 
'gstacks' (2.6.2.4). Four parameters are defined within the ‘gstacks’ command and were 
optimised in a preliminary analysis with a subset of the data for each species analysed. 
The parameters are: “min-mapq” (minimum mapping quality score to consider a read), 
“max-clipped” (maximum soft-clipping level as a fraction of the read length), “var-alpha” 
(SNP discovery threshold) and “gt-alpha” (genotype calling threshold). 
 
To optimise the best ‘gstacks’ parameters for the Cuvier’s and Blainville’s analysis in 
Chapter 3, a subset of demultiplexed and QC reads from the 2018 sequencing run were 
selected. Cuvier’s (n=40) and Blainville’s (n=56) individuals were chosen as they were 
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considered high quality (>98% retained reads and >1,000,000 retained reads) and covered 
the widest geographical ranges. The full bioinformatic pipeline described above was run 
for each combination of parameters, and the best parameters were those that maximised 
the number of SNP loci and minimised the amount of missing genotypes(Appendix B).  
 
In summary, the following parameters were modified to optimise the ‘gstacks’ command 
for each dataset using the values in brackets: “min-mapq” (10,20), “max-clipped” (0.1, 
0.2), “var-alpha” (0.05, 0.01) and “gt-alpha” (0.05, 0.01).  The same parameters were 
used for Cuvier’s and Blainville’s in Chapters 3 and 5 but were re-calculated using just 
the samples used in Chapter 4. The final optimised ‘gstacks’ parameters used for each 
chapter are provided below in Table 2-4. 
Table 2-4. The final optimised parameters for ‘gstacks’ used to generate the SNP datasets in each chapter 

for the four study species: “min-mapq” (minimum mapping quality score to consider a read; 10,20), 
“max-clipped” (maximum soft-clipping level as a fraction of the read length; 0.1, 0.2), “var-alpha” (SNP 

discovery threshold; 0.05, 0.01) and “gt-alpha” (genotype calling threshold; 0.05, 0.01).  

Species Chapter min-
mapq 

max-
clipped 

var_ 
apha 

gt_ 
alpha 

Cuvier’s beaked whale 3, 4, 5 10 0.2 0.05 0.05 
Blainville’s beaked whale 3, 5 10 0.2 0.05 0.05 

4 20 0.2 0.05 0.05 
Sowerby’s beaked whale 4 20 0.2 0.01 0.05 
Northern bottlenose whale 4 10 0.2 0.05 0.05 

2.8.2 Comparing Suitability of Different Reference Genomes 

In Chapter 4, I investigated the population structure and demographic history of four 
beaked whales found in the North Atlantic: Northern bottlenose whale (“N. bottlenose”), 
Sowerby’s beaked whale (“Sowerby’s”), Cuvier’s beaked whale (“Cuvier’s”) and 
Blainville’s beaked whale (“Blainville’s”). Sequence data were generated for each 
species using ddRAD (Cuvier’s, Blainville’s and Sowerby’s, 2.5.1) or GBS (N. bottlenose 
by the University of Copenhagen, 2.2.4). In this chapter, I originally planned to use a 
reference genome basal to all four species to align the sequences to. I chose the sperm 
whale genome, as it was of very high quality and fully annotated (Physeter 
macrocephalus; Genbank Accession: GCA_002837175.2). A bioinformatic analysis was 
done to determine the differences in datasets when aligning sequences to the Cuvier’s 
genome or the sperm whale genome for SNP discovery and future analyses. In doing this, 
I was also able to assess the suitability of the Stacks and VCFtools pipeline for the N. 
bottlenose GBS data. 
 
DNA sequences from individuals analysed in Chapter 4 (n=58 N. bottlenose, n=89 
Cuvier’s, n=40 Sowerby’s and n=35 Blainville’s from the North Atlantic only) were 
demultiplexed using ‘process_radtags’ in Stacks. BWA was used to align the cleaned 
reads to either the Cuvier’s or sperm whale genomes, and Table 2-5 shows the cleaning 
and alignment summaries for each species/alignment. The percentage of retained reads 
was high for each species and the percentage of kept alignments varied widely. The 
percentage of kept alignments was consistently higher when the Cuvier’s reference 
genome was used, however.  
 
The ‘gstacks’ component of Stacks identified and genotyped a catalogue of SNPs in each 
set of alignments using the same parameter values in Chapter 3 (--max-clipped 0.2 --min-
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mapq 10 --var-alpha 0.05 --gt-alpha 0.05). The ‘gstacks’ calls were run through the 
‘populations’ program in Stacks without any a priori population designation in this step. 
The resulting VCF files underwent the stringent filtering steps using VCFtools and R 
based on missingness of loci and individuals as well as locus depth (2.6.2.6). Finally, the 
remaining individuals and SNPs were passed back through ‘populations’ for a second 
time, resulting in a final VCF file. Dataset summaries for each species/alignment 
combination are in Table 2-6. For the datasets based on ddRAD data, the final number of 
SNPs was high (>25k), and the N. bottlenose data had many fewer SNPs (>1400). Across 
all species, more SNPs were retained when the Cuvier’s dataset was used.  
Table 2-5. Summaries from demultiplexing and aligning DNA sequences of the four species analysed in 

Chapter 4 using Cuvier’s and sperm whale reference genomes.  

Species n Mean 
Total 
Reads 

Mean 
Retained 
Reads 

Mean  
% 
Retained 

Reference 
Genome 

Mean 
Total 
Alignments 

Mean 
Alignments 
Kept 

Mean 
% 
Kept 

Cuvier's 89 6174056 6108788 94% sperm whale 5601180 3154768 54% 
Cuvier's  5488349 3698910 65% 

Blainville's 35 5059604 5010074 96% sperm whale 5241059 3256010 61% 
Cuvier's  5197128 3649521 69% 

Sowerby's 40 7553143 7484999 89% sperm whale 7810003 4519592 51% 
Cuvier's  7712545 5366259 62% 

N. 
bottlenose 

58 1401190 1384101 98% sperm whale 1387796 360727 25% 
Cuvier's  1388155 385256 27% 

Table 2-6. Summary of SNP loci and individuals retained across each of the Stacks ‘populations’ runs and 
the final filtering steps in VCFtools and R.  

Species Reference 
Genome 

n Pop1 
Polymorphic 
Sites 

Pop2 
Polymorphic 
Sites 

Final 
n 

Final No 
SNPs 

Mean 
Coverage 

Mean % 
Missing 

Cuvier's Sperm whale 89 1473308 29533 55 22987 53.5 1.99 
Cuvier's 89 1752665 32899 55 32899 54.4 2.45 

Blainville's Sperm whale 35 588541 26698 29 26698 46.0 3.07 
Cuvier's 35 689592 29612 29 29612 46.8 3.22 

Sowerby's Sperm whale 40 293965 36847 29 33525 65.8 2.02 
Cuvier's 40 370378 36847 29 36847 68.1 2.04 

N. 
bottlenose 

Sperm whale 58 27007 1145 28 1145 10.8 1.69 
Cuvier's 58 30348 1308 28 1308 10.2 1.56 

 
The final VCF files for each combination of species and reference genome were loaded 
into R to inspect visually. The function “glPlot” in the R package adegenet was used to 
display the VCF files as a heatmap, with each row corresponding to an individual, each 
column to a SNP locus, and each colour representing a different genotype. These plots 
were used to highlight individuals that had seemingly excessive rare alleles, which were 
inferred to be suffering from some batch effect such as contamination. These samples 
were removed, and the pipeline rerun to call loci. 
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In conclusion, ddRAD and GBS sequences aligned to the Cuvier’s reference genome 
consistently yielded more SNPs across all four species (Table 2-7) and so these data were 
selected for the analyses in Chapter 4. These data were also deemed most appropriate for 
the demographic reconstructions, because sequences aligned to the sperm whale genome 
were likely biased towards highly conserved regions, which is not desirable for 
demographic reconstructions. Regardless of the reference genome used, the N. bottlenose 
GBS samples yielded far fewer SNPs compared to the ddRAD datasets, however it was 
determined that this pipeline was adequate to include these samples in the chapter.  

Table 2-7. Final SNP datasets for each species and reference genome combination.  

Species Reference Genome n No SNPs 
Cuvier’s Sperm whale 55 22987 

Cuvier’s 55 32899 
Blainville’s Sperm whale 25 20466 

Cuvier’s 25 24120 
Sowerby’s Sperm whale 27 25074 

Cuvier’s 27 29660 
N. bottlenose Sperm whale 28 1145 

Cuvier’s 28 1308 

2.8.3 Concordance of SNP loci between different sequencing runs and platforms 

Little has been published about the reproducibility between sequencing platforms when 
the same library preparation method and samples have been used. To address this, a subset 
of Blainville’s (n=21) and Cuvier’s (n=25) that were sequenced in both the 2018 and 
2020 sequencing runs (HiSeq2500 and NextSeq platforms, respectively) underwent the 
same bioinformatic pipeline to determine how consistently SNP loci were discovered and 
genotyped.   
 
Individuals were selected if they had more than 1,000,000 reads after demultiplexing and 
quality control in the Stacks ‘process_radtags’ program. ‘Process_radtags’ was used to 
remove barcodes, remove bad quality reads (phred score =10) and trim sequences to 90bp 
(the point at which quality readings began to decline according to FastQC). The trimmed 
and demultiplexed sequences were aligned to reference genomes (Cuvier’s and 
Blainville’s) using the BWA-MEM algorithm implemented in BWA (Li and Durbin 
2009; Li 2013). The bioinformatic pipeline outlined above was run twice. First, the 
duplicate samples were analysed separately by year. Then, the 2018 and 2020 alignment 
files were merged for each individual. Alignments were run through the Stacks program 
‘gstacks’ using the optimised parameters found for both Cuvier’s and Blainville’s in 
Chapter 3. The ‘gstacks’ catalogue was passed through the ‘populations’ module with no 
a priori population designation and including a minor allele frequency filter (MAF) to 
ensure no monomorphic loci were present. The resulting VCF files were filtered using 
VCFtools and R as described above (2.6.2.6) with the final filtered VCF file used as input 
for a second run in Stacks ‘populations’.  
 
VCFtools provides several options for comparing two VCF files. First, I compared the 
final 2018 and 2020 VCF files (--diff-indv) to see if the same individuals passed the QC 
and filtering steps. I calculated the shared loci between the two files (--diff-site) and 
estimated the number of discordant genotypes between the 2018 and 2020 VCF files for 
each individual and locus (--diff-indv-discordance and --diff-site-discordance, 
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respectively). To use the comparison functions in VCFtools, the two different VCF files 
must share all the same chromosomes and since the reference genomes used were 
scaffolds and not chromosome level, many (>1000) weren’t shared between the files and 
needed to be excluded from the discordance calculations.  
 
The resulting datasets from the optimisation subset are displayed in Table 8, including 
the 2018, 2020 and the 2018/2020 merged dataset. Many SNPs were discovered and 
genotyped per individual, with little missing data, regardless of the sequencing platform 
used. Most individuals were retained through the bioinformatic pipeline in both species, 
regardless of the sequencing platform used (Table 2-8).  

Table 2-8. Sample sizes and final number of loci in the optimisation datasets following the full 
bioinformatic pipeline. “Merged” indicates that the FASTA files generated in 2018 and 2020 were 

merged for each duplicated individual prior to the bioinformatic pipeline.  

  
  

Blainville's Cuvier’s 
2018 2020 Merged 2018 2020 Merged 

Starting_N 21 21 21 25 25 25 
Final_N 17 17 19 24 22 24 
Final_SNP_Loci 34,443 32,707 36,441 81,211 80,664 75,375 
Final_Missing_% 3.03 5.2 4 4.52 5.64 5.33 

 
Comparison of the 2018 and 2020 datasets showed a high percentage of SNP loci were 
common to both datasets, compared to the total number of SNP loci found across both 
datasets (Blainville’s: 76%, Cuvier’s: 81%, Table 2-9). Of the loci genotyped in common 
between 2018 and 2020, individual site discordance ranged from 0.12-0.90% (0.33% 
mean discordance) in Blainville’s and 0.13-37.04% (3.47% mean discordance) in the 
Cuvier’s (Table 2-9). Overall, site discordance was low per site in both datasets 
(Blainville’s: 0.35%, Cuvier’s: 3.60%, Table 2-9). The findings are further explored in 
the discordance matrices presented in Table 2-10 and Table 2-11. Each matrix gives the 
counts of loci that shared the same genotype across both files, shared 1 allele across both 
files, shared no alleles across both files or were missing in either file. There are many 
more discordant loci in the Cuvier’s dataset (also seen in the maximum individual 
discordance in Table 2-9), which is due to two likely contaminated individuals with >30% 
discordance across all sites.  
Table 2-9. Sample sizes, final number of loci and discordance between the datasets generated in 2018 and 

2020.  
 

Blainville’s Cuvier’s 
Starting n 21 25 
Final n 17 22 
Total loci in both files 34443 81211 
Common loci between files 26182 65874 
2018 only loci 6765 7098 
2020 only loci 5249 7133 
Minimum individual discordance 0.12% 0.13% 
Maximum individual discordance 0.90% 37.04% 
Mean individual discordance 0.33% 3.47% 
Discordant alleles 1219 48081 
Discordant loci 856 36277 
Mean locus discordance 0.35% 3.60% 
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Table 2-10. Discordance matrix for the 2018 and 2020 Blainville’s SNP datasets. The row and column 
heading indicate the genotype and the dot indicates missing data.  

Blainville’s Discordance Matrix 2018: 0/0 2018: 0/1 2018: 1/1 2018: ./. 
2020: 0/0 243723 466 1 2958 
2020: 0/1 321 105806 142 1967 
2020: 1/1 0 217 23532 578 
 2020:   ./.       5634 3943 867 2377 

Table 2-11. Discordance matrix for the 2018 and 2020 Cuvier’s SNP datasets. The row and column 
heading indicate the genotype and the dot indicates missing data.  

Cuvier’s Discordance Matrix 2018: 0/0 2018: 0/1 2018: 1/1 2018: ./. 
2020: 0/0 985370 14513 5399 22004 
2020: 0/1 17699 231966 2896 6690 
2020: 1/1 4642 2598 82927 3070 
2020: ./. 32523 11599 4369 19445 
 
Overall, the two sequencing platforms yielded consistent loci and genotypes between 
years. This is reassuring given that reproducibility is one of the main advantages 
advertised by the ddRAD methodology, however, there has been little published evidence 
to show this. 

2.8.4 SNP Dataset Sensitivity Study 

In Chapter 4, GBS sequence data for N. bottlenose was provided by project collaborators 
at the University of Copenhagen (2.2.4). The bioinformatic pipeline for ddRAD 
sequences was able to identify and genotype SNP loci from this data, however the number 
of loci generated from the GBS data (~1000 SNPs) was far lower than the ddRAD data 
(~30 k-100 k SNPs). Using the Cuvier’s dataset (which had the most SNPs in the final 
dataset, ~130 k), I conducted a sensitivity analysis to determine whether the number of 
SNPs in the N. bottlenose dataset was sufficient to produce accurate estimates of genetic 
structure and diversity.  
 
The final Cuvier’s SNP dataset was randomly subset using the package dartr (Gruber et 
al. 2018) down to 100 k, 50 k, 10 k, 1 k and 200 SNPs. A DAPC analysis was done for 
each SNP subset to see if the structure that had been characterised using ~130 k SNPs 
would be as clear using fewer loci. The four genetic clusters identified in the full analysis 
(Canary Islands, Northeast, Spain, West) were included in the DAPC as a priori 
populations. The results of these DAPCs are presented in Figure 2-5. As in Chapter 3, the 
population of 2 individuals from Spain were highly divergent, and to visualise the clusters 
more easily, the 2nd and 3rd discriminant functions are presented. Clear differentiation 
between the clusters is present down to 1k SNPs, with some overlap appearing in the 200 
SNP plot Figure 2-5.  
 
Each of the SNP datasets were run through tess3r to see if there were any major 
differences between values of K depending on the number of SNP loci used. Figure 2-6 
shows the cross-entropy plots for each of the five datasets and the resulting co-ancestry 
plots are presented in Figure 2-7. As with the DAPC, the same patterns of population 
structure are retained until 200 SNPs, when increased admixture at K=4 starts to muddle 
the structure.  
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Estimates of genetic differentiation were calculated using dartr as described above in 
section 2.7.1 between each genetic cluster using each of the five datasets, and the point 
estimates of FST, the 95% confidence intervals and p-values are presented in Table 2-12. 
FST estimates are relatively stable, though with widening confidence intervals down to 1k 
SNPs. Using only 200 SNPs, two pairs are no longer significantly differentiated (Table 
2-12). The Weir and Cockerham inbreeding coefficient, FIS was calculated for each 
population using the five datasets (Table 2-13). Like the FST calculations, confidence 
intervals widen as the number of SNPs is reduced, and the estimates based on 200 SNPs 
are significantly different from the other datasets. 
 
Using DAPC, tess3r and calculations of FST and FIS, I conclude that using this subset of 
1000 random SNPs (the approximate number of SNPs generated from the N. bottlenose 
GBS data), nearly identical results are found compared to those calculated using 130k 
SNPs in Chapter 4.  
 

Figure 2-5. DAPC scatter plots for each of the Cuvier’s SNP datasets (a. 100k SNPs, b. 50k SNPs, c. 10k 
SNPs, d. 1000 SNPs, e. 200 SNPs) with the original genetic clusters as priors. The second discriminant 

function is shown along the x-axis and the third is along the y-axis.  

 
 
 
 

a. b.

c. d.

e.

a.  
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Figure 2-6. Cross entropy plots from the tess3r analysis of each of the 5 SNP datasets using a. 100 k 
SNPs, b. 50 k SNPs, c. 10 k SNPs, d. 1 k SNPs, and e. 200 SNPs.  

b.

c. d.

e.

a.  



 

 

 
Figure 2-7. Bar plots of coancestry coefficients using K=4 clusters for each SNP dataset generated using a. 100k SNPs, b. 50k SNPs, c. 10k SNPs, d. 1k SNPs, and e. 200 

SNPs. Each bar in the plots represent one individual whose North Atlantic population is listed along the x-axis (CI: Canary Islands, NE: Northeast, SP: Spain, W: West). The 
colours correspond to the proportion of ancestry shared amongst the four genetic clusters.  
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Table 2-12. Estimates of genetic differentiation (FST), 95% confidence intervals and associated p-values are presented for each population pair, calculated using each SNP 
dataset. The values in bold are significant at p<0.05.  

Pop 1 Pop 2 100k SNPs 50k SNPs 10k SNPs 1k SNPs 200 SNPs 
CI NE 0.007 (0.006, 0.007) 0.007 (0.006, 0.008) 0.006 (0.005, 0.008) 0.007 (0.003, 0.011) -0.003 (-0.013, 0.005) 
CI W 0.012 (0.011, 0.013) 0.012 (0.011, 0.013) 0.012 (0.01, 0.014) 0.018 (0.013, 0.024) 0.002 (-0.009, 0.017) 
CI SP 0.153 (0.15, 0.156) 0.156 (0.15, 0.161) 0.156 (0.145, 0.164) 0.127 (0.101, 0.154) 0.165 (0.086, 0.22) 
NE W 0.011 (0.01, 0.012) 0.011 (0.01, 0.012) 0.011 (0.009, 0.014) 0.015 (0.009, 0.02) 0.01 (0, 0.024) 
NE SP 0.141 (0.138, 0.144) 0.143 (0.139, 0.147) 0.145 (0.134, 0.153) 0.123 (0.094, 0.148) 0.153 (0.078, 0.2) 
W SP 0.153 (0.15, 0.156) 0.156 (0.151, 0.16) 0.155 (0.143, 0.162) 0.123 (0.099, 0.149) 0.169 (0.079, 0.221) 

 
Table 2-13. Estimates of Weir and Cockerham’s FIS 95% confidence intervals are presented for each population pair, calculated using each SNP dataset. 

Pop 100k SNPs 50k SNPs 10k SNPs 1k SNPs 200 SNPs 
CI (0.142, 0.146) (0.141, 0.147) (0.142, 0.158) (0.118, 0.168) (0.068, 0.208) 
NE (0.145, 0.148) (0.142, 0.149) (0.133, 0.147) (0.115, 0.156) (0.089, 0.193) 
SP (-1.043, -1.032) (-1.036, -1.023) (-1.053, -1.019) (-1.039, -0.957) (-1.291, -1.000) 
W (0.152, 0.157) (0.146, 0.153) (0.149, 0.168) (0.142, 0.193) (0.077, 0.194) 
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This chapter was published in Global Ecology and Conservation as “Biogeography in the 
deep: Hierarchical population structure of two beaked whale species” 
(https://doi.org/10.1016/j.gecco.2022.e02308). Here I present this publication in the pre-
proof version that was submitted to the journal following peer-review and acceptance for 
publication. All electronic supplemental materials and tables that are referred to 
throughout the text are in Appendix C. I was the lead author on this work, and the full list 
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3.0 ABSTRACT 

The deep sea is the largest ecosystem on Earth, yet little is known about the processes 
driving patterns of genetic diversity in its inhabitants. Here, we investigated the macro- 
and microevolutionary processes shaping genomic population structure and diversity in 
two poorly understood, globally distributed, deep-sea predators: Cuvier’s beaked whale 
(Ziphius cavirostris) and Blainville’s beaked whale (Mesoplodon densirostris). We used 
double-digest restriction associated DNA (ddRAD) and whole mitochondrial genome 
(mitogenome) sequencing to characterise genetic patterns using phylogenetic trees, 
cluster analysis, isolation-by-distance, genetic diversity, and differentiation statistics. 
Single nucleotide polymorphisms (SNPs; Blainville’s n=43 samples, SNPs=13988; 
Cuvier’s n=123, SNPs= 30479) and mitogenomes (Blainville’s n=27; Cuvier’s n=35) 
revealed substantial hierarchical structure at a global scale. Both species display 
significant genetic structure between the Atlantic, Indo-Pacific and in Cuvier’s, the 
Mediterranean Sea. Within major ocean basins, clear differentiation is found between 
genetic clusters on the east and west sides of the North Atlantic, and some distinct patterns 
of structure in the Indo-Pacific and Southern Hemisphere. We infer that 
macroevolutionary processes shaping patterns of genetic diversity include 
biogeographical barriers, highlighting the importance of such barriers even to highly 
mobile, deep-diving taxa. The barriers likely differ between the species due to their 
thermal tolerances and evolutionary histories. On a microevolutionary scale, it seems 
likely that the balance between resident populations displaying site fidelity, and transient 
individuals facilitating gene flow, shapes patterns of connectivity and genetic drift in 
beaked whales. Based on these results, we propose management units to facilitate 
improved conservation measures for these elusive species. 

3.1 INTRODUCTION 

The deep sea is the largest habitat on Earth (Sutton and Milligan 2019), yet less is 
understood about the species that live here, their distributions, population structure and 
connectivity than any other ecosystem. In the deep sea, underwater features, such as steep 
continental slopes, canyons, and oceanic islands, can create areas of upwelling, 
aggregating prey species on which predators forage (Worm et al. 2003). Biodiversity 
hotspots are often contained within well-defined biogeographical provinces (Costello et 
al., 2017) where barriers may be fully impassable (e.g., Isthmus of Panama), or permeable 
(e.g., shallow rises; Bianchi & Morri, 2000), providing the basis for hierarchical levels of 
population structure in the deep sea.  
 
Beaked whales (Ziphiidae) comprise the most speciose group of deep-sea marine 
mammals, yet their often elusive, offshore, and deep-diving lifestyle means that most 
information on these taxa comes from dead, beach-stranded specimens and several 
species are listed as data deficient on the IUCN Red List. Blainville’s and Cuvier’s beaked 
whales (Mesoplodon densirostris, Blainville 1817, and Ziphius cavirostris, G. Cuvier 
1823, respectively; ‘Blainville’s’ and ‘Cuvier’s’ hereafter) are among the most well-
studied beaked whale species, based on the number of publications. Both have 
cosmopolitan distributions and occupy the deep seas of all major ocean basins, although 
only Cuvier’s is regularly found in the Mediterranean and at higher latitudes (MacLeod 
et al., 2006). Both species show site fidelity to some nearshore areas with steep 
bathymetry (Baird, 2019), potentially leading to population genetic structuring, especially 
in the presence of biogeographic barriers.  
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While many natural populations are at risk of genetic erosion due to declining abundance 
from human impacts (Leroy et al. 2017), some marine mammals (and particularly 
cetaceans) may be amongst the most susceptible taxa (Schipper et al. 2008; Cammen et 
al. 2016). Beaked whales are known to strand in unusual mortality events (UMEs) driven 
by underwater noise from human activities (Cox et al. 2006; Bernaldo de Quirós et al. 
2019; Simonis et al. 2020). The majority of UMEs involving beaked whales have 
involved Cuvier’s and/or members of the Mesoplodon genus (D’Amico et al. 2009). 
However, the extent to which these mortalities might cause long-term, population-level 
impacts of these poorly understood deep divers, is currently unknown. Identifying the 
baseline patterns of population genetic diversity and structure of these species, and 
understanding the underlying environmental drivers, would enable mortality to be linked 
with population units, thus facilitating future management efforts in the face of 
anthropogenic impacts. 
 
To date, only mitochondrial DNA (mtDNA) has been analysed to investigate population 
structure and genetic diversity in Cuvier’s and Blainville’s (Dalebout et al. 2005; Morin 
et al. 2012). Cuvier’s mtDNA haplotypes were shared between ocean basins with 
significant differences in haplotype frequencies, suggesting limited gene flow (Dalebout 
et al. 2005; Morin et al. 2012). Blainville’s mitogenomes formed two reciprocally 
monophyletic clades according to ocean basin (Morin et al. 2012). Although these studies 
suggest ocean basin-level genetic structure, the paucity of beaked whale data makes it 
difficult to confirm these hypotheses and extend analyses to a finer geographical scale. 
Indeed, other deep-sea cetaceans can exist in populations that are socially-driven (e.g., 
sperm whales, Physeter macrocephalus; Alexander et al., 2016), island-associated (e.g., 
rough-toothed dolphins, Steno bredanensis; Jefferson 2018) or panmictic (e.g., Gray’s 
beaked whale, Mesoplodon grayi; Westbury et al., 2021). 
 
Here, we aim to shed light on the population genetic structure, phylogeography and 
diversity of Cuvier´s and Blainville´s beaked whale species across their cosmopolitan 
ranges to inform conservation efforts and understand the micro- and macroevolutionary 
processes driving genetic structure in deep-sea species. We improve the spatial resolution 
of previous genetic studies by Dalebout et al. (2005) and Morin et al. (2012) by 
identifying finer scale structure using larger sample sizes, and analysing whole 
mitogenomes and reduced-representation nuclear genomic data. We propose macro- and 
microevolutionary drivers for the substantial hierarchical genetic structure identified, 
which also allows us to recommend evolutionarily significant units (ESUs; Waples, 1995) 
and demographically independent populations (DIPs; Martien et al., 2019; Palsbøll, 
Bérubé, & Allendorf, 2007) for conservation and management.  

3.2 METHODS 

3.2.1 Sample Collection and Lab Protocols 

Tissue samples were selected from the newly established International Tissue Archive of 
Beaked Whales (ITABW) to cover the full geographical ranges of Cuvier’s and 
Blainville’s (Electronic Supplementary Material (ESM) 1, Supplementary Spreadsheet 
Table (SST) 1). All sampling was done under appropriate local permits and, if applicable, 
local animal ethics approvals. DNA was extracted from tissue samples (ESM1) and 
sequencing libraries were prepared following the method described by Peterson et al. 
(2012) and optimised for beaked whales (Carroll et al. 2016; Carroll et al. 2021) (ESM2). 
To explore major phylogeographical patterns, and supplement the nuclear analyses, we 
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generated and analysed complete mitogenomes from a subset of the samples used for 
ddRAD as well as additional low-quality museum samples by “shotgun” sequencing 
(Carøe et al., 2018; ESM2 for protocol), and augmented with publicly available sequences 
(Morin et al. 2012; SST1). 

3.2.2 Bioinformatics 

DdRAD SNP discovery and filtering followed the pipeline of Carroll et al. (2021) and the 
full protocol is available at https://github.com/aono87/bw_reference_mapped. In 
summary, sequence quality was inspected using FastQC v.0.11.8a (Andrews et al. 2010) 
and ‘process_radtags’ in Stacks (v. 2.0Beta9; Rochette, Rivera-Colón, & Catchen, 2019) 
was used to demultiplex, quality check and trim reads. Sequences were aligned to a 
reference genome using BWA-MEM v. 0.7.15 (Li 2013), converted and sorted using 
SAMtools v. 1.6 (Li et al. 2009), and assigned read groups using PICARD TOOLKIT v. 
2.14.1 (Broad Institute, 2019). Cuvier’s sequences were aligned to the Cuvier’s reference 
genome (GenBank accession: GCA_004364475.1), and Blainville’s sequences were 
aligned to the Sowerby’s beaked whale reference genome (Mesoplodon bidens, GenBank 
accession: GCA_004027085.1), the closest relative available at the time of analysis. 
DdRAD parameter optimisation, SNP genotyping methods and data quality control are 
described in detail in ESM3 and ESM4, following previously described methods (Carroll 
et al. 2016; O’Leary et al. 2018; Carroll et al. 2021). 
 
Mitochondrial sequencing reads were inspected with FastQC. Adapters and sequences 
were trimmed (ktrim=r, k=23, mink=8, hdist=1, qtrim=rl, trimq=15, maq=20, and 
minlen=40) using ‘bbduk.sh’ (https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-
guide/bbduk-guide/). Reads were mapped to a reference mitogenome for each species 
(Cuvier’s GenBank accession: NC_021435.1; Blainville’s: NC_021974.2) using BWA-
MEM and PCR duplicates were removed with SAMtools v.1.9. The consensus 
mitogenome was extracted using ANGSD v.0.931 (Korneliussen et al. 2014) with the 
filters -doFasta 2 -doCounts 1 -minQ 30 -minMapQ 30 -setMinDepth 3. Depth of 
coverage was assessed using SAMtools. 

3.2.3 Phylogeography  

Global structure based on ddRAD SNPs was visualized by generating rooted neighbour-
joining trees (BIONJ, Gascuel, 1997) for each species, using sequences from southern 
right whales (SRW, Eubalaena australis) as the outgroup (ESM5). Full mitogenomic 
sequences were analysed in a Bayesian phylogenetic framework implemented in BEAST 
v.2.5.2 (Bouckaert et al. 2019). The 12srRNA, 16srRNA and 13 protein-coding genes 
from each unique mitogenome were individually aligned, and the stop codons for the 
coding genes were removed in Geneious Prime v2020.1.2 (https://www.geneious.com/). 
The final alignments from the two rRNA and 13 protein-coding genes were subsequently 
concatenated into a single alignment, and substitution models were inferred for each 
codon position for each gene with PartitionFinder v.2.1.1 (Lanfear et al. 2017). Control 
region (CR) data were analysed separately (see below). The resultant partitions were 
incorporated into BEAUTI, the graphical user interface for generating BEAST XML files 
(SST2).  
 
For the Cuvier’s mitogenome phylogeny, a strict clock with a Yule tree model was 
applied, as closely related species are not expected to have deviating clocks. Calibration 
dates followed most recent common ancestor (MRCA) estimates inferred from McGowen 
et al. (2019). Baird’s beaked whale (Berardius bairdii; GenBank accession: 
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NC_005274.1) was used as an outgroup and the MRCA between all Cuvier’s and the 
Baird’s beaked whale outgroup was set to a mean age of 15 million years ago (mya; 95% 
probability range 12.3-17.6). The model was set to a 15 million chain length, sampled 
every 1,500 steps, and replicated three times to assess model convergence. Log and tree 
files were combined with LogCombiner v.2.5.2 (Drummond and Rambaut 2007) after a 
10% burn-in for each run. All parameters in the combined log file had ESS values greater 
than 200. The Maximum Clade Credibility (MCC) tree was prepared in TreeAnnotator 
v.2.5.2 (Bouckaert et al. 2019) and visualised in FigTree v.1.4.4 
(http://tree.bio.ed.ac.uk/software/figtree/).  
 
For the Blainville’s mitogenome phylogeny, a strict clock with a Yule tree model was 
also applied. Two outgroups were used as they are both closely related to Blainville’s 
(Gray’s beaked whale, GenBank accession: NC_023830.1 ; Stejneger’s beaked whale, 
Mesoplodon stejnegeri, GenBank accession: NC_036997.1) and their nodes for the 
MRCA were also calibrated using estimates from McGowen et al. (2019). The calibration 
node for the Blainville’s alignments and the two outgroups was set to the mean age 5.19 
mya (95% probability range 4.12-6.26 mya). The calibration node for the Blainville’s 
alignments with the Stejneger’s beaked whale outgroup was set to the mean age 4.59 mya 
(95% probability range 3.6-5.58 mya). The Blainville’s model needed fewer iterations to 
converge than Cuvier’s and was set to a 10 million chain length, sampled every 1000 
steps, and replicated three times to check for model convergence. The tree and log files 
were combined, and the output visualized as described for Cuvier’s. 

3.2.4 Genetic Population Structure 

Isolation by distance (IBD) was calculated per species using a Mantel test in ade4 v1.7-
16 in R (Dray and Dufour 2007) to compare Euclidean genetic distance for the ddRAD 
SNPs and geographical distances calculated via the least cost (LC) path distance over 
seawater in marmap v1.0.5 (Pante and Simon-Bouhet 2013) (ESM6).  
 
We conducted a hierarchical clustering analysis incorporating ddRAD SNPs and 
geographical information in a spatially explicit, least-squares optimization approach to 
estimate ancestry in the R package tess3r (v1.1.0, Caye, Jay, Michel, & Francois, 2018). 
The most likely number of clusters was estimated from a range (K=2-10) with n=20 
repetitions and n=200 maximum iterations of the optimisation algorithm. Cross-entropy 
scores were plotted against K values to infer the most likely number (ESM7). When 
hierarchical spatial structure is likely, genetic clustering algorithms tend to find structure 
at the highest level of divergence (Evanno et al. 2005). Previous mtDNA work (Dalebout 
et al. 2005; Morin et al. 2012) suggests ocean basin-level differentiation, so we carried 
out analyses both between and within ocean basins to allow for the detection of finer-
scale structure. The genetic clusters determined using tess3r were further explored using 
Discriminant Analysis of Principal Components (DAPC; ESM8; Jombart, Devillard, & 
Balloux, 2010). A simulation study suggests that an a priori approach to DAPC 
successfully resolves the composition of the genetic clusters and the genetic distance 
between clusters correlates well with the value of FST used to generate the simulated data 
(Miller et al. 2020). On the other hand, de novo DAPC analyses perform poorly in 
situations that are common to marine species; low genetic differentiation and IBD 
(Jombart et al. 2010; Miller et al. 2020). Therefore, while we explored both de novo and 
a priori DAPC analyses, we only report on the a priori results. 
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We measured the amount of genetic differentiation in the ddRAD data between the 
defined clusters by calculating pairwise FST and net nucleotide divergence (dA, Nei, 1987, 
equation 10.21; Weir & Cockerham, 1984) and FST 95% confidence intervals (dartr 
v1.3.3, based on 100 bootstraps; Gruber, Unmack, Berry, & Georges, 2018). Statistical 
significance of FST and dA was determined by permutation test (n=1000 permutations; 
Archer et al., 2017).  
 
In addition, for future comparisons with other studies and criteria recently suggested for 
species, subspecies and population delineations in cetaceans (Taylor et al., 2017), we 
estimated FST (and associated p-value) and dA between ocean basins for full mitogenomes 
and just the CR with the software package DNAsp v6.12.03 (Rozas et al. 2017). 

3.2.5 Genetic Diversity and Demographic History 

To investigate differences in nuclear genetic diversity across defined populations, we 
estimated observed heterozygosity (𝐻!) and gene diversity (𝐻") (Nei 1987b), the 
inbreeding coefficient (𝐹#$) (Weir and Cockerham 1984) using hierfstat v.0.4.22 (Goudet 
2005), and Tajima’s D (Tajima 1989) using VCFtools v 0.1.12a (Danecek et al. 2011) for 
the SNP dataset. Diversity and inbreeding statistics were calculated per locus and 
Tajima’s D was calculated based on a 100 kb sliding window for each genetic cluster. 
Confidence intervals (95%) were calculated around mean 𝐻!, 𝐻" and Tajima’s D using 
rcompanion (v2.3.25; n=1000 boostraps; Mangiafico, 2020) and “boot.ppfis” in hierfstat 
(n=100 bootstraps) for the 𝐹#$ values. Mitochondrial DNA genetic diversity (segregating 
sites (S), number of haplotypes (h), haplotype diversity (Hd) and nucleotide diversity (π)) 
were calculated separately for the mitogenome and CR data, for each species and ocean 
basin, using DNAsp.  

3.3 RESULTS 

The final Cuvier’s dataset included 30479 ddRAD SNPs (mean=29697 SNPs per 
individual, SE=72) from 123 Cuvier’s individuals (Figure 3-1, ESM9) as well as 
mitogenomes (15291 bp) and CR (860 bp) sequences from 35 individuals (n=22 
downloaded from GenBank, SST3; n=13 generated for this study, SST4). The final 
Blainville’s dataset included 13988 ddRAD SNPs (mean=13760 SNPs per individual, 
SE=64) from 43 individuals (Figure 3-2, ESM9), as well as mitogenomes (14147 bp) and 
CR (852 bp) sequences from 27 individuals (n=15 downloaded from GenBank, SST3; 
n=12 generated for this study, SST4). Overall, both ddRAD datasets had low levels of 
missing data (2.6% in Cuvier’s and 1.6% in Blainville’s across the entire datasets) and 
high depth of coverage per ddRAD SNP (Cuvier’s: mean=59x, SE=4; Blainville’s: 
mean=60x, SE=4, ESM9) and mitogenome (Cuvier’s: mean=156x, SE=23; Blainville’s: 
mean=158x, SE=21) (SST4). The final datasets used to generate the ddRAD phylogenetic 
trees were n=118 Cuvier’s (n=33137 SNPs) and n=42 Blainville’s (n=29904 SNPs), with 
the six Southern right whales as the outgroup (ESM5). 

3.3.1 Cuvier’s beaked whales 

3.3.1.1 Phylogeography and Genetic Population Structure 

The Cuvier´s exhibited substantial phylogeographic and population genetic structure in 
both the nuclear ddRAD SNPs and the mitogenomes. The mitogenome phylogeny of 35 
Cuvier’s indicated a separation into three major clades with high levels of support (Figure 
3-3a); Clade 1 contained lineages sampled exclusively in the North Atlantic (including 
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the Mediterranean) ,whereas Clades 2 and 3 contained individuals from the western North 
Atlantic, and divided Indo-Pacific lineages (and one from Argentina) broadly along the 
equator (Figure 3-3a, see SST1 for individual metadata and clade assignments). 
Individuals from the North Atlantic (Clade 1) appear to have diverged from the mostly 
Indo-Pacific Clade 2 approximately 1.5 mya, while the individuals in the Mediterranean 
diverged from the rest of the North Atlantic approximately 0.5 mya (Figure 3-3a). Unlike 
the paraphyletic mitogenome phylogeny, the BIONJ phylogeny based on the final ddRAD 
SNP data consisting of 33137 SNPs genotyped in 118 Cuvier’s (ESM5) and 6 SRW 
outgroup showed clearer monophyly of Atlantic and Pacific Ocean clades (Figure 3-3b). 
Like the mitogenome phylogeny, the Mediterranean forms a separate monophyletic clade 
in the ddRAD BIONJ phylogeny (Figure 3-3b and S5.1).  
 
In the tess3r analysis based on ddRAD SNPs, the most likely number of genetic clusters 
for the 123 Cuvier’s was K=3 (Figure 3-1a and S7.1), clearly dividing samples from the 
Atlantic, Mediterranean and Indo-Pacific (Figure 3-1a). This was supported by 
statistically significant levels of pairwise differentiation between the Atlantic and the 
Indo-Pacific in both mtDNA (mitogenome FST =0.178, CR FST =0.241, p<0.01, SST5) 
and nuclear markers (ddRAD FST =0.018, p<0.01, SST6). Substantial differentiation was 
also seen between the Mediterranean and the Atlantic and Indo-Pacific in both the 
mtDNA (mitogenome FST =0.623 and 0.375, CR FST =0.531 and 0.347, respectively, 
SST5) and nuclear (ddRAD FST =0.184 and FST =0.197, p<0.01, respectively; SST6) 
markers. Net nucleotide differences showed the same pattern as the CR (SST5).  
 
In addition to ocean-level genetic structure, the ddRAD SNPs revealed finer scale 
structure within ocean basins. The most likely number of genetic clusters for Cuvier’s 
within the North Atlantic was K=5 clusters, K=3 in the Indo-Pacific and K=2 in the 
Mediterranean (Figure 3-1b-e and S7.1; ESM7). In the Mediterranean (Figure 3-1b-c), 
distinct structure was present between the west and east. Within the North Atlantic, there 
was little admixture and individuals grouped into five discrete clusters, reflecting their 
general sampling location (Figure 3-1d). Four individuals from Puerto Rico and the 
Virgin Islands shared low levels of admixed ancestry (<30%), suggesting connectivity 
with the other clusters. One cluster consisted only of two individuals from Spain and was 
not included in further analyses.  
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Figure 3-1. Sampling locations and genetic clustering of Cuvier’s beaked whales (Ziphius cavirostris, 
n=123 individuals, n=30479 SNPs). Main map shows sample locations plotted on the Spilhaus projection, 
to highlight the connectivity and continuity of the world’s oceans for a globally distributed species, with 

names and locations of relevant major biogeographical barriers. Bar plots of co-ancestry coefficients 
generated in tess3r are presented for (a) all samples, (c) Mediterranean (location shown more detail in (b) 

map inset), (d) Atlantic and (e) Indo-Pacific. The three Indo-Pacific samples enclosed in a red box 
represent the admixed individuals and are plotted on the map as red points. 
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Figure 3-2. Sampling locations and genetic clustering of Blainville’s beaked whales (Mesoplodon 
densirostris, n=43 individuals, n=13988 SNPs). Main map shows sample locations plotted on the 

Spilhaus projection, to highlight the connectivity and continuity of the world’s oceans for a globally 
distributed species, with names and locations of relevant major biogeographical barriers. Bar plots of co-

ancestry coefficients generated in tess3r are presented for (a) all samples, (b) Atlantic and (c) Indo-
Pacific.  

 

 

 

 

 

(a)

(b)

(c)



Chapter 3: Hierarchical population structure of two beaked whale species 
 

DNA in the deep: Comparative molecular ecology for the conservation of beaked whales 62 

 

Figure 3-3. Phylogenetic relationship among globally distributed and sampled Cuvier’s beaked whales 
(Ziphius cavirostris). (a) Bayesian mitogenome phylogeny generated from 32 unique Cuvier’s 

mitogenome haplotypes with posterior estimates (as a proportion) with divergence shown in million years 
ago and the purple bars represent the 95% probability range of divergence dates (HPD). (b) BIO 

neighbour-joining (BIONJ) phylogeny of 118 Cuvier’s beaked whales with bootstrapped support for each 
node >50% (n=1000 bootstraps) generated using 33137 nuclear SNPs. The six Southern right whales 

(Eubalaena australis) used to root the tree were removed prior to plotting (see Figure S5.1 for tree with 
outgroup). 
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All pairwise ddRAD SNP FST values were significant (p<0.05), except for between the 
France and Canary Island clusters in the Atlantic (SST6). 
 
Within the Indo-Pacific, Cuvier’s subclusters also corresponded with the geographical 
origin of samples (Figure 3-1e). The broadest distribution of samples was found in the 
South Indo-Pacific (Indo_Sou). Three admixed individuals from the Philippines, Chile 
and Samoa shared most of their ancestry coefficient with the remaining South Indo-
Pacific individuals (South Africa, Australia, and Aotearoa New Zealand), and were not 
included in the remaining analyses.  
 
As DAPC and tess3r analyses produced similar results, and because tess3r is expected to 
perform better in the presence of admixture and IBD (reviewed in Francois and Waits 
2016), we present the DAPC analyses primarily in the Supplementary Material (ESM8). 
The first axis in the DAPC separates the two Mediterranean clusters from the Atlantic 
and Indo-Pacific ones (Figure S8.1). The second axis separates the Indo-Pacific from the 
Atlantic, as well as the east and west Mediterranean. Finer scale differentiation between 
clusters within ocean basins is observed when the 2nd vs 3rd (Figure S8.3) and 3rd vs 4th 
(Figure S8.4) axes are plotted. Samples were reassigned to the a-priori clusters with high 
probability, except for a few samples in the east Atlantic and Indo-Pacific clusters (S8.1).  
 
Isolation-by-distance was present and significant when all Cuvier’s were combined and 
within ocean basins (ESM6, Table S6.1).  

3.3.1.2 Genetic Diversity and Demography 

Genetic diversity summary statistics (𝐻!, 𝐻", 𝐹#$, and Tajima’s D) and their 95% 
confidence intervals are presented for the 118 Cuvier’s that were assigned a genetic 
cluster (i.e., not admixed, Table 3-1). Both the overall Mediterranean dataset and 
populations therein had positive values of Tajima’s D (indicative of population 
contraction), the lowest levels of diversity and inbreeding (𝐻!, 𝐻", and 𝐹#$; Table 3-1), 
and the lowest mtDNA diversity (π and S, Table 3-1, SST5). Slightly greater overall 
diversity values were seen in the North Atlantic, compared to the Indo-Pacific in both the 
ddRAD and mtDNA data (Table 3-1). All sample partitions outside of the Mediterranean 
had negative values of Tajima’s D, indicative of population expansion (Table 3-1).  
 
𝐹%" ranged widely amongst Cuvier’s clusters within ocean basins (𝐹#$=0.077-0.141; Table 
3-1). Mitogenome haplotype diversity was very high, with only one haplotype shared 
between two individuals from the Bahamas, and one shared between two Canary Islands 
and one Irish individual (Table SST7). 



 

 

Table 3-1. Nuclear diversity statistics calculated from ddRAD SNPs (Cuvier’s: n=30479, Blainville’s: n=13988): Mean and 95% confidence intervals (in brackets) are 
provided for each ocean basin and genetic cluster of observed heterozygosity (𝐻!; Nei 1987) gene diversity (𝐻"; Nei 1987), inbreeding coefficient (𝐹#$; Weir & Cockerham, 

1984) and Tajima’s D (100kb sliding window). Mitogenomic diversity statistics are provided for mitogenomes and mtDNA CR (in brackets) for each ocean basin: no. 
segregating sites (S), no. of haplotypes (h), haplotype diversity (Hd) and nucleotide diversity (π). 

 Population ddRAD mtDNA 
n Ho Hs FIS Tajima's D n S h Hd π 

C
uv

ie
r’

s  

Atlantic 54 0.112 (0.111, 0.113) 0.128 (0.126, 0.129) 0.121 (0.117, 0.125) -0.279 ( -0.289, -0.270) 18 462 
(14) 

17 
(9) 

0.993 
(0.882) 

0.0097 
(0.0048) 

Atl_Carib 15 0.113 (0.111, 0.114) 0.127 (0.125, 0.128) 0.115 (0.110, 0.121) -0.33 (-0.342, -0.318) 
     

Atl_CanIs 17 0.111 (0.110, 0.113) 0.126 (0.124, 0.128) 0.121 (0.115, 0.127) -0.304 (-0.316, -0.291) 
     

Atl_France 5 0.112 (0.110, 0.114) 0.127 (0.124, 0.129) 0.116 (0.108, 0.125) -0.25 (-0.267, -0.233) 
     

Atl_NE 15 0.112 (0.111, 0.114) 0.126 (0.124, 0.127) 0.110 (0.104, 0.115) -0.374 (-0.387, -0.361) 
     

Indo-Pacific 36 0.109 (0.107, 0.110) 0.123 (0.122, 0.125) 0.118 (0.114, 0.122) -0.306 (-.0316, -0.295) 14 344 
(9) 

13 
(6) 

0.989 
(0.747) 

0.0079 
(0.0041) 

Indo_Central 5 0.103 (0.101, 0.105) 0.119 (0.117, 0.121) 0.141 (0.131, 0.151) -0.177 (-0.195, -0.159) 
     

Indo_NE 19 0.111 (0.109, 0.112) 0.122 (0.121, 0.124) 0.097 (0.092, 0.102) -0.302 (-0.314, -0.290) 
     

Indo_South 9 0.110 (0.108, 0.112) 0.124 (0.122, 0.125) 0.110 (0.104, 0.118) -0.337 (-0.351, -0.322) 
     

Mediterranean 33 0.078 (0.077, 0.080) 0.089 (0.088, 0.091) 0.122 (0.116, 0.128) 0.443 ( 0.424,  0.462) 3 47 
(5) 

3 (3) 1.000 
(1.000) 

0.0021 
(0.0039) 

Med_East 14 0.072 (0.070, 0.074) 0.078 (0.076, 0.080) 0.080 (0.071, 0.088) 0.386 ( 0.363,  0.408) 
     

Med_West 19 0.083 (0.082, 0.085) 0.090 (0.089, 0.092) 0.077 (0.070, 0.084) 0.407 ( 0.388,  0.427) 
     

Bl
ai

nv
ill

e’
s  

Atlantic 28 0.105 (0.103, 0.108) 0.114 (0.112, 0.117) 0.078 (0.070, 0.085) -0.073 (-0.097, -0.050) 16 164 
(9) 

13 
(7) 

0.975 
(0.800) 

0.0028 
(0.0030) 

Atl-Bah 7 0.102 (0.099, 0.105) 0.110 (0.107, 0.113) 0.064 (0.048, 0.080) 0.038 ( 0.007,  0.065) 
     

Atl-East 16 0.106 (0.104, 0.109) 0.113 (0.110, 0.115) 0.073 (0.059, 0.087) 0.015 (-0.012,  0.041) 
     

Atl-Oth 5 0.106 (0.103, 0.110) 0.114 (0.110, 0.117) 0.057 (0.048, 0.066) -0.017 (-0.046,  0.014) 
     

Indo-Pacific 14 0.127 (0.125, 0.129) 0.141 (0.138, 0.143) 0.098 (0.090, 0.105) -0.450 (-0.468, -0.431) 11 312 
(11) 

10 
(9) 

0.982 
(0.964) 

0.0050 
(0.0040) 

Indo-Haw 6 0.125 (0.121, 0.128) 0.142 (0.139, 0.145) 0.124 (0.111, 0.137) -0.285 (-0.309, -0.260) 
     

Indo-Afr 5 0.128 (0.125, 0.131) 0.137 (0.133, 0.140) 0.062 (0.052, 0.076) -0.263 (-0.287, -0.238) 
     

Indo-Sou 3 0.127 (0.124, 0.131) 0.138 (0.135, 0.142) 0.079 (0.060, 0.095) -0.217 (-0.245, -0.191)           
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3.3.2 Blainville’s beaked whales 

3.3.2.1 Phylogeography and Genetic Population Structure 

The mitogenome phylogeny of 23 unique Blainville’s lineages showed clear division 
between the Indo-Pacific and North Atlantic which occurred ~0.75 mya ( 
Figure 3-4a). One individual from Car Nicobar, Bay of Bengal, was nested within the 
North Atlantic clade, near the base of the group (Figure 3-4a, SST1). No ddRAD data 
were available for this individual to compare locations in the phylogenies. Significant 
clustering according to ocean basin (100% bootstrap support) was also found in the 
BIONJ phylogeny of 42 ddRAD Blainville’s and the 6 SRW used as an outgroup (Figure 
3-4b and S5.2). One individual sampled in South Africa was nested within the Atlantic 
individuals. No mitogenome data were available to compare phylogenies for this 
individual.  
 
In the tess3r analyses based on ddRAD SNPs, the most likely number of genetic clusters 
of the n=43 Blainville’s was K=2, corresponding with North Atlantic and Pacific Oceans 
(Figure 3-2 and S7.2). Blainville’s samples from South Africa also clustered with 
individuals from the Pacific, forming an Indo-Pacific cluster. The pairwise difference 
between the North Atlantic and Indo-Pacific clusters in Blainville’s was substantial and 
statistically significant (ddRAD FST = 0.119, p<0.001, SST6), and greater than the parallel 
differentiation between North Atlantic and Indo-Pacific Cuvier’s clusters (ddRAD 
FST=0.018, p<0.01, SST6). Mitogenomic differentiation between the North Atlantic and 
Indo-Pacific was also statistically significant (p<0.01 for all comparisons) and extremely 
high (mitogenome FST =0.711, CR FST =0.328, SST5). Net nucleotide divergence between 
ocean basins was dA =0.0097 (mitogenome) and dA =0.0017 (CR) (SST5).  
 
Like the Cuvier’s, the Blainville’s ddRAD SNP data revealed considerable within-ocean-
basin structure, with individuals grouping best into K=2 Atlantic and K=3 Indo-Pacific 
genetic clusters (Figure 3-2a-c). Five individuals from across the North Atlantic (Atl_Oth, 
Figure 3-2b), clustered together with equal amounts of admixture from the Bahamas and 
eastern North Atlantic clusters. Blainville’s from South Africa (Indo_Afr) formed a 
cluster separate from the large South Pacific (Indo_Sou) cluster (Figure 3-2c). One 
sample from New Zealand was equally admixed between the South African and Hawaiian 
clusters and was therefore removed from the remaining analyses. All pairwise FST 
comparisons of clusters between ocean basins were highly differentiated and significant 
(SST6).  
 
In support of the tess3r analyses, the first axis in the DAPC broadly separates the Atlantic 
from the Indo-Pacific clusters, with the South African cluster spanning both sides (Figure 
S8.2). The second axis separates the east from the west Atlantic clusters while in the Indo-
Pacific, it divides the Hawaiian and southern Indo-Pacific individuals. Individuals were 
reassigned to the prior clusters with high probability and few misassignments (Figure 
S8.1).  
 
Finally, some IBD was found for all Blainville’s together and within ocean basins (ESM6, 
Table S6.1), with two clearly separated patches of points in the Atlantic Blainville’s 
suggesting genetic sub structuring (ESM6, Figure S6.2). 

DNA in the deep: Comparative molecular ecology for the conservation of beaked whales                                       65                                                    
 



Chapter 3: Hierarchical population structure of two beaked whale species 

 

 

 

Figure 3-4. Phylogenetic relationship among globally distributed and sampled Blainville’s beaked whales 
(Mesoplodon densirostris). (a) Bayesian mitogenome phylogeny generated from 23 unique Blainville’s 

mitogenome haplotypes with posterior estimates (as a proportion) with divergence shown in million years 
ago (MYA) and the purple bars represent the 95% probability range of divergence dates (HPD). (b) BIO 
neighbour-joining (BIONJ) phylogeny of 42 Blainville’s beaked whales with bootstrapped support for 

each node >50% (n=1000 bootstraps) generated using 29904 SNPs. The six Southern right whales 
(Eubalaena australis) used to root the tree were removed prior to plotting (for tree with outgroup see 

Figure S5.2). 
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3.3.2.2 Genetic Diversity and Demography 

Nuclear diversity summary statistics and their 95% confidence intervals are presented for 
42 Blainville’s that assigned to a cluster and mtDNA statistics are provided for whole 
mitogenomes and mtDNA CR data in Table 3-1. The overall Indo-Pacific dataset and 
clusters therein had higher levels of diversity (𝐻! and 𝐻")	and inbreeding (𝐹#$) compared 
with the North Atlantic cluster, a pattern also reflected in the mitochondrial data (Table 
3-1). One haplotype was shared between two individuals sampled in Hawai’i and three 
pairs from the Bahamas shared unique haplotypes (SST7). Both ocean-basin clusters had 
negative Tajima’s D values, though the North Atlantic value was very close to 0 (D=-
0.073) indicating long term population size stability. Within ocean basins, all Indo-Pacific 
clusters and only the admixed North Atlantic (Atl-Other) cluster had negative Tajima’s 
D values (Table 3-1), indicative of increasing population sizes. The remaining North 
Atlantic clusters showed positive Tajima’s D values, signalling a population decline 
(Table 3-1).  

3.4 DISCUSSION 

Here we show that two deep-sea predators, the Cuvier’s and Blainville’s beaked whales, 
exhibit substantial hierarchical population structure on a global scale and substantial 
genetic differentiation at within ocean basin scales. At a macroevolutionary scale, this 
suggests that patterns of spatial genetic structure can vary between deep-sea species 
depending on their evolutionary history, e.g., as other similar predators demonstrate 
panmixia (Winkelmann et al. 2013; Westbury et al. 2021) or isolation-by-distance 
(Amaral et al. 2012; Gonçalves da Silva et al. 2020). At a microevolutionary scale, we 
propose that patterns of gene flow and genetic drift are shaped by life history traits and 
site fidelity in Blainville’s and Cuvier’s. These microevolutionary processes may be 
similar to those thought to influence other deep-sea associated marine mammals, such as 
island preference (Albertson et al. 2017; VanCise et al. 2017), social structure and prey 
specialisation (Foote et al. 2016; Martien, Taylor, et al. 2019).  
 
Some level of structure has been identified in many of the recently published studies on 
beaked whale population genetics (though is notably absent from Gray’s beaked whale, 
Westbury et al., 2021). At a global scale, recent work indicated that True’s beaked whales 
(Mesoplodon mirus) in the Northern and Southern Hemispheres had been separated for 
0.5-2 mya, resulting in the designation of a new species in the south (M. eueu, Carroll et 
al., 2021). At an ocean-basin-level, population structure or IBD was detected in Baird’s 
beaked whale (Berardius bairdii, Morin et al., 2017) across the North Pacific, and the 
genetic divergence measured between the “black” and “gray” stocks using the mtDNA 
CR was found to represent separate species within the genus (Morin et al. 2017; Yamada 
et al. 2019). The beaked whale species with the most genetic studies is the northern 
bottlenose whale (Hyperoodon ampullatus), which is found exclusively in the North 
Atlantic (Dalebout et al. 2001; Dalebout et al. 2006; Feyrer et al. 2019; de Greef et al. 
2022). The culmination of these publications is the understanding that northern bottlenose 
whales show genetic structure and IBD across their range, likely through philopatry 
linked to bathymetric features like the “Gully” canyon (Dalebout et al. 2006), with 
resulting conservation management implications (COSEWIC 2011). Adding to the sparse 
knowledge about beaked whale population structure, we talk about drivers of Cuvier’s 
and Blainville’s genetic structure at macro- and microevolutionary scales and discuss the 
conservation management implications of this work. 
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3.4.1 Macroevolutionary drivers of genetic population structure in Cuvier’s and 
Blainville’s 

Biogeographic barriers on both global and regional scales (Toonen et al. 2016), have been 
known to influence patterns of genetic structure in widely-distributed marine species 
(e.g., Clarke et al., 2015; Gaither, Bowen, Rocha, & Briggs, 2016; Leslie, Archer, & 
Morin, 2018). Such barriers can be fully impassable (if only recently in geological history; 
such as the Isthmus of Panama), whereas others are physically passable features, such as 
shallow rises (e.g., the Siculo-Tunisian Strait; Bianchi & Morri, 2000; Mejri, Lo Brutto, 
Hassine, & Arculeo, 2009), and expanses of deep sea (e.g., East Pacific and Mid-Atlantic 
Ridge Barriers; Toonen, Bowen, Iacchei, & Briggs, 2016). At a global scale, the genetic 
structuring found here in Cuvier’s and Blainville’s appears to be shaped by such 
biogeographic barriers previously highlighted in the marine realm, including the Isthmus 
of Panama, East-Pacific Barrier, Mid-Atlantic Ridge, Benguela and Sunda Shelf. These 
barriers vary in permeability between our focal species, primarily due to differences in 
the timing and geography of each species’ origin and spread across the globe (e.g., before 
or after the formation of the Isthmus of Panama).  
 
Blainville’s demonstrate a significant genetic distinction between Atlantic and Pacific 
clusters, supporting the previous mitogenome phylogeny showing reciprocal monophyly 
to ocean basin (Morin et al. 2012). In contrast, Cuvier’s mtDNA CR previously showed 
no monophyly, but significant haplotype frequency differences between basins indicating 
high and significant levels of differentiation (Dalebout et al. 2005; Morin et al. 2012). 
With additional mitogenomes and nuclear SNPs, we were able to extend these results for 
Cuvier’s and show ocean-specific clades, greatly refining our understanding of genetic 
structuring in this species. This is similar to what was found in northern bottlenose 
whales, where additional population structure was identified when nuclear genomes were 
added to the analysis (de Greef et al. 2022).  
 
The estimated divergence dates of the deepest splits that separate primarily North Atlantic 
and Pacific clades (Cuvier’s: ~1.5-2 mya Figure 3-3b) support a role of the formation of 
the Isthmus of Panama (O’Dea et al. 2016) in driving genetic structure in Cuvier’s, as it 
has in other odontocete species (Amaral et al., 2012; da Silva et al., 2015; Van Cise et al., 
2019). The later divergence date for Blainville’s (~0.75 mya, Figure 3-4b) suggests a link 
to the Mid-Pleistocene Transition (MPT), which is noted for its overall cooling of sea-
surface temperatures, elongation and cooling of glaciation cycles, and northward shift of 
Antarctic polar fronts (Clark et al. 2006; Kemp et al. 2010). The resulting cooling of 
tropical waters is hypothesised to have driven the speciation between M. mirus and M. 
eueu as well (Carroll et al. 2021). Thermal constraints linked to the smaller body size of 
Blainville’s compared to Cuvier’s may determine the former’s contemporary southerly 
limit, which coincides with the Southern Ocean Sub-Tropical Front (STF; Graham & De 
Boer, 2013; Pitman & Brownell Jr., 2020). A northward shift of the STF during the MPT 
would have further limited migration between the Atlantic and Pacific via the southern 
tip of South America and potentially South Africa. Therefore, we posit that oceanographic 
conditions and thermal constraints may have reduced gene flow between Atlantic and 
Indo-Pacific Blainville’s populations compared with Cuvier’s. Given the well-described 
relationship in mammals between body size and lifespan (Blueweiss et al., 1978), we also 
hypothesise that genetic drift and subsequent differentiation could have occurred more 
quickly in Blainville’s compared with Cuvier’s, although we acknowledge that many 
factors can contribute to genetic drift (Leroy et al 2017). 
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The East Pacific and Mid-Atlantic Ridge Barriers are large stretches of deep and open 
water that fall within the oligotrophic centres of the ocean and may act as “nutritional” 
barriers. Beaked whales prefer productive habitats with complex bathymetry, including 
underwater canyons and deep slopes (MacLeod and D’Amico 2006), and no sightings 
records of Cuvier’s nor Blainville’s exist within the open areas of the East Pacific basin 
and the Mid-Atlantic (OBIS, 2021: although such surveys are difficult to conduct 
effectively; Barlow et al 2006). The Benguela and Sunda Shelf Barriers may also 
influence Cuvier’s and Blainville’s population structure. However, small sample sizes 
from the Southern Ocean mean further sampling will be needed to clarify the relevance 
of these barriers as the Southern basins are connected via the Antarctic Circumpolar 
Current, and the resulting productive convergence zones could promote connectivity of 
species across wide geographical expanses, limiting genetic differentiation (e.g. Gray’s 
beaked whales; Thompson et al., 2016; Westbury et al., 2021).  
 
Genetic discontinuities are well documented across the Strait of Gibraltar that separates 
the North Atlantic and Mediterranean Sea in many marine taxa (Patarnello et al. 2007), 
including a number of odontocetes (e.g. Gaspari, Airoldi, & Hoelzel, 2007; Kraft, Pérez-
Álvarez, Olavarría, & Poulin, 2020). Here, we find genetic structuring not only between 
the North Atlantic and Mediterranean, but also within the Mediterranean, a pattern found 
in other odontocetes (Gaspari et al. 2007; Gkafas et al. 2017; Gaspari et al. 2019). A small 
amount of gene flow from individuals in the Atlantic entering the Mediterranean may be 
driving higher genetic diversity in the western populations or sequential founder effects 
driving lower diversity in the east. Further investigation requires samples from the 
Alborán Sea population (Cañadas and Vázquez 2014).  

3.4.2 Microevolutionary drivers of genetic population structure in Cuvier’s and 
Blainville’s 

Physiology, life history, behaviour, and dispersal capabilities have also likely contributed 
to the population structure and genetic diversity patterns of Cuvier’s and Blainville’s 
observed in our work. Cuvier’s are considerably larger than Blainville’s (MacLeod, 
2005), make deeper dives (Baird 2019) and occupy a greater geographical range 
(including the circumpolar Southern Ocean; (MacLeod et al. 2006). Such factors increase 
the potential connectivity of Cuvier’s populations in the Southern Hemisphere, though 
the substantial genetic structure between the North Atlantic and Indo-Pacific clusters 
indicates the low likelihood of individuals travelling great distances between ocean 
basins.  
 
Blainville’s and Cuvier’s often live in small, resident populations around island groups 
(Baird 2019; Hooker et al. 2019), where such philopatry could enhance inter-oceanic 
distinctiveness, regardless of the presence of biogeographical barriers. Such site fidelity 
is also seen in northern bottlenose whales from the Scotian Shelf, where their preference 
for the submarine canyons of the “Gully” has led to genetic distinctiveness from other 
populations (de Greef et al. 2022). Some genetic clusters from areas of known site fidelity 
(Cuvier’s from the Canary Islands (Reyes, 2018) and Blainville’s from the Bahamas 
(Claridge 2006; Claridge 2013)) have slightly lower diversity compared to the remaining 
Atlantic clusters. In contrast, Blainville’s from Hawai’i belong to either a resident or 
oceanic population (Baird et al. 2011), and had greater genetic diversity and lower 
inbreeding coefficients than their island-associated Cuvier’s counterparts. Improving 
abundance and residency estimates in areas without dedicated photo-identification studies 
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will help to determine the role of site fidelity and ongoing gene flow in shaping genetic 
diversity in these species.  

3.4.3 Proposed management units for conservation strategies 

Genetic structure has now been found in several beaked whale species (see discussion 
above), suggesting that genetically structured populations may be a common feature in 
the beaked whale species that are yet to be studied. Many of the beaked whale species 
surveyed to date are known to occur at low abundances in small, localized populations, 
which given their substantial site-fidelity and population structure, may render them 
particularly vulnerable to human disturbances (Hooker et al., 2019).  
 
Maintenance of genetic diversity within populations is a priority for conservation and 
management measures, and small populations, such as those observed in many beaked 
whales (Hooker et al. 2019), are more susceptible to genetic erosion (Leroy et al. 2017). 
Consequences of genetic erosion include inbreeding depression, accumulation of 
deleterious alleles, maladaptation, and reduced adaptive potential to climate change, and 
hence monitoring of genetic diversity is imperative for the management and conservation 
of wild populations (Leroy et al. 2017). In particular, multiple populations of Blainville’s 
and Cuvier’s have been subject to repeated UMEs, including in the Ligurian Sea where 
more than 35 Cuvier’s mortalities have occurred as a result of UMEs since the 1960’s, 
corresponding to a loss of approximately 1/3 of the current estimated population size 
(Podestà et al. 2006; Podestà et al. 2016). Similar incidences have impacted Cuvier’s in 
Puerto Rico and the Virgin Islands, coinciding with US Navy activity between the 1960s 
and 2000 (Mignucci-Giannoni 1996; Mignucci-Giannoni and Rosario-Delestre 1998). In 
the eastern North Atlantic, UMEs between 2008 and 2018 involved nearly 200 deep-
diving whales, around half of which were Cuvier’s (Dolman et al. 2010; Brownlow et al. 
2014; Brownlow et al. 2018). Given that only a small proportion of dead animals reach 
land during UMEs, and there are estimated to be less than 2300 Cuvier’s in the eastern 
North Atlantic (Rogan et al. 2017), these events may have had substantial impacts on the 
species. The classification of taxonomic and management units below species is therefore 
necessary to determine how these human activities are impacting populations with respect 
to conservation objectives, and investigate the potential evolutionary consequences such 
activities may have (Taylor, Perrin, et al. 2017).  
 
In Table 3-2, we propose both ESUs; important evolutionary components of a species 
which are necessary for maintaining genetic variability and successfully responding to 
future environmental changes (Waples 1995; Taylor et al. 2010), and DIPs; population 
units that depend on internal demographic dynamics rather than immigration (Waples and 
Gaggiotti 2006; Palsbøll et al. 2007; Taylor et al. 2010; Martien, Lang, et al. 2019).  
 
Nearly reciprocal monophyly to ocean basin in both the mitogenomic and ddRAD 
phylogenies and minimal amounts of admixture between ocean basins in the cluster 
analysis provide clear and strong evidence that populations are on separate evolutionary 
trajectories, consistent with distinct ESUs. To quantify and further demonstrate the 
distinctiveness of ocean-basin-level populations, we used mean FST and dA as evidence of 
population isolation (Taylor, Archer, et al., 2017; Waples et al., 2018).  
 
For both species, nuclear SNP based FST (Cuvier’s FST =0.018-0.197, Blainville’s 
FST=0.119) values fall within the range of FST values calculated from nuclear SNPs in 
recognized odontocete subspecies (spinner dolphins: FST=0.0045-0.012; pantropical 
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spotted dolphins: FST=0.055; harbour porpoise (Phocoena phocoena): FST=0.187−0.207; 
and short-finned pilot whale: FST =0.1−0.4; Lah et al., 2016; Leslie & Morin, 2018; Van 
Cise et al., 2019). The FST of ocean-basin level populations using full mitogenomes 
(Cuvier’s FST=0.178-0.623, Blainville’s FST =0.711) are much higher than mitogenomic 
FST values calculated in recognized odontocete subspecies (spinner dolphins:  FST =0.013, 
spotted dolphins: FST =0.013, fin whales (Balaenoptera physalus): FST =0.005−0.018; 
Archer et al., 2019; Leslie, Archer, & Morin, 2018). The FST of the ocean-basin 
populations calculated using the mtDNA CR (Cuvier’s FST = 0.241-0.531, Blainville’s 
FST=0.628) is also greater than the range of FST values in recognized cetacean subspecies 
(FST=0.013-0.209; Rosel et al., 2017). In contrast, our estimates of dA did not reach the 
previously described subspecies threshold that ranges from 0.004-0.02 (Rosel et al., 
2017). The exception to this was the Indo-Pacific and Mediterranean Cuvier’s comparison 
(Cuvier’s dA=0.0045, FST = 0.531). Beaked whales show a contrasting pattern to other 
cetaceans, where the CR is less diverse compared to other regions of the mitochondrial 
genome (Dalebout et al., 2004; Morin et al., 2012). It is possible that dA measurements 
using only the CR are not as appropriate for beaked whales as other cetaceans, and 
additional evaluation of mitogenomic divergence across known taxonomic groups would 
be useful to further resolve divergence levels and taxonomy within and among beaked 
whale species. 
 
The proposed ESUs show different patterns of expansion and contraction and may 
therefore respond differently to UMEs and other human activities (Taylor, Perrin, et al. 
2017). For example, both proposed Mediterranean ESUs have low genetic diversity and 
historical demography indicative of population contraction, in contrast to Cuvier’s in 
other regions. Furthermore, in both species, individuals from the Southern Hemisphere 
showed genetic divergence from the Northern Hemisphere and while sample sizes in the 
former are small, Southern Hemisphere Cuvier’s and Blainville’s should be managed as 
distinct ESUs until confirmation of genetic distinctiveness with further sampling.  
 
The designation of DIPs stems from multiple lines of evidence (Martien et al., 2017). 
Based both on the statistically significant genetic differentiation shown here and the 
results of long-term studies on resident populations (recently reviewed by Hooker et al., 
2019), we suggest the following DIPs be identified for future conservation and 
management initiatives: Bahamas, Canary Islands and Hawai’i in both Cuvier’s and 
Blainville’s, and separate Mediterranean Cuvier’s populations in the Ligurian and Ionian 
seas (Table 3-2). We acknowledge the limitations of our ability to identify DIPs given the 
available dataset, as increasing the number and distribution of samples will likely increase 
the number of DIPs identified. However, Martien et al., (2019) advises, that for rare or 
elusive species such as beaked whales, the sample size used to infer management units 
should not only be assessed with respect to statistical power and representativeness, but 
the length of time it could take to increase the sample size. Given that the samples in the 
current study span 140 years, we recommend application of the precautionary principle 
by incorporating the management units suggested here into conservation and management 
activities in light of the anthropogenic pressures that these species face (Moore and 
Barlow 2013; Parsons 2016). 
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Blainville’s beaked whales (Mesoplodon densirostris, n=43 individuals, n=13988 SNPs). Proposed ESUs formed distinct genetic clusters in tess3r that corresponded to 
distinct geographic regions and significant ddRAD 𝐹$%>0.01. Proposed DIPs were based on resident populations investigated by long-term photo-identification and telemetry 
studies and differentiated by significant 𝐹$%. Abbreviations include Med for Mediterranean and S. Hem for Southern Hemisphere, and cardinal compass points abbreviated to 

their first letter (e.g., west is W). 

 

Species Ocean 
Basin 

Population 
ID 

n Sampling Region Sampling Locality Proposed ESUs Proposed 
DIPs 

 
 

 

Atlantic  

Atl_Carib 15 Caribbean  Bahamas, East USA, Puerto Rico, Virgin Islands NW Atlantic  

Atl_CanIs 17 Canary Islands Canary Islands NE Atlantic Canary Islands 

Atl_NE 15 NE. Atlantic Madeira, France, Ireland, Scotland  

Atl_Sp 2 Spain Spain  

Atl_France 5 France France  

Indo-

Pacific 

Indo_Cent 5 Central Pacific Hawaii, Johnston Atoll Central Pacific Hawai’i 

Indo_Sou 9 S. Indo-Pacific Australia, New Zealand, South Africa S Hem  

Indo_NE 19 NE Indo-Pacific Mexico, West Canada, West USA NE Pacific  

Indo_Mix 3 S. Indo-Pacific Chile, Samoa, Philippines   

Med 
 

Med_West 19 W. Mediterranean Corsica, Italy-Ligurian Sea W Med W Med 

Med_East 14 E. Mediterranean Croatia, Italy-Ionian Sea, Greece, Israel E Med E Med 

 

Atlantic 
 

Atl_Bah 7 Bahamas Bahamas NW Atlantic Bahamas 

Atl_East 16 E. Atlantic Madeira, Canary Islands NE Atlantic Canary Islands 

Atl_Oth 5 Admixed Atlantic East USA, Puerto Rico, Canada, UK   

Indo-

Pacific 
 

Indo_Haw 6 Hawaii Hawaii Central Pacific Hawai’i 

Indo_Afr 5 S. Africa South Africa S Hem  

Indo_Sou 3 S. Pacific French Polynesia, Chile  

Cu
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The North Atlantic is a dynamic ocean basin with complex circulation and variable 
weather patterns that are inherently linked to both the global climate and the trajectory of 
climate change (Buckley and Marshall 2016). On centennial scales, the Atlantic 
Meridional Overturning Circulation (AMOC) transfers cold and salty water from the 
surface of the subpolar North Atlantic to the deep sea (>2000m) via convection, and 
together with the Antarctic bottom water (AABW) generated in the Southern Hemisphere, 
helps to fuel the conveyor belt of water, heat and carbon transport around the globe 
(Buckley and Marshall 2016). On decadal scales, the oceanic conditions of the North 
Atlantic Ocean are impacted by physical features such as gyres and currents, continental 
run-off, and cyclic climate oscillations (Rossby 1996; Atkinson and Grosch 1999; Reid 
et al. 2003; Hurrell and Deser 2010). On a spatial scale, landscapes within this basin such 
as undersea mountain ranges, oceanic islands, continental shelf slopes, and shallow seas 
interact with currents to upwell nutrients from the deep sea, and form a number of 
different ecosystems (Reid et al. 2003).  
 
Wave-driven vertical mixing increases the nutrient content in the upper layer of North 
Atlantic and pairing this with a seasonal abundance of light, makes it one of the most 
biologically productive basins in the world (Mueter et al. 2009; Osman et al. 2019). 
Though productivity can vary spatially and temporally, it is more stable around certain 
topographic features, such as the landscapes mentioned above, encouraging upwelling 
and productivity (Mueter et al. 2009), and aggregating higher trophic level species such 
as squid, fish, sea birds and marine mammals (Reid et al. 2003). The highly productive 
North Atlantic supports the presence of 51 marine mammal species across all trophic 
levels (n=8 mysticetes, n=32 odontocetes, n=8 pinnipeds, n=2 sirenians and the polar 
bear; Bowen, 1997; Waring et al., 2006).  
 
Climate variability can greatly influence the lower trophic levels that drive productivity 
and support the diversity of marine megafauna in the North Atlantic. Interannual changes 
in sea surface temperature (SST) and variable factors like wind, affect developmental 
rates of both phyto- and zooplankton and power the turbulence and mixing of plankton 
and nutrients in the water column  (Drinkwater et al. 2003). The most significant source 
of climate variability in the North Atlantic is the North Atlantic Oscillation (NAO), which 
directly impacts a number of variables (SST, wind direction and intensity, water column 
mixing, precipitation, etc.) that can affect productivity across trophic levels (Drinkwater 
et al. 2003; Sundby et al. 2016). For example, the NAO index and endangered North 
Atlantic right whale (Eubalaena glacialis) reproduction are linked through changes in 
copepod (Calanus finmarchicus) abundance in the western North Atlantic (Meyer-
Gutbrod et al. 2015); a large drop in NAO index in 1996 caused copepod populations to 
crash, resulting in reduced calf production of North Atlantic right whales. Warmer SST 
associated with positive NAO phases in the eastern North Atlantic is linked to earlier 
squid migrations (Loligo forbesi, Sims et al., 2001), which may result in a mismatch of 
abundant prey and the predators who rely on them.    
 
It is unequivocally understood that climate change is impacting the marine environment 
by increasing temperature and sea level, reducing sea-ice cover and therefore salinity 
through increased freshwater run-off, and ultimately changing patterns of circulation and 
overall climate (Simmonds and Eliott 2009). In the North Atlantic specifically, the current 
and projected trend is a pattern of warming around the periphery of the basin, with cooling 
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in the centre (Caesar et al. 2018; Pershing and Stamieszkin 2020). As predators in the 
marine system, cetaceans have been proposed as sentinels for monitoring climate change 
and ecosystem health (Hazen et al. 2019; Williamson et al. 2021). Cetaceans are 
responding to global climate change through a number of mechanisms (reviewed in van 
Weelden et al., 2021) including range shifts (Storrie et al. 2018; Stafford 2019; van den 
Berg et al. 2021),  abundance changes (Víkingsson et al. 2015), changes in timing/location 
of migrations (Rugh et al. 2001; Ramp et al. 2015; Hauser et al. 2017), and changes in 
community and trophic structure in relation to changes in prey abundance (Simmonds 
and Eliott 2009; Fleming et al. 2016). It is suggested that cold water species and those 
with discontinuities, or those that live within a narrow temperature range or near the limit 
of their range, will see range contractions and potentially local extirpation or extinctions 
(MacLeod 2009; van Weelden et al. 2021).  
 
One way to predict how populations may respond to future climate change is to look at 
how they responded to historic change. Earth’s climate has fluctuated between periods of 
glaciation and warm interglacials for the past 2.5 mya, with the most recent glacial 
maximum (LGM) occurring between 26.5-19 kya (Clark et al., 2009). Within the North 
Atlantic, shifts between these periods resulted in wide swings in temperature, ice cover 
and sea level, which are thought to have influenced population structure and demographic 
history of a number of marine megafauna. For example, during periods of glaciation and 
lower sea levels, biogeographic barriers are proposed to have restricted gene flow 
between smooth hammerhead shark (Sphyrna zygaena) populations, with demographic 
expansions occurring when the glacial period terminated (Lopes da Silva Ferrette et al. 
2021). Loggerhead sea turtles (Caretta caretta) underwent a substantial contraction in 
population size due to changing climate during the late Pliocene, with populations likely 
maintained in tropical refugia during periods of extended cooling (Reece et al. 2005). 
Following the LGM, populations of baleen whales and their prey in the North Atlantic 
experienced a mix of responses to global warming, due to the widely variable 
oceanographic and climatic features of the North Atlantic impacting environmental 
conditions and prey resources (Cabrera et al. 2022).   
 
One of the most specious and least understood cetacean families is the beaked whales 
(Ziphiidae; Hooker et al., 2019). Six ziphiid species are found in the North Atlantic, three 
of which have an “Unfavourable” predicted conservation implication with regards to 
global climate change (MacLeod 2009). This indicates that the geographic area that a 
species inhabits will likely decrease as SST increases (MacLeod 2009). In the case of 
higher latitude species, this contraction in their range will occur as species shift towards 
the poles. Here, I investigate the responses of beaked whale populations in the North 
Atlantic to past climate change using genomic methods, to better understand how 
populations may fare in the face of predicted global climate change. The demographic 
histories of top predators like ziphiids were likely impacted by fluctuations of lower 
trophic level species due to historic climate oscillations which impacted the environment 
and resulting primary productivity (Cabrera et al. 2022).  
 
Reconstructions of demographic history using genetic methods have been used to 
estimate the effect of glacial/interglacial conditions on past populations and have found 
that many populations of Northern Hemisphere species declined during the LGM (Moura 
et al., 2014; Skovrind et al., 2021). This, combined with the rapid population expansions 
that were measured in other populations following the termination of the LGM (Jenkins 
et al. 2018; Feyrer et al. 2019; Cabrera et al. 2022), suggest that periods of ice cover were 
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or extended periods of cold weather are proposed to be the most likely time for population 
declines and extinction events in cetaceans (Moura et al. 2014).  
 
Actual sea ice cover and resulting sea level decline during glaciations is unlikely to have 
impacted the deepest-diving cetaceans of family Ziphiidae (ziphiids) directly, as they 
prefer the deep waters offshore (Moulins et al. 2007; Rogan et al. 2017; Hooker et al. 
2019). It is hypothesised that deep-sea cetaceans may be able to readily adapt to climate-
driven changes in the ocean by changing their often-wide-ranging distributions 
(Whitehead et al. 2008) and MacLeod (2009) does state that the “Unfavourable” 
conservation implication for Northern Hemisphere beaked whales could change to 
“Favourable” if they are able to colonise the Arctic Ocean. However, many ziphiids form 
distinct genetic clusters around specific island archipelagos and seascape features in the 
absence of physical barriers (Feyrer et al., 2019; Hooker et al., 2019, Chapter 3). Such 
philopatry and habitat preferences indicates that in the face of climate change, species 
change in spatiotemporal distributions may be constrained, reducing the availability of 
suitable habitat.  
 
Here I investigate four ziphiids in the North Atlantic: Northern bottlenose whale 
(Hyperoodon ampullatus, “N. bottlenose”), Sowerby’s beaked whale (Mesoplodon 
bidens, “Sowerby’s”), Blainville’s beaked whale (M. densirostris, “Blainville’s”) and 
Cuvier’s beaked whale (Ziphius cavirostris, “Cuvier’s”). While all four are found in the 
North Atlantic, two have cosmopolitan distributions (Cuvier’s and Blainville’s) and two 
are found exclusively in this basin (N. bottlenose and Sowerby’s; Figure 4-1; MacLeod 
et al., 2006). During periods of extended sea ice cover, available deep sea and continental 
slope habitat would have decreased across the North Atlantic, and it is possible that 
Cuvier’s and Blainville’s could have shifted their ranges to more equatorial areas of their 
distributions. With exclusively North Atlantic contemporary distributions, it is unclear 
how populations of Sowerby’s and N. bottlenose would have responded or fared during 
glaciations. Possible responses include range shifts southwards, the separation of 
populations into refugia, or local extirpation and recolonisation.  
 
Changes in effective population (Ne) size are estimated over the past million years for 
individual populations using methods based on coalescent theory, whereby past 
population dynamics can be inferred from modern day DNA sequences (Drummond et 
al. 2005; Liu and Fu 2015; Liu and Fu 2020). A number of software packages are available 
to estimate past population changes, and here I use “Stairway Plot 2” as it does not require 
the specification of an underlying demographic scenario, is well suited for reduced 
representation sequencing data such as ddRAD, and does not require any knowledge of 
ancestral alleles (Liu and Fu 2020).  
 
Finally, I consider how contemporary structure and historical demographic responses 
may influence the response of these species in the face of future climate change. Based 
on their contemporary ranges and the predicted conservation implications from MacLeod 
(2009), I hypothesize that greater population declines will have occurred in the two 
species limited to the North Atlantic (Sowerby’s and N. bottlenose) in response to 
glaciation and that populations in higher latitudes will see a greater decline in Ne during 
periods of glaciation. 
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Figure 4-1. Map of the inferred distributions of each species based on shapefiles provided by the IUCN 
Red List: Cuvier’s beaked whale (“Cuvier’s”; IUCN (International Union for Conservation of Nature), 

2012), Blainville’s beaked whale (“Blainville’s”; IUCN (International Union for Conservation of Nature), 
2012b), northern bottlenose whale (“N. bottlenose”; IUCN (International Union for Conservation of 

Nature), 2008), and Sowerby’s beaked whale (“Sowerby’s”; IUCN (International Union for Conservation 
of Nature), 2008b). Note that the Cuvier’s range encompasses all the Blainville’s range.  

4.2 METHODS: 

4.2.1 Bioinformatics 

Double-digest restriction-site associated DNA (ddRAD) sequencing was used to generate 
data for Cuvier’s, Blainville’s and Sowerby’s. Sample selection, DNA extraction and 
ddRAD library preparation followed the protocols in Chapters 2 and 3 using samples 
selected from the International Tissue Archive of Beaked Whales (ITABW; 2.3.3). GBS 
data for N. bottlenose were provided by the University of Copenhagen as described in 
Chapter 2.  
 
Following a preliminary analysis to test the suitability of the bioinformatic pipeline for 
the GBS data provided for N. bottlenose (Chapter 2), the Stacks (v. 2; Rochette et al. 
2019) pipeline and filtering steps were run on samples from all four species to optimise 
the best species-specific ‘gstacks’ parameters (Chapter 2). The remaining bioinformatic 
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characterise the genetic structure and diversity and 2) estimate demographic history. The 
datasets for population structure were generated using the pipeline described in Chapters 
2 and 3. For demographic histories, recent mutations may be at a very low frequency and 
can therefore be lost when filtering by minor allele frequency (MAF). Therefore, all steps 
involving MAF filters were removed for the dataset used for demographic 
reconstructions. It is also necessary to include invariant sites when investigating 
demographic history, as using mutation rate to calibrate results requires all the sites 
characterised by ddRAD sequencing, not just the variable ones. As Stacks only outputs 
the variable sites into the VCF file, an R script was used to modify it to include the 
monomorphic sites before proceeding with the demographic analyses 
(https://github.com/laninsky/bats_and_rats/tree/master/fastsimcoal2_inputs).  

4.2.2 Population Structure and Genetic Diversity 

Demographic analyses assume that a population is panmictic, so tess3r (Caye et al. 2016; 
Caye et al. 2018) was used to determine how many genetic clusters were present within 
each species. tess3r was run with K=2-10 genetic clusters for each of the four species, 
using the datasets generated for population structure (with MAF filters). Significance of 
the genetic clustering determined by tess3r was tested by calculating the pair-wise FST 
and 95% confidence intervals between clusters in each species (dartr; Gruber et al., 
2018). A discriminant analysis of principle components (DAPC) was conducted using the 
genetic clusters identified from tess3r as a priori populations in the R package adegenet 
(Jombart 2008; Jombart et al. 2010) to further investigate genetic structure within these 
four species in the North Atlantic. The cross-validation tool “xvalDapc”’ was used to 
optimise the number of principle components (PCs) to retain from the analysis, using the 
genetic clusters determined from tess3r as priors. The resulting DAPCs were plotted to 
observe the spatial structure of SNP genotypes across each species and the “assignplot” 
function was used to determine how well the assignment to DAPC clusters corresponded 
with the a priori population assignments.  
 
Summary statistics of genetic diversity were calculated for each population using the R 
package hierfstat (Goudet 2005). Mean observed heterozygosity (Ho) and gene diversity 
(Hs) were calculated within populations according to Nei (1987) and the inbreeding 
coefficient (FIS) was calculated according to Weir and Cockerham (1984). The 95% 
confidence intervals were calculated around Ho and Hs using rcompanion (Mangiafico 
2020) and the FIS 95% confidence intervals were calculated using hierfstat (“boot.ppfis”; 
Goudet, 2005).  

4.2.3 Reconstructing Demographic History 

Once the underlying population structure was investigated and the appropriate genetic 
clusters were identified, site frequency spectra (SFS) files were generated for each 
population within species. Folded SFS files (ancestral alleles of SNPs are unknown) were 
generated from the datasets without MAF filters (and with the monomorphic sites added) 
using the EasySFS python script (https://github.com/isaacovercast/easySFS), down 
projecting to the population size that resulted in the greatest number of segregating sites 
per population.  
 
Demographic histories were reconstructed for each population with Stairway Plot 2 (Liu 
and Fu 2020) using the population specific folded SFS files, and species-specific mutation 
rates (sites/generation) and generation times (in years, Table 4-1). Stairway Plot 2 is a 



Chapter 4: Reconstructed demographic histories of North Atlantic beaked whales 

DNA in the deep: Comparative molecular ecology for the conservation of beaked whales 79 

nonparametric method of inferring demographic histories using folded SFSs. As SFSs 
can summarise the genotypes of the thousands of samples and SNPs produced with 
genotyping-by-sequencing technologies, it is particularly suitable for studies of non-
model organisms. Species-specific mutation rates were calculated based on the estimated 
mean rate of nucleotide evolution for nuclear DNA (UCLN model) at 9.10e-4 
substitutions/site/million years (Dornburg et al. 2012). The equation for species-specific 
rates based on Dornburg et al. (2012) is as follows:  
 

𝑁𝑜. 𝑠𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑡𝑖𝑜𝑛𝑠	𝑝𝑒𝑟	𝑛𝑢𝑐𝑙𝑒𝑜𝑡𝑖𝑑𝑒	𝑝𝑒𝑟	𝑚𝑖𝑙𝑙𝑖𝑜𝑛	𝑦𝑒𝑎𝑟𝑠 ∗ 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛	𝑡𝑖𝑚𝑒
1,000,000	𝑦𝑒𝑎𝑟𝑠  

 
To run Stairway Plot 2, “blueprint” files were generated for each genetic cluster within 
species using the folded SFS, species-specific mutation rate and generation times. 
Generation times were summarised from the literature and these with the mutation rates 
are found in Table 4-1. Ne was estimated based on 200 bootstraps and the final output 
provided the median Ne, 75% and 95% confidence intervals.  
 
An additional metric of demographic history, Tajima’s D, was calculated for each 
population using a 100 kb sliding window in the program VCFtools (Danecek et al. 2011). 
The mean value and 95% confidence intervals were calculated using the R package 
rcompanion (Mangiafico 2020).  
 
Table 4-1. Species-specific mutation rates (substitutions/nucleotide/generation) based on the calculation 

in Dornburg et al. (2012), the mean rate of nucleotide evolution for nuclear DNA (9.10e-4 
substitutions/site/million years, Dornberg et al. 2012), and generation time (years) from the literature.  

Species Generation 
time  

Mutation 
rate  

Citation 

Cuvier’s 15 1.365e-8 (ACCOBAMS; Dalebout et al. 2005) 
Blainville’s 10  9.1e-9 (Mead 1984; Aguilar de Soto et al. 2015) 
Sowerby’s 7 6.37e-9 (NOAA Fisheries 2022) 
N. bottlenose 10 9.1e-9 (Mead 1984; COSEWIC 2011) 

4.3 RESULTS: 

4.3.1 Final Dataset 

DdRAD sequences were available from n=89 Cuvier’s, n=40 Sowerby’s and n=35 
Blainville’s (2.6) and GBS data were available from n=58 N. bottlenose (2.2.4). The 
sampling locations of the final individuals that passed quality control are mapped in 
Figure 4-2. The final datasets for each species with MAF filters (wMAF) and without 
MAF filters and with monomorphic loci added back in (noMAF+MM) are presented in 
Table 4-2. Within species-specific datasets, the amount of missing data was consistently 
low (mean missing SNPs per species: 1.19% - 2.65%). For the demographic 
reconstructions, summaries of the folded SFS files are presented in Table 4-2 with the 
down projected population size and the number of segregating sites.  
 



 

 

Table 4-2. Summary of sample metadata and number of loci used in analyses presented in this Chapter, as well as diversity summary statistics for each population of Cuvier’s 
beaked whale (ZC), Blainville’s beaked whale (MD), Sowerby’s beaked whale (MB) and N. bottlenose whale (HA). SNP data sets either had minor allele frequency filters for 

structure and diversity analyses (wMAF) or without MAF filters plus the monomorphic loci added back in (noMAF+wMM) for demographic history analyses. Cluster 
abbreviations: CI (Canary Islands), NE (Northeast), W (West), SP (Spain), E (East), OTH (Other), D (Denmark), SF (Scotland+France), FI (Faroe Islands), ICE (Iceland), 
GBI (UK+Ireland), CAN (Canada). Sample origin abbreviations: CI (Canary Islands), FR (France), MD (Madeira), SP (Spain), FL (Florida, USA), NC (North Carolina, 
USA), NJ (New Jersey, USA), PR (Puerto Rico), UK (United Kingdom), IR (Ireland), BH (Bahamas), DK (Denmark), CA (Canada), PT (Portugal), SW (Sweden), NO 

(Norway), VI (Virgin Islands), FI (Faroe Islands), IC (Iceland). Summary statistic abbreviations: Ho (observed heterozygosity), Hs (gene diversity), FIS (inbreeding 
coefficient), SFS n (down projected population size used to generate site frequency spectra, SFS), seg. sites (number of segregating sites used to generate the SFS).  

 

 

Species No. Loci      
(wMAF) 

Cluster n Sample 
Origin 

Ho (95% CI) Hs (95% CI) FIS (95% CI) No. Loci                 
(noMAF 
+ wMM) 

SFS n 
(seg. 
sites) 

Tajima's D 

C
uv

ie
r'

s 

132795 ZC_CI 16 CI 0.162 
(0.161,0.162) 

0.187 
(0.187,0.188) 

0.145      
(0.143, 0.147) 

8445897 28 
(130842) 

-0.589                    
(-0.599, -0.579) 

ZC_NE 19 UK, FR, 
MD 

0.162 
(0.161,0.163) 

0.188 
(0.187,0.189) 

0.146.     
(0.144, 0.148) 

32 
(146779) 

-0.698                   
(-0.708, -0.689) 

ZC_SP 2 SP 0.172 
(0.170,0.174) 

0.085 
(0.084,0.086) 

NA NA NA 

ZC_W 14 FL, NC, 
BH, PR, 

VI 

0.162 
(0.161,0.162) 

0.189 
(0.188,0.190) 

0.154      
(0.152, 0.156) 

24 
(121861) 

-0.524                   
(-0.534, -0.514) 

B
la

in
vi

lle
's

 25541 MD_E 16 CI, UK, 
MD 

0.150 
(0.148,0.153) 

0.159 
(0.156,0.161) 

0.052      
(0.046, 0.059) 

5465244 28 
(38486) 

0.055                  
(0.042, 0.067) 

MD_W 9 CA, FL, 
NJ, PR, 

BH 

0.143 
(0.141,0.146) 

0.155 
(0.153,0.15 

7) 

0.077      
(0.071, 0.086) 

16 
(31984) 

0.026                
(0.013, 0.039) 
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Species No. Loci      
(wMAF) 

Cluster n Sample 
Origin 

Ho (95% CI) Hs (95% CI) FIS (95% CI) No. Loci                 
(noMAF 
+ wMM) 

SFS n 
(seg. 
sites) 

Tajima's D 
So

w
er

by
's

 

24961 MB_D 2 DK 0.243 
(0.238,0.248) 

0.121 
(0.118,0.124) 

NA 6628357 NA NA 

MB_OTH 8 UK, IR, 
CI, PT, 
USA 

0.233 
(0.230,0.235) 

0.242 
(0.240,0.244) 

0.054      
(0.048, 0.061) 

14 
(36565) 

-0.163                   
(-0.175, -0.151) 

MB_SF 17 UK, FR 0.235 
(0.232,0.237) 

0.243 
(0.241,0.245) 

0.048      
(0.044, 0.053) 

30 
(47927) 

-0.208                
(-0.220, -0.196) 

N
. b

ot
tle

no
se

 

935 HA_CAN 3 CA 0.326 
(0.303,0.348) 

0.263 
(0.247,0.278) 

 -0.241                
(-0.305, -

0.191) 

156119 6  
(501) 

0.167                     
(0.082, 0.261) 

HA_FI 7 FI 0.329 
(0.310,0.349) 

0.275 
(0.264,0.286) 

 -0.193                
(-0.237, -

0.144) 

12  
(758) 

-0.146                   
(-0.226, -0.073) 

HA_GBI 9 UK, IR 0.323 
(0.305,0.340) 

0.273 
(0.261,0.284) 

 -0.182                
(-0.218, -

0.135) 

16  
(886) 

 -0.417                   
(-0.480, -0.344) 

HA_ICE 5 IC 0.328 
(0.308,0.349) 

0.283 
(0.270,0.296) 

 -0.157                 
(-0.207, -

0.113) 

10  
(681) 

 -0.038                      
(-0.119, 0.050) 

HA_OTH 4 UK, FR, 
SW, NO 

0.345 
(0.323,0.368) 

0.272 
(0.258,0.287) 

 -0.265                 
(-0.318, -

0.224) 

8  
(574) 

0.129               
(0.0419, 0.2170) 
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Figure 4-2. Distribution of samples from northern bottlenose whales (“N. bottlenose”), Sowerby’s beaked 
whale (“Sowerby’s”), Blainville’s beaked whale (“Blainville’s”), and Cuvier’s beaked whale (“Cuvier’s”) 

that passed quality control and were included in the analyses. 

 
Due to differences in the sequencing methodology, the N. bottlenose dataset resulted in 
less data than the Cuvier’s (935 SNPs vs ~132k SNPs). With SNP counts spanning two 
orders of magnitude, I conducted a sensitivity study using the Cuvier’s dataset to ensure 
that the number of SNPs retained in the N. bottlenose dataset would yield sufficient 
genetic structure resolution to conduct the remaining analyses and make comparisons 
with the other species (2.8.4).  

4.3.2 Population Structure and Genetic Diversity 

In the tess3r analysis, the most likely number of genetic clusters was selected as in 
Chapter 3, based on the most parsimonious clustering of individuals (Figure 4-3 to Figure 
4-6). The best number of clusters was defined as K=4 for Cuvier’s, K=2 for Blainville’s, 
K=3 for Sowerby’s, and K=3 for N. bottlenose (Figure 4-3 to Figure 4-6).  



 

  

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4-3. tess3r plots of cross entropy score (a) and coancestry coefficients (b) for Cuvier’s (K=4)
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Figure 4-4. tess3r plots of cross entropy score (a) and coancestry coefficients (b) for Blainville’s (K=2). 
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Figure 4-5. tess3r plots of cross entropy score (a) and coancestry coefficients (b) for Sowerby’s (K=3).  
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Figure 4-6. tess3r plots of cross entropy score (a) and coancestry coefficients (b) for N. bottlenose (K=3). 

The names above correspond to the final cluster names in Table 4-2 which were used for the genetic 
diversity and demographic history analyses.
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As in Chapter 3, distinct genetic clusters corresponded to the geographic origin of the 
Cuvier’s samples in the Caribbean, Canary Islands, Spain and eastern North Atlantic 
(Figure 4-3). All Blainville’s clustered according to their area of origin (eastern or western 
North Atlantic), except for one individual from the east coast of Canada that shared 
more coancestry with the eastern North Atlantic individuals (Figure 4-4). Sowerby’s 
formed three distinct clusters (Figure 4-5), one made of two Danish individuals, one 
made of primarily of Scottish individuals (and one from France), and the final cluster 
with individuals from the east coast of the USA, Canary Islands, Ireland, Portugal, and 
England.  
 
N. bottlenose individuals from the Faroe Islands formed a distinct cluster as did those 
from Quebec and Iceland together (Figure 4-6). One individual from Sweden shared 
coancestry with the Quebec/Iceland group. The third cluster contained one individual 
from France and Orkney and the final cluster included samples from the UK, Norway and 
Ireland and shared ancestry with both the Faroese and Quebec/Icelandic clusters 
(Figure 4-6). Not all N. bottlenose samples clustered using ‘tess3r’ according to 
geographic origin (for example on individual from Sweden shared coancestry with the 
Quebec/Iceland group and one individual from Orkney shared it’s coancestry with one 
individual from France instead of the other individuals from Scotland and the rest of the 
British Isles, Figure 4-6).  
 
Using the genetic clusters identified in ‘tess3r’ as priors, the Cuvier’s cluster consisting 
of 2 individuals from Spain was highly differentiated from the remaining populations and 
dominated the visible structure in Cuvier’s when the 1st and 2nd principal components 
were plotted (Figure 4-7a). When the 2nd and 3rd principal components were plotted, 
the separation of the remaining three clusters were clearer (Figure 4-8a) and all 
individuals assigned to their geographic origin (Figure 4-7b and Figure 4-8b). The 
Blainville’s DAPC (Figure 4-9a) showed clear division between eastern and western 
North Atlantic clusters with only one individual assigned to a location different from 
where it was sampled in the assignment plot (Figure 4-9b).  
 
Clear differentiation is seen between the Danish and remaining Sowerby’s clusters 
(Figure 4-10a), but little distinction is visible between the two remaining clusters. When 
the Danish cluster is removed, the two remaining clusters still overlap (Figure 4-11a). 
This unclear distinction between clusters is evident in the assignment plots, where 
several individuals do not assign to their population of origin regardless of whether the 
Danish cluster is included or not (Figure 4-10b and Figure 4-11b). In the N. bottlenose 
dataset, the “Other” cluster is clearly differentiated from the remaining clusters (Figure 
4-12a) and when removed, the remaining 3 clusters are more clearly differentiated from 
each other (Figure 4-13a), and most samples assign to the cluster from their geographic 
origin (Figure 4-13b).  
 
As it is not possible to know whether the unclear patterns of genetic clustering of N. 
bottlenose according to geographic origin is an artefact of the sample sizes or of the 
underlying population structure itself, the remaining analyses were conducted on N. 
bottlenose population assignments that factored in the geographic origin of the sample 
as well as the genetic clustering results from ‘tess3r’. For the analysis, the 
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Quebec/Iceland group was split into separate clusters (HA_CAN and HA_ICE, 
respectively), the UK (except Orkney) and Ireland samples were clustered together 
(HA_GBI), and an “Other” group was used (HA_OTH), consisting of four individuals 
from Orkney, France, Norway, and Sweden. The final assigned genetic cluster, 
abbreviation, sample size, and sample origin are provided for all species in Table 4-2. 
 
The amount of genetic differentiation (FST, p-value, and 95% confidence interval) 
between each genetic clusters described in Table 4-2 is presented in Table 4-3.  All pairs 
of Cuvier’s and Blainville’s populations were genetically distinct (p-value < 0.05, 95% 
confidence intervals didn’t span zero). In Sowerby’s, the only significant differentiation 
was seen pairs involving the 2 individuals from Denmark (Table 4-3). All pairs of N. 
bottlenose populations that included the “Other” group showed significant differentiation, 
as well as the Faroe Islands and Iceland pair (Table 4-3).  
 
Estimates of genetic diversity and heterozygote deficiency are presented for each 
population in Table 4-2. Within Cuvier’s, Ho was significantly higher (no overlap of 95% 
confidence intervals) and Hs was significantly lowest in Spain, with little difference 
between the remaining clusters. FIS was significantly highest in the West; with the sample 
size being too small in the Spanish cluster (n=2) to calculate. In Blainville’s Ho and Hs 
were highest, and FIS was lowest in the east. The small Danish cluster (n=2) of Sowerby’s 
had significantly higher Ho and lower Hs and the remaining two clusters had overlapping 
values. The sample size was too small to calculate FIS in the Sowerby’s Danish cluster, 
and values from the other two clusters overlapped. The 95% confidence intervals of Ho 
and Hs overlapped across N. bottlenose populations, and all FIS estimates were 
significantly negative. 
 
 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-7. DAPC scatter of the 1st and 2nd discriminant functions (a) and assignment plot (b) for the four Cuvier’s genetic clusters: Canary Islands (CI), Northeast (NE), 
Spanish (SP) and western North Atlantic (W).  In the assignment plot, each row represents an individual and is labelled with the genetic cluster assigned a priori. Each 

column represents the DAPC cluster classification, and the shade corresponds to the membership probability.  
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Figure 4-8. DAPC scatter of the 2nd and 3rd discriminant functions (a) and assignment plot (b) for the four Cuvier’s genetic clusters: Canary Islands (CI), Northeast (NE), 
Spanish (SP) and western North Atlantic (W).  In the assignment plot, each row represents an individual and is labelled with the genetic cluster assigned a priori. Each 

column represents the DAPC cluster classification, and the shade corresponds to the membership probability.  
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Figure 4-9. Density plot for the first discriminant function of a DAPC (a) and assignment plot (b) for the two Blainville’s genetic clusters: East (E) and West (W). In the 
assignment plot, each row represents an individual and the label along the y-axis indicates the genetic cluster assigned a priori. Each column represents the DAPC cluster 

classification, and the shade corresponds to the membership probability.  
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Figure 4-11. Density plot for the first discriminant function of a DAPC (a) and assignment plot (b) for two Sowerby’s clusters: Scotland and France (SF) and Other (OTH). In 
the assignment plot, each row represents an individual and is labelled with the genetic cluster assigned a priori. Each column represents the DAPC cluster classification, and 

the shade corresponds to the membership probability.  
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Figure 4-13. DAPC scatter of the 1st and 2nd discriminant functions (a) and assignment plot (b) for three N. bottlenose clusters: Faroe Island (FI), Northeast Atlantic (NE), and 
western North Atlantic (W). In the assignment plot, each row represents an individual and is labelled with the genetic cluster assigned a priori. Each column represents the 

DAPC cluster classification, and the shade corresponds to the membership probability 
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Table 4-3. Estimates of differentiation (FST, p-value and 95% confidence intervals) for each population 
pair of Cuvier’s beaked whale (ZC), Blainville’s beaked whale (MD), Sowerby’s beaked whale (MB) and 
N. bottlenose whale (HA) calculated using the wMAF dataset (Table 4-2). Rows in bold italics indicate 

population pairs without significant (p>0.05) differentiation. Cluster definitions: CI (Canary Islands), NE 
(Northeast), W (West), SP (Spain), E (East), OTH (Other), D (Denmark), SF (Scotland+France), FI 

(Faroe Islands), ICE (Iceland), GBI (UK+Ireland), CAN (Canada). 

Species Cluster1 Cluster 2 FST Lower 
CI 

Upper 
CI 

p-
value 

Cuvier's ZC_CI ZC_NE 0.007 0.007 0.008 <0.01 
ZC_CI ZC_W 0.013 0.012 0.013 <0.01 
ZC_CI ZC_SP 0.155 0.153 0.158 <0.01 
ZC_NE ZC_W 0.012 0.011 0.012 <0.01 
ZC_NE ZC_SP 0.143 0.141 0.146 <0.01 
ZC_W ZC_SP 0.155 0.153 0.158 <0.01 

Blainville's MD_E MD_W 0.03 0.028 0.032 <0.01 
Sowerby's MB_OTH MB_D 0.145 0.139 0.151 <0.01 

MB_OTH MB_SF 0.001 0.000 0.002 0.06 
MB_D MB_SF 0.131 0.125 0.136 <0.01 

N. 
bottlenose 

HA_OTH HA_FI 0.045 0.031 0.055 <0.01 
HA_OTH HA_ICE 0.031 0.018 0.043 <0.01 
HA_OTH HA_GBI 0.039 0.027 0.049 <0.01 
HA_OTH HA_CAN 0.032 0.017 0.049 <0.01 
HA_FI HA_ICE 0.008 0.001 0.015 0.02 
HA_FI HA_GBI 0.006 -0.012 -0.002 1 
HA_FI HA_CAN 0.011 -0.002 0.024 0.06 
HA_ICE HA_GBI <0.001 -0.011 0.004 0.69 
HA_ICE HA_CAN <0.001 -0.013 0.009 0.56 
HA_GBI HA_CAN <0.001 -0.013 0.008 0.59 
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4.3.3 Reconstructing Demographic History 

The reconstructed demographic histories from Stairway Plot 2 are plotted for each 
population within species (>2 individuals, excluding “Other” clusters) in Figure 4-14a-d. 
In each plot, the median Ne is presented using the thick line, and the shaded area 
represents the 95% confidence interval. The vertical shaded bars represent major climatic 
events that are known to have impacted the demographic history of other marine species: 
Last Glacial Period (LGP; 110-15kya), Penultimate Glacial Period (PGP; 194-135 kya) 
and the Mid-Pleistocene Transition (MPT; 1250-700kya).  
 
Tajima’s D in Cuvier’s populations was negative (Table 4-2), indicative of population 
expansion, contrasting with the reconstructed demographic histories (Figure 4-14a). In 
each population, there is a rise in Ne from the start and a gradual decline to present day. 
Additionally, both the eastern North Atlantic populations have bottlenecks and 
expansions that began ~800 kya. While all three populations began with approximately 
the same Ne (~25 k), the present value is substantially higher in the West population (25k, 
95% CI: 1.5-11.5 k) compared to the two east populations (~5-10 k, Figure 4-14a), though 
the 95% confidence intervals overlap (Figure 4-14a).  
 
The positive Tajima’s D values for both Blainville’s populations indicate that the 
populations are contracting, and the demographic history reconstructions shows that both 
populations go through bottlenecks (Figure 4-14b) approximately 100 kya, with the West 
population plateauing at 60 k (95% CI: 30-80 k) individuals 40 kya (Figure 4-14b). In the 
East, the population goes through another bottleneck 4 kya and the population plateaus at 
15 k (95% CI: 0-50 k) individuals.  The West population starts with fewer individuals 
compared to the East (<6 k vs 25 k) and its bottleneck drops to fewer individuals (9 k vs 
30 k). However, the most recent Ne for the West is higher than the East, although the 95% 
confidence intervals overlap.  
 
The analysed Sowerby’s population (Scotland+France) had negative Tajima’s D, 
indicative of population expansion (Table 4-2), also seen in the demographic history 
(Figure 4-14c). This population expanded until ~600 kya and reached a plateau at ~100 k 
individuals until modern times (95% CI: 20 k-100 k; Figure 4-14c).   
 
Reconstructed demographic histories of the four N. bottlenose populations are found in 
Figure 4-14d. The two populations with negative Tajima’s D (Table 4-2, therefore 
expanding, Faroe Islands and UK+Ireland) do show a pattern where the modern-day Ne 
is greater than the historic Ne, though the Faroe Islands population appears to experience 
a bottleneck followed by an expansion between ~400 k-50 kya. A similar, though less 
dramatic, bottleneck is seen in the UK+Ireland population, with an expansion following 
around the same time as the Faroe Islands population. The positive Tajima’s D value in 
the Canadian population suggests a contraction (Table 4-2), which is seen in the 
bottleneck that takes place around 400 kya. As with the other 3 populations, the Icelandic 
population appears to go through a bottleneck/expansion similar in timing and magnitude, 
with the final Ne higher than the starting Ne. The final Ne for Faroe Islands, UK+Ireland 
and Iceland populations are similar in magnitude (175 k-250 k) and much higher than the 
final Ne for the Canadian population (~30 k) though the 95% confidence intervals overlap 
(Figure 4-14d).  



 

 

Figure 4-14 (a-d). Reconstructed demographic histories of a) Cuvier’s beaked whale populations, b) Blainville’s beaked whale, c) Sowerby’s beaked whale, and d) northern 
bottlenose whale. Solid lines are the median effective population size (Ne), and shaded areas are 95% confidence intervals. Both axes are on a log scale and are in the 

thousands.  The vertical shaded bars represent major climatic events: Last Glacial Period (LGP; 110-15 k years ago (kya), Penultimate Glacial Period (PGP; 194-135 kya) and 
the Mid-Pleistocene Transition (MPT; 1250-700 kya).  
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4.4 DISCUSSION 

The demographic histories of North Atlantic beaked whale populations are presented here 
in comparison to periods of notable historic climate change, and notable changes in 
population trajectories may be linked to wide-scale cooling and warming of the ocean 
basin, with fluctuations in salinity, ice cover, trophic dynamics, and currents. While the 
reconstructed demographic histories presented here did not show straightforward 
responses to past climate change according to species, body size or species range, I 
hypothesize that the changes in Ne were most likely influenced by a complex relationship 
between physiology, behaviour, and evolutionary history. 

4.4.1 Population Structure and Genetic Diversity  

In the absence of physical barriers to movement and dispersal, genetic population 
structure is found in many large and mobile marine species (Bowen and Karl 2007; Castro 
et al. 2007; Hoelzel 2009; Clarke et al. 2015; Gonçalves da Silva et al. 2020). While 
comprising a complex system of oceanographic features, the North Atlantic Ocean does 
not present any physical barriers to large mammals such as beaked whales, yet structure 
on both large and fine scales has been detected (results here, Chapter 3, Dalebout et al., 
2001, 2006; Feyrer et al., 2019; de Greef et al., 2022). The patterns of genetic structure 
in Cuvier’s and Blainville’s are discussed at length in Chapter 3, so here I will focus on 
the Sowerby’s and N. bottlenose findings.  
 
Based on differences in skull morphology and staple isotopes, separate Sowerby’s 
populations in the eastern and western North Atlantic have been proposed (Smith, Mead, 
et al. 2021; Smith, Trueman, et al. 2021). In this first genomic study of Sowerby’s 
population structure, genetic clusters detected using tess3r did not correspond to 
geographic origin of the samples. Several factors could have contributed to the lack of 
genetic structure found here. Sample sizes were sparse across the species’ entire range, 
potentially missing populations. Samples were also biased towards the eastern North 
Atlantic (only two individuals from the west), similar to the studies that indicated east 
and west differences in Sowerby’s skull morphology (west: n=45, east: n=129; Smith, 
Mead, et al. 2021) and stable isotopes (west: n=38, east: n=64; Smith, Trueman, et al. 
2021). Additionally, all Sowerby’s samples came from stranded animals, making it 
impossible to pinpoint the fine scale origin of those individuals. Sowerby’s populations 
may also be structured by something other than geography, such as preference for 
different environmental conditions or ecological niches (like bottlenose dolphins, Louis 
et al., 2014). Finally, it was presumed that genetic structure would be found as it has been 
found in most other studied ziphiids, however it may be that Sowerby’s in the North 
Atlantic are a panmictic species like Gray’s beaked whale across the Southern 
Hemisphere (Mesoplodon grayii, Westbury et al., 2021). 
 
N. bottlenose have shown lower levels of genetic diversity than other beaked whale 
species occupying similar niches due to their more limited geographic range (Feyrer et 
al. 2019). Investigations using mitochondrial DNA, nuclear microsatellites and nuclear 
genomes have not been able to paint a clear picture about N. bottlenose structure and 
connectivity, though it is understood that the Scotian Shelf population (including the well-
studied “Gully” population, Dalebout et al., 2006) seems to be genetically distinct from 
N. bottlenose sampled elsewhere (Dalebout et al. 2001; Dalebout et al. 2006; Feyrer et al. 
2019; de Greef et al. 2022). Evidence also shows that the population in Iceland is 
genetically distinct (de Greef et al. 2022). In the current study however, we did not see 
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differentiation between the individuals sampled from eastern Canada compared to Iceland 
using tess3r. The lack of differentiation between the Canadian and Icelandic individuals 
may have been due to a smaller sample size or a lack of resolution in the SNP dataset. 
The “Other” cluster showed significant differentiation from the remaining clusters, 
however this cluster included individuals from a range of geographic locations who all 
shared similar levels of admixture between the Quebec/Iceland and Faroe Islands clusters 
and it is very unlikely that this group represents a meaningful demographic or 
evolutionary unit. The Faroe Islands were genetically distinct from the Icelandic cluster, 
an interesting result considering their close geographic proximity and that these were 
considered to be part of the same historic whaling stock (Whitehead and Hooker 2012; 
Whitehead et al. 2021). North-south and inshore-offshore migrations have been suggested 
for N. bottlenose in the eastern North Atlantic, which may have resulted in the lack of 
clear genetic similarity amongst individuals sampled in the same region, as they could 
have originated, or reproduced, elsewhere.  

4.4.2 Demographic History 

Population bottlenecks and expansions were detected in three species (Figure 4-14) 
spanning four discrete time periods. Starting the furthest back in time, Cuvier’s 
populations (Canary Islands and Northeast) experienced a bottleneck ~800 kya with an 
expansion following ~500 kya (Figure 4-14a). Between ~150-50 kya, a bottleneck and 
later expansion occurred in N. bottlenose population (Faroe Islands, UK+Ireland and 
Iceland, Figure 4-14d) and Blainville’s populations (East and West, Figure 4-14b). Three 
Cuvier’s populations (Canary Islands, Northeast, and West) also experienced a gradual 
contraction in Ne from ~10 kya and Blainville’s (East) underwent a substantial decline in 
Ne from 60 k to 30 k over the course of ~1 k years. Each of these time periods coincides 
with glacial and interglacial events that have impacted the demography of other species 
and will be discussed here.   
 
The bottleneck and following expansion ~800 kya in Cuvier’s may have coincided with 
the culmination of the Mid-Pleistocene Transition (MPT). This period saw a shift in the 
global climate from less severe glaciations on a 40 k year scale to high amplitude swings 
between extreme glacial and interglacial periods on 100 k year scales (McClymont et al. 
2013). This transition has been suggested as the driver behind differentiation in 
rockhopper penguin (Eudyptes chrysocome sensu lato) populations (De Dinechin et al. 
2009) and an expansion of green sea turtle (Chelonia mydas) Ne (Fitak and Johnsen 2018).  
 
The temporal range of the bottlenecks experienced by N. bottlenose and Blainville’s 
encompasses the penultimate glacial period (PGP, 194 kya – 135 kya), the Eemian 
Interglacial (130 kya-115 kya) and the start of the last glacial period (LGP, 115 kya), 
suggesting these declines could have been the result of periods of warming, cooling, or 
the transition between the two. During the PGP, glacial ice covered its most expansive 
range in the last 400 k years, corresponding with an extensive drop in global sea level and 
shifting temperature zones (Colleoni et al. 2016). During this time, there was a possible 
increase in killer whale Ne (Orcinus orca; Moura et al., 2014), divergences in both beluga 
and walrus populations (Shafer et al. 2015; Skovrind et al. 2021), and decreases in 
Antarctic fur seal (Arctocephalus gazella) and California sea lion (Zalophus 
californianus) populations (Peart et al. 2020). The Eemian interglacial was a period of 
similar air and sea surface temperatures as today, and saw an increase in sperm whale Ne 
(Morin et al. 2018) and a decline in killer whale Ne (Moura et al. 2014). The start of the 
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LGP brought on the start of a marked decline in beluga Ne (Delphinapterus leucas; 
Skovrind et al., 2021).  
 
The later contraction shared by Cuvier’s populations could have coincided with the end 
of the LGP or the “8.2 kiloyear event” (Alley et al. 1997; Törnqvist and Hijma 2012), 
where rapid warming resulted in a massive discharge of glacial melt water into the North 
Atlantic, disrupting and reducing primary productivity and potentially limiting prey. 
Environmental changes during this time are proposed to have impacted the population 
trajectories of a number of baleen whales and their prey (Cabrera et al. 2022). The most 
recent decline in the east Blainville’s population may have coincided with the “4.2 ka” 
event (Ran and Chen 2019), however population declines occurring near the present may 
be an artefact of underlying population structure in skyline plots (Heller et al. 2013).  
 
Any event with a lasting impact on primary productivity in the ocean can cause 
downstream effects on the population trajectories of higher trophic level species. 
Extended periods of global warming (such as the Eemian interglacial) can impact pelagic 
species by disrupting upwelling and reducing overall primary productivity and prey 
availability (Schmittner 2005). However, productivity may be maintained in areas with 
complex topography that facilitates upwelling (such as the areas where persistent beaked 
whale populations are found; MacLeod and Zuur, 2005; Ferguson et al., 2006). Reducing 
prey availability can impact demographic history by reducing the overall population size 
and may lead to reproductive isolation and resulting genetic structure if the ranges of prey 
species also become fragmented.  This disruption of upwelling and reduction of prey is 
thought to have led to speciation in minke whales (Balaenoptera acutorostrata) during 
the warm Pliocene (Pastene et al. 2007). Alternatively, periods of warming were 
beneficial for some species with limited ranges during glacial periods, as evidenced by 
the beluga population expansions during interglacials (Skovrind et al. 2021). Populations 
of N. bottlenose in this study also appear to rebound during the Eemian interglacial, 
before reaching their peak Ne during the LGP.   
 
Prolonged cool periods can shift distributions due to reduced sea level, reduced SST, and 
extended ice sheets (Banguera-Hinestroza et al. 2010). These extended cool periods and 
their terminations are proposed to be the most likely events associated with population 
declines and/or extinctions, such as that seen in killer whales (Moura et al., 2014). 
Redistributions of species ranges into glacial refugia may also increase reproductive 
isolation, resulting in genetic structure of populations and/or speciation over time 
(Taguchi et al. 2010). Extended periods of cooling have also resulted in peaks of primary 
productivity, with predators expanding (and potentially diverging) to exploit new ranges 
of prey distributions (Harlin-Cognato et al. 2007).  
 
A potentially synchronous bottleneck was detected in populations of N. bottlenose and 
Blainville’s ~150-50 kya, but not in Cuvier’s or Sowerby’s, whose populations were at 
their highest Ne during these years. Populations that did and did not experience the 
bottleneck spatially overlap, ruling out a direct latitudinal link to the climatic event. 
Differences in body size may also be ruled out, as N. bottlenose and Cuvier’s are the two 
biggest species, however the available habitat to N. bottlenose would have been reduced 
in glacial periods. Although Cuvier’s and Blainville’s both have global distributions, this 
bottleneck does not appear to have impacted the Cuvier’s populations. In chapter 3, I 
propose that the smaller Blainville’s may have a higher thermal limit than Cuvier’s, 
suggesting they may respond to extended cool periods in a different way. Perhaps the 



Chapter 4: Reconstructed demographic histories of North Atlantic beaked whales 

DNA in the deep: Comparative molecular ecology for the conservation of beaked whales 102 

reduction in available habitat resulted in less gene flow between populations, with 
declines in Ne representing population declines as well as increasing genetic structure. 
Sowerby’s are not much bigger than Blainville’s (5.5m vs 4.7m; Pitman, 2018), however 
as their normal distribution extends into much colder waters than Blainville’s suggesting 
a lower thermal limit. Site fidelity can also be ruled out, as Cuvier’s, Blainville’s and N. 
bottlenose show some level of philopatry, but differing demographic histories (Reyes 
2018; Baird 2019; Feyrer et al. 2019; de Greef et al. 2022). A straightforward cause and 
effect relationship does not seem to explain the presence/absence of this bottleneck in 
North Atlantic beaked whale species, and a more complex relationship involving niche 
partitioning may be more appropriate.  
 
Beaked whales display resource partitioning, with different species preferring certain 
types and/or sizes of prey (MacLeod et al. 2003; Spitz et al. 2011; Baird 2019). In general, 
Mesoplodon species eat consistently smaller prey than Cuvier’s and N. bottlenose, and 
tend to forage in shallower depths (Baird et al. 2006; Rogan et al. 2017; Baird 2019). 
Cuvier’s and N. bottlenose occupy a similar dietary niche, though the niche breadth of N. 
bottlenose is significantly smaller (Whitehead et al. 2003). Populations of Cuvier’s and 
Blainville’s are often geographically segregated; for example in the Bahamas and 
Hawai’i, Blainville’s are more commonly observed in shallower water compared to 
Cuvier’s and dive to shallower depths to forage (MacLeod et al. 2003; Baird 2019). In 
the eastern North Atlantic, Sowerby’s diet includes significant amounts of fish and crab, 
and they forage on the shallower continental shelf compared to the more offshore Cuvier’s 
(Spitz et al. 2011). Although Sowerby’s and Blainville’s are of similar size and are 
thought to share the same ecological niche, their foraging behaviour differs greatly 
(Visser et al. 2022). While most ziphiids use a relatively slow and energy conserving style 
of diving, Sowerby’s swim, find and catch their prey faster, and make shorter duration 
dives to a broad depth range, expanding the breadth of their niche to include larger and 
more energetic prey types (Visser et al. 2022). Perhaps differences in ecological niche 
and foraging behaviour drove the different demographic responses of Blainville’s and 
Sowerby’s to historic climate change.  
 
While not impacted by the bottleneck discussed previously, Cuvier’s in the eastern North 
Atlantic did experience an earlier bottleneck that the western North Atlantic population 
did not. Perhaps productivity changes occurred more significantly during the wider 
amplitude glaciations following the MPT in the eastern North Atlantic compared to the 
more tropical west.  It is interesting to note that this MPT related decline in eastern 
Cuvier’s populations was not seen in the Blainville’s data, as these species are often found 
in sympatric resident populations (Baird et al. 2009; Claridge et al. 2015; Reyes 2018; 
Baird 2019; Hooker et al. 2019). 
 
While the sharp declines in Ne detected here in beaked whale populations were assumed 
to be the result of a bottleneck, the formation of new populations from a small subset of 
individuals (“founder effect”) and underlying population structure could also have 
resulted in the patterns seen here (Heller et al. 2013; Mazet et al. 2015). For example, 
reductions in Ne as a result of the foundation of new populations has been seen in 
European roe deer (Capreolus capreolus; de Jong et al., 2020), the brown rat (Rattus 
norvegicus; Puckett et al., 2020), and the Eurasian lynx (Lynx lynx; Lucena-Perez et al., 
2020).  



Chapter 4: Reconstructed demographic histories of North Atlantic beaked whales 

DNA in the deep: Comparative molecular ecology for the conservation of beaked whales   103 

4.4.3 Beaked Whales and Future Climate Change 

The geographic ranges of cetaceans are primarily influenced by water temperature 
(MacLeod 2009), and with climate change expected to increase global SST by up to 3°  
C by 2100 (Hoegh-Guldberg et al. 2014), scientists have tried to predict what this affect 
may be on cetacean communities (van Weelden et al. 2021). As a result of the complex 
interactions of currents and climate systems, notably the AMOC, warming of the North 
Atlantic is occurring around the periphery of the basin and cooling in the centre (Caesar 
et al. 2018; Pershing and Stamieszkin 2020). Trophic dynamics in the North Atlantic are 
based on the seasonal blooms of phytoplankton, which feed the seasonally abundant 
zooplankton (genus Calanus). The predictable booms in Calanus provide the basis for all 
higher trophic level species in the North Atlantic, and the current warming trend is 
disrupting this timing (Sundby et al. 2016; Pershing and Stamieszkin 2020). Furthermore, 
a shift is occurring whereby the range of C. finmarchicus, the smallest and lowest lipid 
content of the three Calanus species, is expanding northward and changing the 
distribution of biomass in the Arctic away from the more nutritious Calanus species with 
likely impacts on higher trophic levels (Freer et al. 2022).  
 
Warming of the eastern North Atlantic has already resulted in shifting dynamics of both 
prey and cetacean species (MacLeod et al. 2005; Golikov et al. 2013), and the two species 
in this study with North Atlantic distributions (N. bottlenose and Sowerby’s) are predicted 
to have an unfavourable response to climate change (MacLeod 2009; van Weelden et al. 
2021). Warming seas will likely mean poleward shifts in distribution, and for species in 
the Northern Hemisphere, this could result in the mixing of previously genetically isolated 
populations and/or competition with similar niche species in the ice-free Arctic Ocean 
(MacLeod 2009; van Weelden et al. 2021). Cuvier’s and Blainville’s have nearly 
cosmopolitan distributions, with unchanged or favourable predicted responses to climate 
change, respectively (MacLeod 2009; van Weelden et al. 2021). Both species may also 
expand their ranges poleward and encounter species of similar niches to compete for 
resources with, which could also increase the likelihood of potential mixing between 
genetically distinct units (MacLeod 2009). Site fidelity has been identified on some scale 
in each of these four species (Dalebout et al. 2006; Hooker et al. 2019; Smith, Trueman, 
et al. 2021), and preference for local bathymetry and habitat preference may trap and 
ultimately extirpate geographically isolated populations, keeping them from following 
suitable habitat as it shifts poleward with rising temperatures (like belugas MacLeod, 
2009; Skovrind et al., 2021). If populations do ending up shifting their ranges to follow 
suitable habitat, this may impede conservation efforts if mismatches occur between the 
population of interest and any protected areas in place to protect them (i.e. the proposed 
MPA for Cuvier’s in the Alborán Sea or the Gully MPA for N. bottlenose whales; O’Brien 
and Whitehead, 2013; Cañadas and Vázquez, 2014).  

4.4.4 Caveats and Future Work 

The results of the demographic analyses presented here are only as good as the data used 
to generate them, and several parameters are subject to caveats. Methods used to calculate 
Ne have many of the same assumptions as a Wright-Fisher population: random mating, 
non-overlapping generations, constant population size, panmixia and no forces such as 
selection, recombination, mutation or drift (Charlesworth 2009; Salmona et al. 2017).  
Many of these assumptions are violated in most natural populations, impacting 
estimations of effective population size (reviewed in Charlesworth, 2009), however some 
can be accounted for in the sampling scheme and analysis. 
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Stairway Plot 2 was specifically developed to estimate changes in population size over 
time without needing to assign an underlying population model, based on the site 
frequency spectrum (SFS). This fundamental summary statistic collapses genome-wide 
SNP data into a single vector of the allele frequency distribution of a (or several) 
population (Salmona et al. 2017). SFS files and the resulting analyses of demographic 
history are biased by the bioinformatic pipeline chosen to identify and call SNP genotypes 
(Shafer et al. 2017). Shafer et al. (2017) make several recommendations for studies 
involving RADseq data, one of which is to use a closely related reference genome for 
calling SNPs. This was done in the current study, as the Cuvier’s reference genome was 
used for each of our four species which are within the same family. Other 
recommendations that were not considered here but could be incorporated into future 
analyses include using multiple bioinformatic pipelines to assess the robustness of the 
findings and to generate SFS files directly from genotype likelihoods instead of explicit 
calls, which is an option in ‘ANGSD’, (Korneliussen et al. 2014; Rochette et al. 2019; 
Warmuth and Ellegren 2019). This genotype likelihood method is advantageous over 
genotype calls in many situations, namely when the data are low or medium coverage 
(Korneliussen et al. 2014). 
 
Scaling the demographic history trajectories to discrete years is dependent on the 
estimates of species-specific generation times. Multiple definitions of “generation time” 
exist, including the most commonly used average parental age of offspring in a cohort 
(Bienvenu 2019), however this is not available for most beaked whale species and is 
therefore a potential caveat in the demographic histories presented here. This definition 
of generation time was available for N. bottlenose, and ranged from 15.5 years 
(COSEWIC 2011) to 17.8 years (in an assumed stable population; Taylor et al., 2007). In 
the remaining three species, generation times have been assumed based on those of other 
beaked whale species, but species-specific ages at sexual maturity are available. For 
Cuvier’s, the estimated age at sexual maturity is 10 to 15 years (ACCOBAMS) and a 
generation time of 15 years has previously been used (based on N. bottlenose estimates; 
Dalebout et al., 2005). Estimates for Sowerby’s range from reaching sexual maturity at 7 
years (NOAA Fisheries 2022) to a generation time of 15-30 (based on other beaked 
whales; COSEWIC, 2006). The estimated age of sexual maturity for Blainville’s ranges 
from 9 to 11 years (Mead 1984; Aguilar de Soto et al. 2015). In the absence of sufficient 
species-specific generation times, 10 years was used as an estimate for all ziphiids in 
Dalebout (2002). In this study, I used the generation times presented in Table 4-1, 
balancing the various estimates of generation time and age at sexual maturity. While the 
pattern of demographic changes (in terms of Ne) would not change with different 
generation times, the timing will (e.g.,  
Figure 4-15). It must be stated that differences in the timings of trajectory changes could 
therefore be a result of incorrect generation times, and not differing response to climate 
and ecosystem changes.  
 
Demographic reconstructions are unreliable if they do not account for underlying 
population structure. This can appear as a decline in Ne seen close to the present, a 
phenomenon called the “structure effect” (Heller et al. 2013). Underlying structure could 
be the reason for the recent decline in Blainville’s from the eastern North Atlantic 
(primarily Canary Island population). Photo-identification studies have found little 
exchange of individuals between the West and East Canary Islands and Blainville’s are 
thought to exhibit higher site fidelity than their Cuvier’s counterparts in the archipelago 
(Reyes 2018). As all individuals from this region were analysed together, recent 



Chapter 4: Reconstructed demographic histories of North Atlantic beaked whales 

DNA in the deep: Comparative molecular ecology for the conservation of beaked whales   105 

separation and genetic isolation of these two populations may be influencing the 
population trajectory seen here. Genetic structure associated with geographic location of 
origin was not clear for Sowerby’s, with the “Other” population including individuals 
from both the eastern and western North Atlantic. Sample sizes were sparse, and since 
structure has been proposed based on skull morphology and stable isotopes (Smith, 
Trueman, et al. 2021; Smith, Mead, et al. 2021), further sampling across the North 
Atlantic for Sowerby’s is recommended to determine whether the lack of genetic structure 
we have detected is real, or an artefact of sampling.  
 
Stairway Plot 2 is a useful tool to model and generate hypotheses about the demographic 
histories of populations. Moving forward, simulation-based approaches such as those 
employed using Approximate Bayesian Computation (ABC), can be used to test for more 
complex scenarios that may include changes in population size as well as population 
divergence. A useful analysis would be to test the synchronicity of the bottleneck seen in 
N. bottlenose and Blainville’s populations using the framework implemented by ‘Multi-
Dice’ (Xue and Hickerson 2017). Finally, divergence dating between species and 
populations would provide complementary evidence of impacts of past climate change if 
these events coincided with known climatic events.  
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Figure 4-15. A comparison of reconstructed demographic histories for N. bottlenose sampled in the Faroe 
Islands assuming a generation time of 10 years (upper) and 17.8 years (lower).  
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5.1 INTRODUCTION 

Anthropogenic noise pollution has been classified as one of the greatest threats to 
ecosystem health in both terrestrial and marine environments (Shannon et al. 2016). 
Marine environments, especially the deep sea, are particularly sensitive to these threats, 
as sound propagates a greater distance in the deep sea and many of the diverse inhabitants 
here use acoustic cues due to the absence of light (Nowacek et al. 2007; Hildebrand 2009; 
Sutton and Milligan 2019). A group of major deep-sea predators particularly sensitive to 
anthropogenic noise are marine mammals (Nowacek et al. 2007; Hildebrand 2009; Nelms 
et al. 2021). One specific intersect between noise pollution and deep-sea research has 
been the recent understanding that the beaked whale family (Ziphiidae), and likely other 
cetaceans, are negatively impacted by naval sonar use (Evans et al. 2001; Nowacek et al. 
2007; Tyack et al. 2011; Parsons 2017).   
 
Since the early 1970’s a connection was suggested between military exercises at sea and 
strandings of beaked whales (van Bree and Kristensen 1974; Frantzis 1998; Balcomb III 
and Claridge 2001; Jepson et al. 2003). The development of biologging devices that can 
collect sound recordings (DTAGs; Johnson and Tyack, 2003) resulted in the measurement 
of acoustic “masking” (obscuring or interfering with natural sounds; Weilgart, 2007) and 
behavioural responses to noise (shipping traffic, predator calls, sonar playbacks, etc) in 
beaked whales (Aguilar de Soto et al. 2006; Tyack et al. 2011; Aguilar de Soto et al. 2012; 
DeRuiter et al. 2013; Allen et al. 2014). While this correlation between anthropogenic 
noise and beaked whale strandings is widely accepted among the scientific community, 
the mechanism causing animals to strand is not completely understood (Cox et al. 2006).  
 
Beaked whale mass strandings are not particularly common (Filadelfo et al. 2009), but 
they raise a lot of public attention when they occur (Parsons 2017). During these events, 
a discrete number of individuals may be removed from the population through fatal 
strandings, but it is not understood how this may cause long-term, population-level 
impacts. This uncertainty has led to a dramatic increase in studies relating to beaked whale 
biology and ecology (Hooker et al. 2019). In particular, much work has been done 
investigating the two widest ranging ziphiids (MacLeod et al. 2006; Baird 2019), Cuvier’s 
and Blainville’s beaked whales (Ziphius cavirostris and Mesoplodon densirostris, 
respectively and henceforth “Cuvier’s” and “Blainville’s”), to provide baselines from 
which impacts can be measured.  
 
Cuvier’s and Blainville’s have nearly cosmopolitan distributions (Macleod 2000; 
MacLeod et al. 2006) and hierarchical genetic structure has been found in both species 
(Chapter 3, Dalebout et al., 2005; Morin et al., 2012). Biogeographic barriers, site fidelity, 
evolutionary and life history drive the distributions of Blainville’s and Cuvier’s (Chapter 
3). Resident populations of both species, where individuals are re-sighted over many 
years in the same region using photo-identification, have been identified across the globe 
(Baird 2019; Hooker et al. 2019). Three regions in which Blainville’s and Cuvier’s are 
regularly found are the Canary Islands, the Bahamas, and the Mediterranean Sea (latter, 
Cuvier’s only; Figure 5-1). In each of these regions, “key” areas for beaked whales have 
been identified (MacLeod and Mitchell 2006) and resident populations have been 
investigated in long-term studies (Rosso et al. 2011; Claridge 2013; Podestà et al. 2016; 
Reyes 2018; Hooker et al. 2019). Populations in each of these regions were identified as 
genetically distinct Demographically Independent Populations (DIPs) (Chapter 3) and 
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have experienced mass strandings which correlate with naval sonar activity (D’Amico et 
al. 2009; Hooker et al. 2019).  
 

 
Figure 5-1. Map of the three focal regions included in this study (A. Bahamas, B. Canary Islands, and C. 

Mediterranean Sea), including species-specific sample sizes for each of the “disturbed” populations 
(circled in yellow) and “semi-pristine” populations (circled in blue). 

Cuvier’s and Blainville’s are regularly sighted in the Canary Islands, where long-term 
photo-identification studies have estimated residency patterns and life-history parameters 
(Aguilar de Soto 2006; Tejedor et al. 2010; Reyes 2018). The population sizes of 
Blainville’s and Cuvier’s off El Hierro (western Canary Islands) are estimated to be 
n=103 and n=87 individuals based on mark recapture, respectively, with respective 
estimates of the percentage of resident individuals being 35% and 53% (Reyes 2018). 
Both species are regularly sighted in the Bahamas, and long-term photo-identification 
studies of Blainville’s and Cuvier’s are ongoing in the Atlantic Undersea Test and 
Evaluation Centre (AUTEC; a naval testing range) and around Abaco Island (Claridge 
2013; Claridge et al. 2015; Hooker et al. 2019). In Abaco, n=48 Blainville’s have been 
individually identified and 34% of these have been sighted more than once (Claridge 
2013). In AUTEC, n=30 Blainville’s have been individually identified, 35% of which 
were resighted at least once (Claridge 2013). There have not been any photographic 
matches between AUTEC and Abaco (Claridge 2013). A thorough analysis of Cuvier’s 
photo-identification data in the Bahamas is underway (Claridge 2013), and so far photo-
identification, telemetry, dietary and contaminant analyses show that Cuvier’s in the 
Bahamas exhibit site-fidelity to the geographically distinct regions that were investigated, 
including Tongue of the Ocean and Abaco Island, with limited movements between them 
(Claridge et al. 2015). Across the Mediterranean Sea, there is an estimated ~5700 
Cuvier’s (Cañadas et al. 2018), with the three highest density areas being Genoa Canyon 
in the Ligurian Sea: 100 individuals (95% CI: 79-116; estimated from photo-
identification data; Podestà et al., 2016), the Hellenic Trench: 512 individuals (95% CI: 
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387-755; estimated from visual surveys between 2018-2021; Frantzis et al., 2022), and 
the Alborán Sea: 429 individuals (95% CI: 334-557; estimated from line transect surveys; 
Cañadas and Vázquez, 2014).  
 
Beaked whale populations living in each of the areas described above have also been 
subjected to historic or current anthropogenic disturbance which resulted in mass 
strandings (D’Amico et al. 2009; Filadelfo et al. 2009). In the Canary Islands, nine mass 
strandings (2 or more individuals) occurred between 1985 and 2004 around Fuerteventura 
and Lanzarote in the east involving 63 individuals (from five species including n=49 
Cuvier’s and n=5 Blainville’s), some of which were correlated in space and time with 
naval sonar activity (Simmonds and Lopez-Jurado 1991; Jepson et al. 2003; Martín et al. 
2003; Fernández et al. 2005; D’Amico et al. 2009; Bernaldo de Quirós et al. 2019). The 
last of these strandings, which took place in 2004, resulted in the deaths of four Cuvier’s, 
and occurred 6-12 days after international naval exercises were carried out north of 
Lanzarote and Fuerteventura (Fernández et al. 2012). Following this, the Spanish 
government implemented a sonar moratorium around the Canary Islands in 2004, and no 
mass strandings have taken place since (Fernández et al. 2012; Fernández and Martín 
2013).  The AUTEC naval range in the Tongue of the Ocean (TOTO), Bahamas is the 
site of regular mid-frequency active sonar (MFAS) used during training exercises 
(Claridge 2013). In 2000, a mass stranding involving at least 14 beaked whales (including 
n=9 Cuvier’s, n=3 Blainville’s, and n=2 unidentified ziphiids) followed antisubmarine 
warfare exercises occurring nearby in the Northern Bahamas (Balcomb III and Claridge 
2001; Evans et al. 2001). This is considered the first major stranding event known to be 
associated with a U.S. Navy sonar exercise (Filadelfo et al. 2009).  
 
In the Mediterranean, seven mass strandings of Cuvier’s occurred between 1961 and 1996 
in the Ligurian Sea (Podestà et al. 2006; D’Amico et al. 2009) involving 44 individuals 
(>1/3 of the current estimated abundance; Podestà et al., 2006, 2016; D’Amico et al., 
2009). Three of these events are thought to have been correlated with naval activity 
(D’Amico et al. 2009).  Mass strandings of Cuvier’s in Greece have been noted since 
1996, however the first to be correlated with naval exercises occurred in 1996, when 12 
Cuvier’s died after stranding in geographic and temporal proximity to low frequency 
active sonar (LFAS) testing by a NATO research vessel (Frantzis 1998; D’Amico et al. 
2009). The most recent mass stranding of 6-10 Cuvier’s in Greece occurred in 2014 in 
Crete, coincident with multinational naval exercises involving anti-submarine warfare 
and military sonar (Frantzis 2015). 
 
The events described above suggest that beaked whale responses to disturbance can result 
in fatal strandings. Studies are ongoing to understand individual-level responses to 
disturbance (Tyack et al. 2011; Aguilar de Soto et al. 2012; DeRuiter et al. 2013; Allen 
et al. 2014; Aguilar de Soto et al. 2020; Joyce et al. 2020) and why those responses may 
result in strandings (Fahlman et al. 2014; Quick et al. 2020); however, the potential long-
term impacts of these events on beaked whale populations and species are yet to be 
studied in detail (Harwood et al. 2016). It is thought that the mortalities resulting from 
mass stranding events may have significant negative impacts on beaked whale 
populations through mechanisms including energetic costs to direct mortality, though this 
is difficult to assess without population data that pre-dates sonar use (Bernaldo de Quirós 
et al. 2019). There is also some evidence of long-term impacts in Blainville’s from the 
AUTEC naval range, where reproductive rates and recruitment through births are lower 
compared to the nearby Abaco population (Claridge 2013). Energetic models suggest that 
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the disturbances which may displace individuals from high quality habitat, could impact 
the lifetime production of females by increasing the interval between calves (New et al. 
2013).  
 
One means by which population health can be assessed in response to mass strandings is 
through the use of Essential Biodiversity Variables (EBVs, Pereira et al. 2013; Hoban et 
al. 2022). This series of metrics has been proposed to assess impacts of natural and 
anthropogenic drivers, while also tracking changes in biodiversity (Pereira et al. 2013). 
Within this framework, measurements of genetic variation are considered to be an integral 
component in the assessment of biodiversity change by providing species with resilience 
and adaptability to perturbations (Hoban et al. 2022). Four EBVs are proposed to measure 
genetic variation within a species. These encompass the components required to assess 
the health and viability of a population (Hoban et al. 2022): genetic differentiation, 
genetic diversity, inbreeding and effective population size (Ne).  
 
Genetic variation is shaped by the four forces of evolution (mutation, genetic drift, gene 
flow and selection), which in turn are influenced by species-specific life history traits, 
and external drivers such as anthropogenic and environmental variation (Hoban et al. 
2022). In wild populations, there is a positive correlation between population size, genetic 
diversity, and fitness, with smaller populations being subject to stronger genetic drift as 
measured by Ne (Hansson and Westerberg, 2002; Bouzat, 2010; Hoelzel, 2018). Life 
history traits found in many marine mammal species can also influence the rate of genetic 
drift, including mating systems that create reproductive skews (i.e., the harem structure 
in Blainville’s and Cuvier’s; Baird, 2019) and overlapping generations (Waples et al. 
2014). Estimating Ne using genomic data is potentially a useful conservation tool to 
monitor the rate at which genetic variation declines in a population, and Ne is also reduced 
when inbreeding and underlying genetic structure are present in a population 
(Charlesworth 2009).  
 
Longitudinal photo-identification studies show that both Cuvier’s and Blainville’s live in 
small resident populations and socially-complex groups (Baird 2019; Hooker et al. 2019) 
and genetic studies indicate that these populations are genetically distinct (Chapter 3 and 
4). The negative anthropogenic impacts summarised above in conjunction with the 
presence of small, genetically isolated population suggests these species may be at an 
increased risk of declining genetic variation (Leroy et al., 2017; Hooker et al., 2019).  
 
In this chapter, I use the Genetic EBV framework (Hoban et al. 2022) to quantify and 
compare the genetic composition of well-studied beaked whale populations and discuss 
their viability to continued and future perturbations. In each of the three regions described 
above (Canary Islands, Bahamas and Mediterranean), beaked whales in neighbouring 
locations have been impacted by naval activities at different intensities, and here I use a 
paired-site approach to evaluate potential population-level effects in the form of Genetic 
EBV metrics. The focal sites that have been less disturbed by anthropogenic noise (termed 
“semi-pristine”) for this study are El Hierro, west Canary Islands (“west Canary Islands”); 
the island of Abaco, Bahamas (“Abaco”); and the Ligurian Sea (“west Mediterranean”). 
The focal sites that have been more subjected to disturbance by naval sonar are termed 
“disturbed” and include the east Canary Islands (“east Canary Islands”); Tongue of the 
Ocean, Bahamas (“TOTO”); and Ionian Sea (“east Mediterranean”) (Figure 5-1). I first 
assess EBV1 (population structure), to confirm the distinct genetic units at which to 
measure subsequent genetic diversity metrics. I then calculate metrics for EBVs 2-4 



Chapter 5: Genetic essential biodiversity variables in ‘disturbed’ and ‘semi-pristine’ beaked whale populations 
 

DNA in the deep: Comparative molecular ecology for the conservation of beaked whales 112 

(genetic diversity, inbreeding and Ne), and predict that there will be reduced genetic 
variation in the “disturbed” compared with “semi-pristine” sites, specifically:  

1. stronger genetic drift as measured by smaller Ne values 

2. lower genetic diversity, as measured by heterozygosity and allelic richness  
3. higher inbreeding, as measured by the inbreeding coefficient (FIS), internal 

relatedness (IR), and an estimate of the potential for future inbreeding though 
an estimation of kin networks.  

5.2 METHODS 

5.2.1 Laboratory Methods 

Samples were selected from the International Tissue Archive for Beaked Whales 
(ITABW; 2.3.3) for inclusion in this study if they originated in one of the regions of 
interest: Canary Islands, Mediterranean and Bahamas. DNA was extracted using the 
Phenol:Chloroform:Isoamyl Alcohol protocol (Sambrook et al., 1989; see Chapter 2 for 
details) and ddRAD libraries were prepared following the methods of (Peterson et al. 
2012) and modified for beaked whales (Carroll et al., 2016, 2021; see Chapter 2 for 
details). A total of 16 sequencing libraries were prepared containing DNA from 10 
individuals in each. One additional library contained four individuals. Libraries were 
prepared with a mix of Cuvier’s and Blainville’s samples, pooling together samples of 
similar quality (Chapter 2, Table 2-2). Prepared libraries were checked for DNA quantity 
and quality using a Tape Station by Xelect Ltd. (https://xelect-genetics.com/), with 15 
libraries successfully passing quality control. The final libraries were evenly divided into 
three sequencing pools, containing DNA from n=42 Blainville’s and n=108 unique 
Cuvier’s. DNA libraries were sequenced on an Illumina NovaSeq, using paired-end 150 
bp chemistry at NovogeneAIT Genomics Singapore. Some of the samples that were 
sequenced in 2018 for Chapters 3 and 4 underwent ddRAD library preparation and 
sequencing again to improve the quality. Finally, high quality ddRAD sequences were 
available from some Cuvier’s and Blainville’s that were generated in 2018 for Chapters 
3 and 4. A summary of the samples from just the three focal regions and their sequencing 
date is presented in Table 5-1.  

5.2.2 Assessing reproducibility of ddRAD sequencing 

A total of n=21 Blainville’s and n=25 Cuvier’s that were sequenced in both 2018 and 
2020 were selected to investigate the reproducibility of ddRAD sequencing across 
multiple sequencing platforms and laboratories. This also provided an opportunity to 
determine the effectiveness of the bioinformatic protocol developed for the Illumina 
HiSeq2500 using a new sequencing platform (Illumina NovaSeq). A summary of this 
investigation is presented in Chapter 2 (2.8.3).  

5.2.3 SNP discovery and genotyping 

DNA sequences were analysed using the bioinformatic pipeline described in Chapter 2 
with some modifications. Individuals that were sequenced in 2020 with the new platform 
(NovaSeq) were returned as multiple FASTA files which had to be merged using 
SAMtools v1.11 and the “-merge” flag (Li et al. 2009). Each merged FASTA file was 
inspected using FastQC v.0.11.8a (Andrews et al. 2010) and sequences were 
demultiplexed, cleaned and trimmed to 90 base pairs using ‘process_radtags’ in Stacks 
(Catchen et al. 2011; Rochette et al. 2019). Sequences were aligned in BWA v.0.7.15 (Li 
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and Durbin 2009) using the BWA-MEM algorithm (Li and Durbin 2009; Li 2013). 
Cuvier’s sequences were aligned to the published Cuvier’s reference genome (NCBI 
Genbank database accession: PRJNA399469) and Blainville’s sequences were aligned to 
the Blainville’s assembly generated by DNAZoo 
(https://www.dnazoo.org/assemblies/Mesoplodon_densirostris; Dudchenko et al., 2017, 
2018). Alignment files were converted to BAM files and sorted using SAMtools. Where 
individuals had been sequenced multiple times, the BAM files were also merged using 
SAMtools “–merge” (Li et al. 2009).  
 
All BAM files were run through the ‘gstacks’ module in Stacks v.2.53 (Catchen et al. 
2013; Rochette et al. 2019) to discover and genotype SNPs using the Bayesian genotype 
caller (BCG) algorithm of Maruki and Lynch (Maruki and Lynch 2015; Maruki and 
Lynch 2017; Rochette et al. 2019). The ‘gstacks’ parameters found to provide the greatest 
number of SNPs for Cuvier’s and Blainville’s in Chapter 3 (2.8.1) were used (mapq=10, 
sclip=0.2, var_alpha=0.05, gt_alpha=0.05) and population info was assigned a priori 
(Canary Islands, Bahamas or Mediterranean). The resulting genotype catalogue was 
analysed using the ‘populations’ program in Stacks with the same a priori population 
designations and a minor allele frequency (MAF) representing one allele per individual. 
This program applies a predetermined population framework to summarise and filter the 
dataset and convert it to the widely used VCF file format. The VCF files were filtered as 
described in Chapter 2 and following the recommendations of O’Leary et al. (2018) using 
VCFtools and R (Danecek et al. 2011; R Core Team 2019). The filtered and QC VCF 
files and a whitelist of good SNPs were input back into Stacks ‘populations’, with the a 
priori populations defined, a MAF filter representing one allele per individual, and only 
selecting one random SNP per locus. SNPs were kept if they were only found in one 
population, however only if the SNP was present in 80% of that population’s individuals. 
The results from Chapter 3 indicate that each of the focal regions show significant genetic 
differentiation and for finer scale analyses it is better to allow for private alleles in 
regional populations. The final filtered genotypes were uploaded into R (R Core Team 
2019) and converted to the widely used “genlight” format using the vcfR package (Knaus 
and Grünwald 2017). The “glPlot” function in adegenet was used to visually inspect the 
MAF of each locus and individual for excessive degrees of missing or inconsistent data, 
ensuring there were no library-specific artefacts.  

5.2.4 Final Datasets and Geographic Sites 

Samples were assigned to one of three focal regions: Bahamas, Canaries or Mediterranean 
and were subdivided within these regions into focal sites based on historic and 
contemporary mass strandings correlated with naval activities. Multiple SNP datasets 
were generated depending on the geographic scale of the analyses: species-specific (when 
comparing between focal regions) and region-specific (when comparing focal sites within 
focal regions). Region-specific datasets were generated by subsetting the species-specific 
datasets by sample region and removing any loci with missing data using the R package 
dartr (Gruber et al. 2018). East and West Mediterranean Cuvier’s were split into two 
datasets prior to the calculations of relatedness in Demerelate since underlying population 
structure may lead to overestimation of relatedness (Kraemer and Gerlach 2017).  
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5.2.5 Calculating Genetic Composition using the four Genetic EBVs 

5.2.5.1 EBV 1: Genetic Differentiation 

To quantify the number of distinct genetic units to include in the analysis, a Discriminant 
Analysis of Principle Components (DAPC) was conducted in the R package, adegenet 
(Jombart 2008; Jombart et al. 2010). DAPC analysis proceeded as described in Chapter 
2, incorporating the sampling regions informed by the findings of Chapter 3 (Bahamas, 
Canary Islands, East Mediterranean, or West Mediterranean) a priori. This function 
subset a training dataset, ran the analysis over a pre-determined number of repeats (n=30), 
and determined the best number of PCs to retain based on whichever yielded the highest 
predictive success of the training data with the lowest root mean squared error (RMSE). 
The resulting DAPCs were plotted to observe the spatial structure of SNP genotypes 
across both Cuvier’s and Blainville’s and the “assignplot” function was used to determine 
how well the assignment to DAPC clusters corresponded with the a priori population 
assignments.  
 
The fact that there is no indication of movement between the east and west Canary Islands 
based on photo-identification (Reyes 2018) suggests that there could be underlying 
population structure which would inflate the relatedness estimates in Demerelate (Ayres 
2000; Kraemer and Gerlach 2017). To investigate this, I ran an additional DAPC analysis 
using just individuals from the Canary Islands with the east or west focal site as 
population identifier.  

5.2.5.2 EBV 2: Genetic Diversity 

Measures of the two components of genetic diversity (richness and evenness) proposed 
by Hoban et al. (2022) were calculated for each focal region and site. To summarise 
richness, allelic richness was calculated in the R package hierfstat (Goudet 2005) using a 
rarefaction method that accounts for sample size (El Mousadik and Petit 1996). Evenness 
of genetic diversity was calculated using observed heterozygosity (Ho) and expected 
heterozygosity (Hs) in the R package hierfstat. The 95% confidence intervals were 
calculated using n=1000 bootstraps around the mean of each variable using the 
rcompanion R package (Mangiafico 2020).  

5.2.5.3 EBV 3: Inbreeding and Relatedness Between Individuals 

Inbreeding was estimated directly using inbreeding coefficients and the risk of inbreeding 
(Hoban et al., 2022) was estimated by calculating relatedness and kinship within 
populations.  The Weir and Cockerham inbreeding coefficient (FIS, Weir and Cockerham, 
1984) and the 95% confidence intervals around the mean were calculated for each focal 
region and site using hierfstat and n=1000 bootstraps in R (Goudet 2005). An additional 
measure of inbreeding, Internal Relatedness (IR), was calculated for each individual using 
the R package Rhh (Alho et al. 2010). This multilocus heterozygosity measure has been 
applied to other marine species, and is negatively correlated with reproductive success 
(Amos et al. 2001).  
 
The R package Demerelate (Kraemer and Gerlach 2017) was used to calculate the 
pairwise relatedness of individuals within sites and estimate the likelihood of first and 
second order kin relationships (hereby referred to as full-sibling and half-sibling) within 
focal regions. The Mxy estimator of relatedness (Blouin et al. 1996) was used, which 
estimates the number of shared alleles between individuals with no previous knowledge 
of population allele frequencies required. This metric was selected for its suitability with 
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bi-allelic data and cetacean data, as shown by its use in other published cetacean studies 
(Brüniche-Olsen et al. 2018; O’Corry-Crowe et al. 2020; Morin et al. 2021). To estimate 
Mxy, Demerelate simulated a pre-determined number of pairs of unrelated individuals, 
half-siblings and full siblings based on the allele frequencies in the provided genotype 
data (n=1000 pairs for each category). Based on these, a threshold was calculated by 
Demerelate for each relatedness category based on the distribution of Mxy values. A chi-
squared (χ2) test was performed by Demerelate to determine whether the number of 
observed sibling pairs was significantly different from the number of expected sibling 
pairs in a group made up of randomized individuals of the same size and based on allele 
frequencies from the empirical data.  
 
Due to large differences in allele frequencies between focal regions and the fact that 
Demerelate will not run if there are any missing data or monomorphic sites, individuals 
from the focal regions were analysed separately. The developers of Demerelate also note 
that any underlying population structure may lead to overestimation of relatedness and 
suggest that populations be split prior to analysis if any underlying structure is suspected. 
For this reason, I split the east and west Mediterranean regions as Chapter 3 showed 
significant structure between these two populations. Region specific files for the Canary 
Islands, Bahamas, east Mediterranean and west Mediterranean were generated by 
removing all missing and monomorphic loci, and were then converted to Demerelate 
format using the R-package dartr (Gruber et al. 2018). Demerelate was run without 
assigning a reference population and using 1000 simulated pairs.  
 
Since there is no evidence of movement between the east and west Canary Islands (Reyes 
2018), I recalculated the estimates of Mxy within the west Canary populations of Cuvier’s 
and Blainville’s (sample size was too low to calculate the east populations) in case 
underlying population structure between the two sites could be inflating Mxy relatedness 
estimates.  
 
The proportion of related individuals (combined half and full siblings) within each focal 
region and based on region-specific Mxy thresholds, was compared using a ‘comparison 
of proportions’ test implemented in ‘radiant’ (Nijs 2022). A two-tailed test with 
Bonferroni correction was used to test the null hypothesis that the differences in 
proportion of related individuals between each region was zero. Pairwise-relatedness 
(Mxy) and patterns of sibship within focal regions were visualised using the network 
analysis R package, igraph (Csárdi and Nepusz 2006). In each graph, individuals were 
plotted as dots (“nodes”) with lines drawn between individuals (“edges”) that represent 
kinship. As Mxy relatedness was calculated for all pairs of individuals, only lines that 
connected proposed half and full siblings were kept. Within these plots, individual nodes 
were coloured according to the finer-scale focal site to look for any connections between 
areas that were previously considered to be separate based on photo-identification.  

5.2.5.4 EBV 4: Effective Population Size (Ne) 

Contemporary effective population size (Ne) was calculated for each focal site and region 
with NeEstimator V2.1 (Do et al. 2014). Ne was calculated using the linkage 
disequilibrium method with bias correction and using a random subset of 10,000 SNPs 
from each of the region-specific datasets (Waples 2006). The 95% confidence intervals 
were calculated using a non-parametric method that jack-knives over individuals and is 
recommended when the number of loci used is >100 (Jones et al. 2016). A minor allele 
threshold of Pcrit=0.02 was applied.  
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5.3 RESULTS 

5.3.1 Sequencing and Sample selection 

The 2020 sequencing run generated 128.7gb of raw sequencing data. Combining data 
from the 2018 and 2020 sequencing runs, ddRAD sequences were available from n=44 
Blainville’s and n=113 Cuvier’s (Table 5-1) with the highest representation of samples 
from the Canary Islands and Bahamas (Table 5-1).  

5.3.2 Optimisation 

The results of the optimisation protocol are presented in 2.8.3. In summary, there was 
good consistency with very little site discordance between the SNPs genotyped in 
duplicate individuals sequenced across different platforms, in different labs and in 
different years. Of the SNP loci that were based on sequences generated in both 
sequencing runs from 2018 and 2020, individual site discordance ranged from 0.12-
0.90% (0.33% mean discordance) in Blainville’s and 0.13-37.04% (3.47% mean 
discordance) in the Cuvier’s. Of note, two individuals in the Cuvier’s dataset had ~35% 
discordance, and without these individuals the mean discordance was 0.33%. Overall, site 
discordance was low per site in both datasets (Blainville’s: 0.35%, Cuvier’s: 3.60%). 

5.3.3 Final SNP Datasets 

SNP loci were recovered from both Cuvier’s and Blainville’s datasets, with little missing 
data and high site read depth (Table 5-2). A breakdown of the number of sites and private 
alleles for each focal region are also presented in Table 5-2. The proportion of missing 
data was higher in this analysis compared to Chapters 3 and 4, as the population of origin 
was incorporated a priori in both the Stacks ‘gstacks’ and ‘populations’ runs, which 
allowed for SNPs to be genotyped even if they are only included in one population (if 
>80% individuals within that population have the locus). Substantial genetic structure 
found in Chapters 3 and 4 indicated that private alleles within populations are likely to 
occur and there were regional differences in allele frequencies with many private alleles. 
The final species-specific datasets consisted of n=27 Blainville’s (n=47127 SNPs, 5.6% 
missing) and n=68 Cuvier’s (n=140088 SNPs, 11.2% missing). The datasets used to 
calculate relatedness and kinship in Demerelate are in Table 5-3.  

Table 5-1. Summary of sequence data available from the three focal regions (Canary Islands, Bahamas 
and Mediterranean) and the year(s) in which they were sequenced (2018, 2020) or whether they were 

sequenced in both 2018 and 2020 (2018 + 2020). Individuals sequenced from nearby areas that were not 
included in the final analyses but are included in the counts below: individuals from Madeira were 

included in the “Canary Islands” region and individuals from Florida, Puerto Rico and the Virgin Islands 
were included in the “Bahamas” region. 

  Sequencing Run Canary Islands Bahamas Mediterranean Total 
Blainville's Total 30 14 - 44 

2018 1 1 - 2 
2020 12 1 - 13 

2018 + 2020 17 12 - 29 
Cuvier's Total 44 25 44 113 

2018 4 3 5 12 
2020 18 4 8 30 

2018 + 2020 22 18 31 71 
Total 74 39 44 157 
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Table 5-2. Final sample size and SNP loci for Blainville’s and Cuvier’s that passed QC and filtering steps 
in each of the three focal regions. SNPs were kept if they passed filtering, appeared in at least one region, 

and were present in >80% of individuals within that region. MAF was filtered to allow for at least one 
individual per population to have a variable site. Sampling region was provided in the Stacks 

‘populations’ program, so region-specific sites and private alleles are also provided.  

  Blainville's Cuvier's 
Final_N 27 68 
Final_SNP_Loci 47127 140088 
Mean_SNP_Loci 44511 (SD=1690) 124360 (SD=4794) 
Mean_Missing_Loci  5.6% (SD=3.6%) 11.2% (SD=3.4%) 
Mean_Site_Depth 118x (SD=68x) 119x (SD=68x) 
Bahamas_Polymorphic_Sites (private alleles) 32784 (2668) 84755 (9676) 
Canaries_Polymorphic_Sites (private alleles) 43874 (11313) 111435 (32509) 
Mediterranean_Polymorphic_Sites (private alleles) NA 57498 (10826) 

5.3.4 Genetic EBV Results 

5.3.4.1 EBV 1: Genetic Differentiation 

Using the full Blainville’s SNP dataset (n=47127 SNPs), the first 12 PCs and one 
discriminant function were used to resolve two distinct Blainville’s clusters consistent 
with the structure patterns found in Chapters 3 and 4 (Figure 5-2a). Individuals from each 
sampling region were also placed into the correct genetic cluster as defined by the DAPC 
(Canary Islands and Bahamas, Figure 5-2b). Using the full Cuvier’s SNP dataset 
(n=140088), the first 10 PCs and three discriminant functions were used to resolve four 
distinct Cuvier’s clusters consistent with previous analyses: Canary Islands, Bahamas, 
West, and East Mediterranean (Figure 5-3a). All individuals from each sampling region 
were placed into the correct cluster (Figure 5-3b). Axis 1 discriminates the two 
Mediterranean sites from the rest of the focal regions. Axis 2 discriminates between the 
two Mediterranean sites (Figure 5-3b). 
 
Results from the Canary Island focal site DAPC analysis is presented in Figure 5-4. Two 
Cuvier’s that were sampled in the west clustered within the east individuals and one east 
individual clustered with the west (Figure 5-4a). The three Blainville’s that were sampled 
in the east clustered with the west samples (Figure 5-4b).  

5.3.4.2 EBV 2: Genetic Diversity 

Diversity statistics are provided for each focal region (Table 5-4) and focal site (Table 
5-5). Using the full SNP dataset (n=47127 SNPs), genetic diversity metrics (Ho, Hs and 
AR) of Blainville’s were significantly higher in the Canary Islands (no overlap of 95% 
confidence intervals, Table 5-4) compared to the Bahamas. Within the Bahamas, 
significantly lower diversity (Hs and AR) was found in the “disturbed” TOTO population 
(Table 5-5).  
 
In Cuvier’s, diversity was lowest in the Mediterranean (Ho, Hs, AR), and Ho and Hs 
differed significantly between the Bahamas and Canary Islands (Table 5-4). The more 
“disturbed” east Canary Islands had significantly lower diversity (Ho and Hs) than the 
“semi-pristine” site. In the Bahamas, AR was significantly lower in the “disturbed” 
TOTO population. All measures of diversity (Ho, Hs and AR) were significantly lower in 
the “disturbed” east Mediterranean population compared to the west, regardless of the 
SNP dataset used (Table 5-4 and Table 5-5). 
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5.3.4.3 EBV 3: Inbreeding and Relatedness Between Individuals 

Using the full Blainville’s SNP dataset (n=47127 SNPs), FIS was significantly higher in 
the Canary Islands (no overlap of 95% confidence intervals, Table 5-4) compared to the 
Bahamas. Within these regions, both measures of inbreeding were near zero and 
overlapped between the Canary Islands and Bahamas (Table 5-5). The only significant 
difference within regions was in the Bahamas (lower FIS in TOTO, Table 5-5).  
 
Using the full Cuvier’s SNP dataset (n=140088 SNPs), FIS was significantly lower in the 
Mediterranean compared to the Canary Islands and Bahamas and IR was significantly 
higher (Table 5-4).  FIS and IR were significantly lower in the Canary Islands (Table 5-4) 
compared to the Bahamas. The more disturbed east Canary Islands and east 
Mediterranean sites had significantly higher levels of inbreeding (FIS and IR) compared 
with their semi-pristine comparators. In comparison, there was no significant difference 
between the two Bahamas populations (Table 5-5).  
 
Across all focal regions in Cuvier’s and Blainville’s, mean Mxy pairwise relatedness was 
higher than the simulated threshold for unrelated individuals (Figure 5-5 and Figure 5-6, 
Table 5-3). Pairwise Mxy in Blainville’s was lower in the Bahamas compared to the 
Canary Islands (Figure 5-5, Table 5-3). Mxy was also highest in the Canary Islands 
Cuvier’s, with similarly lower Mxy values for the Bahamas, East and West Mediterranean 
regions (Figure 5-6, Table 5-3).  
 
Networks generated using the Mxy relatedness estimates calculated for each focal region 
are presented in Figure 5-7 and Figure 5-8. A summary of the detected sibling pairs is 
presented in Table 5-3.  
 
In the Blainville’s, one full-sibling pair was found in each of the Bahamas and Canary 
Island regions, and half-sibling pairs were detected in the Canary Islands (Figure 5-7, 
Table 5-3). Neither of the full-sibling pairs spanned focal sites in either species, however 
there were some half-sibling pairs between the east and west Canary Islands (Figure 5-7). 
When Mxy was recalculated for the individual sites, one new sibling pair was estimated 
and three of the original sibling pairs were not.  
 
In the Cuvier’s, no sibling pairs were detected in the Bahamas (Figure 5-8). Four full 
sibling pairs were found in the Canary Islands, two of which were in the west and two 
which included one east and two west Canary Island individuals. A further 21 half-sibling 
pairs were found in the Canary Islands, 7 of which linked the east and west through the 
same east Canary Island individual as above (Figure 5-8, Table 5-3). One full sibling pair 
was detected between two Ligurian Sea individuals in the West Mediterranean and 15 
half-sibling pairs were also detected (Figure 5-8, Table 5-3). No full siblings were 
detected in the east Mediterranean, though 17 half-sibling pairs were found spanning the 
entire east Mediterranean basin (Figure 5-8, Table 5-3). The recalculated Mxy values in 
the west Canary Islands Cuvier’s resulted in the same sibling pairs as the original analysis. 
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Figure 5-2. Density plot for the first discriminant function of two Blainville’s regions (left; Canary 
Islands and Bahamas) generated using n=53862 SNPs (a). Assignment plot showing the accuracy of the 
DAPC genetic cluster assignment compared to the sampling region (b). The “+” symbol indicates the a 

priori population and the red colour indicates the population assigned based on the DAPC analysis. 

Figure 5-3. First and second discriminant functions of the DAPC scatter plot for Cuvier’s regions (left; 
Bahamas, Canary Islands, West Mediterranean, and East Mediterranean) generated using n=149616 

SNPs (a). Assignment plot showing the accuracy of the DAPCC genetic cluster assignment compared to 
the sampling region (b). The “+” symbol indicates the a priori population given to the analysis and the red 

colour indicates the population assigned based on the DAPC analysis. 
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Figure 5-4. Density plots for the first discriminant function and assignment plots for Cuvier’s (a) and 
Blainville’s (b) in the two Canary Island focal sites. In both plots, the east individuals are presented in 
blue and the west individuals are presented in red. Assignment plots show the accuracy of the DAPC 

genetic cluster assignment compared to the sampling region (b). The “+” symbol indicates the a priori 
population and the red colour indicates the population assigned based on the DAPC analysis. 

 
 
 
 
 

a. 
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Table 5-3. Inputs and results of Demerelate analysis of relatedness using the Mxy estimator in each focal region. Inputs shown include the sample size and loci used for region-
specific calculations. Outputs shown include the relatedness thresholds for sibship, number of estimated sibling pairs and results of the Chi-square analysis to determine if 

more siblings (combined full and half sibling pairs) were detected compared to the expected number based on 1000 simulated pairs. 

  Cuvier’s Blainville’s 
Focal Site Canary Islands Bahamas E. Mediterranean W. Mediterranean Canary Islands Bahamas 

n, Individuals 23 8 14 23 20 7 
n, Loci 56246 61643 26269 34741 28911 26890 
n, Simulated pairs 1000 1000 1000 1000 1000 1000 
mean Mxy 0.840 0.756 0.752 0.755 0.776 0.718 
Mxy threshold, Half/Full Siblings 0.852/0.899 0.787/0.856 0.764/0.841 0.759/0.839 0.784/0.855 0.744/0.829 
n, Half/Full/Unrelated pairs 21/4/228 0/0/28 17/0/77 15/1/237 17/1/172 0/1/20 
Observed/Expected Freq. 
Siblings 

0.099/0 0/0 0.154/0 0.063/0 0.095/0 0.048/0 

Chi2 statistic (*p<0.05) 24.238* NA 13.077* 14.522* 16.854* 0 
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Figure 5-5. Pairwise relatedness (Mxy) and sibship thresholds (unrelated: light-grey dashed line, half-
sibling: black dashed line, full sibling: black line) for Blainville’s pairs using n=26890 loci (Bahamas) 

and n=28911 loci (Canary Islands). Relatedness thresholds were calculated based on the allele 
frequencies of n=1000 simulated pairs. The mean relatedness presented in Table 5-3. 

Figure 5-6. Pairwise relatedness (Mxy) and sibship thresholds (unrelated: light-grey dashed line, half-
sibling: black dashed line, full sibling: black line) for Cuvier’s pairs using n=61643 loci (Bahamas), 

n=56246 loci (Canary Islands), n=26269 loci (East Mediterranean) and n=34741 loci (West 
Mediterranean). Relatedness thresholds were calculated based on the allele frequencies of n=1000 

simulated pairs. The mean relatedness is presented in Table 5-3.  
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Figure 5-7. Sibling networks for Blainville’s in the Bahamas (n=26890 loci) and Canary Islands 
(n=28911 loci). The dot colour represents the sampling location and line colour represents the estimated 

relationship based on the Mxy estimate calculated in Demerelate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-8. Sibling networks for Cuvier’s in the Bahamas (n=61643 loci), Canary Islands (n=56246 loci) 
West Mediterranean (n=34741 loci) and East Mediterranean (n=26269 loci). The dot colour represents the 

sampling location and colour of the line represents the estimated relationship based on the Mxy estimate 
calculated in Demerelate. 



 

 

Table 5-4. Diversity and inbreeding statistics and their 95% confidence intervals calculated for each focal region using species specific datasets. Observed heterozygosity 
(Ho), expected heterozygosity (Hs), Weir and Cockerham’s inbreeding coefficient (FIS) and Allelic Richness (AR) were calculated using the hierfstat package in R. Internal 
Relatedness (IR) was calculated using the Rhh package in R and effective population size (Ne) was calculated using NeEstimator V2.1 using a random subset 10,000 SNPs. 

Species Focal Region n Loci (% 
missing) 

Ho (95% CI) Hs (95% CI) AR (95% CI) FIS (95% CI) IR (95% CI) Ne (95%) 

Blainville’s Bahamas 7 47127 
(5.6%) 

0.232 
(0.230,0.234) 

0.251 
(0.249,0.253) 

1.68 
(1.68,1.69) 

0.069 
(0.066,0.072) 

0.040 
(0.025,0.059) 

33 
(7,Inf) 

Canary Islands 20 47127 
(5.6%) 

0.237 
(0.235,0.239) 

0.254 
(0.253,0.256) 

1.70 
(1.70,1.71) 

0.075 
(0.070,0.080) 

0.012  
(-0.003,0.029) 

86 
(44.4, 533.2) 

Cuvier's Bahamas 8 140088 
(11.2%) 

0.152 
(0.151,0.153) 

0.180 
(0.178,0.180) 

1.48 
(1.48,1.48) 

0.155 
(0.152,0.158) 

0.144 
(0.130,0.159) 

Inf         
(Inf,Inf) 

Canary Islands 23 140088 
(11.2%) 

0.155 
(0.155,0.156) 

0.176 
(0.175,0.177) 

1.48 
(1.48,1.48) 

0.118 
(0.116,0.120) 

0.107 
(0.083,0.127) 

62.8      
(33.2,266.3) 

E. Mediterranean 14 140088 
(11.2%) 

0.106 
(0.105,0.107) 

0.114 
(0.113,0.115) 

1.28 
(1.28,1.28) 

0.071 
(0.068,0.074) 

0.206 
(0.198,0.214) 

108.3 
(51.8,Inf) 

W. Mediterranean 23 140088 
(11.2%) 

0.118 
(0.117,0.119) 

0.128 
(0.127,0.129) 

1.31 
(1.31,1.31) 

0.074 
(0.071,0.077) 

0.279 
(0.248,0.302) 

132.9  
(61.9,Inf) 
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Table 5-5. Essential Biodiversity Variables (EBVs) 2 (genetic diversity), EBV3 (inbreeding) and EBV4 (effective population size) and their 95% confidence intervals 
calculated for each fine-scale focal site using region-specific datasets with no missing data. Sites that are categorised as “semi-pristine” are presented in bold; others are 

“disturbed”. Observed heterozygosity (Ho), expected heterozygosity (Hs), Weir and Cockerham’s inbreeding coefficient (FIS) and Allelic Richness (AR) were calculated using 
the hierfstat package in R. Internal Relatedness (IR) was calculated using the Rhh package in R and effective population size (Ne) was calculated using NeEstimator V2.1 and 

using a random subset of 10,000 SNPs. Site abbreviations: Tongue of the Ocean (TOTO).  

Species Focal Site n Loci EBV2 EBV3 EBV4 
Ho (95% CI) Hs (95% CI) AR (95%) FIS (95% CI) IR (95% CI) Ne (95%) 

Blainville’s Canary Islands-West 17 28911 0.255 
(0.253,0.257) 

0.265 
(0.263,0.267) 

1.60 
(1.60, 1.60) 

0.039 
(0.035,0.043) 

-0.037 
(-0.056,-0.015) 

68.3      
(33.4,779.4) 

Canary Islands-East 3 28911 0.256 
(0.253,0.259) 

0.269 
(0.266,0.272) 

1.60 
(1.60,1.61) 

0.049 
(0.040,0.057) 

-0.032 
(-0.038,-0.023) 

Inf 
(Inf,Inf) 

Bahamas-Abaco 3 26890 0.313 
(0.310,0.316) 

0.340 
(0.337,0.343) 

1.75 
(1.75,1.76) 

0.079 
(0.071,0.088) 

-0.113 
(-0.148,-0.060) 

Inf 
(Inf,Inf) 

Bahamas-TOTO 4 26890 0.312 
(0.309,0.315) 

0.321 
(0.318,0.323) 

1.72 
(1.71,1.72) 

0.029 
(0.022,0.036) 

-0.147 
(-0.174,-0.119) 

Inf 
(36.7,Inf) 

Cuvier’s Canary Islands-West 17 56246 0.169 
(0.168,0.170) 

0.181 
(0.180,0.182) 

1.63 
(1.62,1.63) 

0.065 
(0.062,0.068) 

-0.046 
(-0.083,-0.019) 

57.1   
(28.9,376.2) 

Canary Islands-East 6 56246 0.158 
(0.157,0.160) 

0.179 
(0.177,0.180) 

1.63 
(1.62,1.63) 

0.114 
(0.109,0.119) 

0.019 
(-0.012,0.070) 

-21.9 
(Inf,Inf) 

Bahamas-Abaco 6 61643 0.241 
(0.239,0.242) 

0.275 
(0.273,0.276) 

1.50 
(1.50,1.51) 

0.123 
(0.119,0.127) 

-0.092 
(-0.112,-0.072) 

-23.1 
(Inf,Inf) 

Bahamas-TOTO 2 61643 0.243 
(0.241,0.246) 

0.276 
(0.273,0.278) 

1.49 
(1.48,1.49) 

0.117 
(0.110,0.125) 

-0.099 
(-0.103,-0.094) 

-1 
(Inf,Inf) 

E. Mediterranean 14 27087 0.222 
(0.219,0.224) 

0.229 
(0.227,0.231) 

1.77 
(1.76,1.77) 

0.032 
(0.028,0.036) 

0.097 
(0.063,0.121) 

108.3 
(51.8,Inf) 

W. Mediterranean 23 27087 0.259 
(0.257,0.261) 

0.266 
(0.264,0.268) 

1.88 
(1.87,1.88) 

0.027 
(0.024,0.031) 

-0.004 
(-0.012,0.004) 

132.9 
(61.9,Inf) 
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As explained above (5.2.5.3), there were too few sibling pairs to conduct the χ2 and 
comparison of proportions tests within focal sites, so they were done between focal 
regions. Combining the counts of full and half siblings, the χ2 test in Demerelate indicated 
that there were more siblings than expected in all regions except the Bahamas in both 
species (Table 5-3). A comparison of proportions test between regions (within species) 
determined that there was no significant (p<0.05) difference in the proportion of related 
individuals between each of the regions, though the difference in proportions between the 
East and West Mediterranean (15.4% and 8.7% related pairs, respectively) was nearly 
significant (p=0.067) (Table 5-6). 
Table 5-6. Comparison of proportions undertaken in Radiant to test if the proportion of related individuals 
(combined half and full siblings) differed between focal regions. For each null hypothesis, the two pairs 

being tested are presented with the percent of related pairs, number of pairs, difference between the 
percent of related pairs, χ2 value and associated p-value. As all p-values are >0.05, none of the null 

hypotheses can be rejected.  

Species Null Hypothesis (% related, n pairs) 
% 

Difference 
χ2 

Value 
p 
value 

Blainville's Bahamas (4.8%, 21) = Canary Islands (10%, 190) -0.050 0.605 0.710 
Cuvier's Bahamas (0%, 28) = Canary Islands (9.9%, 253) -0.099 3.037 0.897 

Bahamas (0%, 28) = E. Med. (15.4%, 91) -0.154 4.882 0.201 
Bahamas (0%, 28) = W. Med. (8.7%, 253) -0.087 2.642 0.819 
Canary Islands (9.9%, 253) = E. Med. (15.4%, 91) -0.055 2.016 0.934 
Canary Islands (9.9%, 253) = W. Med. (8.7%, 253) 0.012 0.211 1.000 
E. Med. (15.4%, 91) = W. Med. (8.7%, 253) 0.067 3.196 0.067 

5.3.4.4 EBV 4: Effective Population Size (Ne)  

The estimates of effective population size (Ne) and 95% confidence intervals are provided 
for each focal region (Table 5-4) and focal site (Table 5-5). In Cuvier’s from the Bahamas, 
the sample size was insufficient to calculate Ne and the upper limit of the confidence 
intervals for both Mediterranean sites was infinity (Table 5-4). The point estimate of Ne 
and the lower confidence interval limit were lower in the east Mediterranean than the 
west. The Blainville’s in the Bahamas also had infinity for the upper confidence interval 
value, but both the point estimate and lower confidence interval value were lower than 
the Canary Islands Ne (Table 5-4).  
 
Within focal regions, there were sufficient sample sizes to estimate Ne and 95% 
confidence intervals in the West Canary Islands (both species). All remaining populations 
had infinity or negative numbers for the point estimate and/or confidence intervals (Table 
5-5). Both the point estimate and confidence interval of Ne was greater in the west Canary 
Island Blainville’s compared to the Cuvier’s, and the Ne estimate of West Mediterranean 
Cuvier’s was greater than both (Table 5-5). 

5.3.5 Importance of the dataset used 

Two SNP datasets were used to conduct the analyses above. For investigations that 
compared the focal regions (DAPC, region-specific diversity (Ho, Hs, AR), inbreeding 
(FIS, IR) and Ne), the full dataset with n=140088 (11.2% missing) and n=47127 loci (5.6% 
missing data; Cuvier’s and Blainville’s, respectively) was used. For investigations within 
focal regions (sibling analyses (Mxy), focal-site specific diversity (Ho, Hs, AR), inbreeding 
(FIS, IR) and Ne), region-specific datasets with no missing data were used (Table 5-5).  
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The results using these two datasets varied, showing how important it is to be clear which 
dataset was used when drawing conclusions as it will not always be appropriate to use 
them both. For example, when the full dataset was used, IR was significantly higher in 
the two Mediterranean Cuvier’s populations compared to the Bahamas and Canary 
Islands (no overlap of 95% CI; Table 5-4), and IR was also substantially higher than zero. 
When the region-specific datasets were used, IR in these two regions was less than zero 
and overlapped with most other sites (Table 5-5). This is likely due to the underlying 
population structure within Cuvier’s, which resulted in fewer polymorphic sites in the 
Mediterranean (Table 5-2) and likely more missing data.  

5.4 DISCUSSION 

This study provides five separate comparisons of “disturbed” and “semi-pristine” beaked 
whale populations (Cuvier’s: Canary Islands, Bahamas, and Mediterranean; Blainville’s: 
Canary Islands and Bahamas), with the results indicating that four of the “disturbed” sites 
have significantly reduced genetic variation (lower genetic diversity, higher inbreeding, 
more sibling relationships) in at least one EBV. Here I have presented the first evidence 
of potential population-level impacts of naval sonar exposure on the genetic variation of 
beaked whale populations. I have demonstrated that, while causality cannot be directly 
inferred, some populations existing in areas regularly exposed to naval sonar may be more 
susceptible to deleterious interactions that those in more pristine habitats based on the 
four genetic EBVs proposed to monitor and compare the genetic health and viability of 
wild populations (Hoban et al. 2012).  

5.4.1  Genetic differentiation  

Though present throughout all temperate and warm waters of the world (except the 
Mediterranean in Blainville’s), populations of Cuvier’s and Blainville’s appear to form 
resident, local populations that are genetically distinct (Chapter 3). In this chapter, I 
reinforced the genetic distinctiveness of the focal regions from this chapter as originally 
measured in Chapter 3, especially highlighting the differentiation between the 
Mediterranean and North Atlantic Cuvier’s, and between the Cuvier’s populations within 
the Mediterranean. The DAPC analysis presented here does not merely reiterate the 
findings from Chapter 3, it also proves the advertised reproducibility of the ddRAD 
methodology (Peterson et al. 2012). The population structure analyses used here were 
based on SNP datasets from sequences generated in different years and using different 
sequencing platforms, and the resulting DAPC scatter plots showed clear differentiation 
between each of the regions, as seen in Chapter 3. This differentiation is also evident in 
the variable number of polymorphic loci between regions and presence of private alleles 
(Table 5-2).  

5.4.2 Comparisons of diversity, inbreeding and Ne between sites 

To provide baseline values for genetic EBVs, investigate the potential long-term impacts 
of repeated anthropogenic disturbance, and address the potential for future risk from 
perturbations, measures of genetic diversity, inbreeding, relatedness, and kinship were 
calculated and compared between areas that are considered more or less impacted by 
anthropogenic disturbance (“disturbed” or “semi-pristine”).  
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5.4.2.1 Bahamas 

The Bahamas had the smallest sample size in both species (n=7 Blainville’s and n=8 
Cuvier’s) and there was only one sibling pair detected in either species (Cuvier’s). This 
was a mother/calf pair that live stranded at the AUTEC naval base (TOTO) and was mis-
identified as two adults. The mother died before rescue attempts by Navy staff could 
commence and the calf was eventually re-floated, though it was found dead the next day 
(Diane Claridge, 2022. Personal Communication, 5 August).  
 
For Cuvier’s in the Bahamas, diversity and inbreeding stats were not significantly 
different between the disturbed and semi-pristine sites, except AR which was slightly 
lower in TOTO compared to the Abaco population. In Blainville’s, Hs, AR and FIS were 
significantly lower in TOTO. Estimates of Ne in the Bahamas are difficult to interpret, as 
sample size limitations resulted in point values and confidence intervals that included 
infinity.   

5.4.2.2 Canary Islands 

Most inferred sibling pairs were between individuals in the west Canary Islands, however 
one Blainville’s from the east Canary Islands was estimated to be half-siblings with two 
El Hierro individuals. In Cuvier’s, two full-sibling relationships were found between an 
individual that stranded in Fuerteventura and two El Hierro individuals. This same 
Fuerteventura animal also formed several half-sibling pairs with El Hierro animals. The 
original sibling relationships were estimated for combined east and west Canary Island 
individuals to find out if there was any connectivity between the two sites. In both species, 
one individual from the east was connected via half or full sibling relationships to the 
west Canary Islands, however the Canary Island DAPC (Figure 5-7) shows that these 
individuals clustered amongst samples from the west Canary Islands. The east Cuvier’s 
individual was found dead stranded and covered with wounds, and was thought to have 
been dead about a week (Europa Press 2013). The east Blainville’s individual with sibling 
ties to the west Canaries was biopsy sampled while alive. These findings support the 
photo-identification evidence that there’s little or no movement between the east and west 
Canary Islands. It is interesting to note, that there are no detected sibling pairs between 
any individuals in the east Canary Islands, of either species.  
 
A detailed analysis of the Blainville’s and Cuvier’s photo-identification data collected off 
El Hierro was done by the University of La Laguna, including social structure analysis, 
temporal analysis, and calculations of an individual-individual gregarious index, and 
showed that there was some preference in associations by individuals (Raquel Viñé 
Afonso, 2022, Personal Communication, 2 August). A study combining the genetic and 
social associations is planned.  
 
Diversity and inbreeding statistics show that the east Canary Cuvier’s have lower 
diversity and higher inbreeding statistics compared to the west Canary Islands, despite 
showing fewer inferred sibling relationships. There is no difference between these values 
in the Blainville’s, although the east Canary Islands sample size was very small (n=3). 
Estimates of Ne are difficult to compare between sites in either species as the point 
estimates and confidence intervals in eastern sites included infinity however estimates 
were greater in Blainville’s than Cuvier’s.  
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5.4.2.3 Mediterranean 

No sibling pairs were found between the east and west Mediterranean which is consistent 
with the substantial genetic structure measured in this basin (Chapter 3). Compared to the 
relatively small geographic distribution of samples in the west Mediterranean, the 
samples from the East covered a much larger area from the Ionian Sea to Israel. Inferred 
sibling pairs were detected between individuals spanning this distance (Israel and Corfu 
and Crete) and on a much smaller scale (siblings detected within samples from the 2011 
Corfu and 2014 Crete mass stranding events). In the Ligurian Sea, photo-identification 
studies are carried out by the CIMA Research Foundation and analyses of association 
between identified individuals are underway with an aim to compare the association rate 
amongst individuals that I have identified here as being related (Massimiliano Rosso, 
2022. Personal Communication, 30 August). In the Ionian Sea, photos are regularly taken 
during encounters with live Cuvier’s by the Pelagos Cetacean Research Institute, and 
analyses are planned to investigate association rates (Alexandros Frantzis, 2022. Personal 
Communication, 29 August). 
 
Within the Mediterranean, genetic structure was substantial and the east and west 
populations needed to be split prior to conducting the relatedness analysis in Demerelate; 
when east and west Mediterranean individuals were pooled and analysed together, all east 
individuals were classified as half-siblings. This is likely because underlying population 
structure may lead to overestimation of relatedness by Demerelate (Kraemer and Gerlach 
2017). Of note, when Mxy was calculated for all Mediterranean individuals together, no 
sibling pairs were detected between the east and west. Since the east and west populations 
were split prior to estimating Mxy relatedness, and there were sufficient sample sizes in 
both populations, statistical tests were run for each area to compare the frequency of 
sibling pairs. Both sites had significantly more sibling pairs than expected, and the east 
had a higher (though not statistically significant, p=0.067) proportion of sibling pairs 
compared to the west. Genetic diversity (Ho, Hs and AR) was lowest and both inbreeding 
statistics were highest in the east, the more disturbed focal site.  
 
Population size estimates in the Ligurian Sea (n~100 individuals; Podestà et al., 2016) 
are lower than those in the Hellenic Trench (n~250-950 individuals; Frantzis et al., 2022), 
and the geographic range that the East Mediterranean samples covered here is much 
greater than just the Hellenic Trench. The estimated Ne (point estimate and lower 
confidence interval) in the East Mediterranean was lower than the west Mediterranean, 
which supports the lower genetic diversity and allelic richness, and higher levels of 
inbreeding measured here compared to the west. Estimates of Ne are sensitive to sample 
size and the age structure of populations, and the east Mediterranean samples used here 
were collected over 15 years, potentially spanning several generations.  Based on the 
relatedness networks, we now know that individuals throughout the eastern 
Mediterranean are connected genetically, and a more thorough understanding of habitat 
use across this wide basin is needed to better understand the dynamics of Cuvier’s 
populations here.  

5.4.3 Are there signals of population-level impact from naval sonar in the 
“disturbed” populations? 

Genetic EBVs presented here provide evidence of reduced genetic variation in the face 
of repeated anthropogenic disturbance in the “disturbed” TOTO populations of both 
species, the “disturbed” east Canary Islands Cuvier’s and the “disturbed” east 



Chapter 5: Genetic essential biodiversity variables in ‘disturbed’ and ‘semi-pristine’ beaked whale populations 

DNA in the deep: Comparative molecular ecology for the conservation of beaked whales 130 

Mediterranean Cuvier’s. Sample size was low in the “disturbed” Bahamas and Canary 
Island sites, however some of the EBV metrics are robust to this. The calculations of 
expected heterozygosity and allelic richness account for small sample sizes (Nei 1978; El 
Mousadik and Petit 1996) and when sample sizes are too small, estimates of Ne are 
negative or infinity and therefore unusable.  
 
Most of the focal regions in this study are also proposed Evolutionarily Significant Units 
(ESUs), evolutionary components of a species that are necessary for the maintenance of 
overall genetic variability and resilience, in Chapter 3. Point estimates of Ne are available 
for five of these regions (none for Cuvier’s in the Bahamas due to sample size constraints) 
and they range from Ne=33 (Bahamas Blainville’s) to Ne=132.9 (west Mediterranean 
Cuvier’s), though some of the upper confidence interval limits are infinity. Thresholds 
have been proposed to understand the risk of biodiversity loss based on effective 
population size, with Ne >100 suggested to avoid inbreeding depression and Ne >1000 
required to maintain evolutionary potential (Frankham et al. 2014).  Only the west and 
east Mediterranean Cuvier’s have Ne >100, suggesting that each of the focal regions 
presented here are at risk of losing evolutionary potential and in some cases, inbreeding 
depression. Few studies have estimated Ne in cetacean populations using the linkage 
disequilibrium method and nuclear SNPs, but the few reported estimates are similarly 
small. The critically endangered western gray whale (Eschrichtius robustus) population 
is estimated to have Ne =14.1 (95% CI: 12.1, 16.7; Dewoody et al., 2017) and three 
genetically distinct populations of killer whales (Orcinus orca) around Australia and New 
Zealand have Ne values that range from Ne ;=12-77 (Reeves et al. 2022).  

5.4.4 Conclusions 

Some of the core regions of beaked whale habitat have been repeatedly exposed to 
anthropogenic noise. Though the focus here has been on three specific regions and the 
impact of naval sonar use, other sound sources are thought to impact beaked whale 
behaviour (Aguilar de Soto et al. 2006), with potential impacts on long-term fitness (New 
et al. 2013). There are also other resident populations of Blainville’s and Cuvier’s that 
persist in areas with regular sonar use, including the Pacific Missile Range Facility in 
Hawai’i (Henderson et al. 2016) and the Southern California Anti-Submarine Warfare 
Range (Falcone et al. 2009; Curtis et al. 2021), and future studies should be directed at 
characterising the genetic variation within these populations as well. In this chapter, I 
have provided the first estimates of the four genetic EBVs and laid a path for future 
research to begin monitoring the genetic variation of beaked whale populations in 
response to anthropogenic and natural perturbations.  
 
Natural and anthropogenic disturbances play a key role in driving patterns of genetic 
diversity and structure, and  populations can respond in different ways depending on the 
type of disturbance and demography of different species (Banks et al. 2013). Banks et al. 
(2013) provide some examples of the way disturbance can impact the genetic diversity of 
populations with differing population structure and demography. In one example, coastal 
tailed frogs (Ascaphys truei) from nearby populations recolonised the area around Mt St 
Helens following it’s eruption in 1980, increasing genetic diversity and decreasing 
genetic differentiation between populations (Spear et al. 2012). Galapagos giant tortoises 
(Geochelone nigra vandenburghi) underwent a substantial bottleneck following the 
eruption of Alcedo. The population size was recovered only by survivors of the original 
population (no immigrants) and the resulting genetic diversity was reduced (Beheregaray 
et al. 2003). Southern right whales (Eubalaena australis) and bowhead whales (Balaena 
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mysticetus) have lost genetic diversity due to demographic and genetic bottlenecks due to 
whaling (Alter et al. 2012; Jackson et al. 2016). 
 
Here I have hypothesised that in the case of beaked whales, disturbance (naval sonar) will 
reduce the genetic variation of a population like the Galapagos tortoises above, where no 
immigrants will repopulate the disturbed local population. A lack of photo-identification 
matches between focal sites (Claridge 2013; Claridge et al. 2015; Reyes 2018), suggesting 
that neighbouring areas are not connected, supports this hypothesis. The appearance of 
individuals in the east Canary Islands genetically assigning to, and having close kin in, 
the west Canary Islands suggests that some level of movement is occurring. A deeper 
understanding of the dynamics and connectivity of neighbouring beaked whale 
populations will be imperative to predict the population-level impacts of disturbances 
going forward.  
 
In the absence of historic samples to sequence, it is not possible to determine whether the 
measures of genetic variation found in contemporary beaked whale populations is 
representative of those from before the onset of sonar use, however, Chapter 3 of this 
thesis and a few studies that have investigated beaked whale genetic diversity using 
nuclear SNPs (and allowing for some missing data) provide some context for the findings 
presented here. The range of genetic diversity values (observed heterozygosity) estimated 
for the Cuvier’s focal regions (Table 5-4) were all significantly higher than each 
population from Chapter 3 (Table 3-1) but falls within the range of published values in 
the three other beaked whale species that have been investigated using nuclear SNPs: 
True’s beaked whale (Mesoplodon mirus; Ho=0.134, Carroll et al., 2021), Ramari’s 
beaked whale (M. eueu; Ho=0.159, Carroll et al., 2021) and northern bottlenose whale 
(Hyperoodon ampullatus; Ho=0.172-0.184, de Greef et al., 2022). Notably, the measured 
diversity in Mediterranean Cuvier’s was substantially lower than each of the other species 
and Blainville’s heterozygosity was substantially higher than the Blainville’s populations 
in Chapter 3 and from the other beaked whale estimates. While it is not possible to know 
with certainty if the lower genetic variation observed here is due to repeated strandings 
and exposure to naval sonar, the fact remains that populations with lower genetic variation 
are less resilient to future perturbations (Hoban et al. 2022), especially when genetic drift 
is stronger (smaller Ne).  
 
Few legislative measures are in place that directly address noise in the marine 
environment though the application of the “precautionary principle” is widely suggested 
by conservation and management bodies (Markus and Sánchez 2018).  The fact that 
beaked whales are susceptible to military sonar is accepted by the scientific community 
and some nations (Evans et al. 2001; U.S. Department of the Navy 2018), providing 
evidence that this principle should be adopted and management efforts should incorporate 
the EBV metrics calculated here, which suggest uneven risks to Cuvier’s and Blainville’s 
populations across their wide ranges.  In the Canary Islands, conservation measures are 
already in place that seem to have reduced the number of beaked whale strandings in 
response to naval sonar. Following the mass strandings that occurred coincidentally with 
naval exercises between 1985 – 2004, the Spanish government banned sonar use around 
the Canary Islands. Since this straightforward directive was implemented, no mass 
strandings have occurred around the archipelago (Fernández et al. 2012). The “disturbed” 
TOTO subpopulations of Cuvier’s and Blainville’s in the Bahamas overlap 
geographically with the active AUTEC naval sonar testing range, implying that these 
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individuals will continue to experience repeated disturbances and see further declines in 
their genetic variation. 
 
In the Ligurian Sea, marine mammals including Cuvier’s are protected within the Pelagos 
Sanctuary, an area with high levels of human activity that pose actual and potential threats 
to local populations including shipping, whale-watching, and ferries (Notarbartolo-di-
Sciara et al. 2008). “Areas of Special Concern for Beaked Whales”, including the 
Ligurian Sea and Hellenic Trench, have been mapped out by the Agreement on the 
Conservation of Cetaceans of the Black Sea, Mediterranean Sea and contiguous Atlantic 
area (ACCOBAMS) as locations where naval sonar and underwater explosions should 
not take place (ACCOBAMS 2013). In response, the Italian government proclaimed to 
discontinue military sonar use in the sanctuary (https://www.sanctuaire-
pelagos.org/en/threats/underwater-noise). Despite the suggestion by ACCOBAMS in 
2013, a mass stranding corresponding with naval activities took place in Greece in 2014 
(ACCOBAMS 2013; Frantzis 2015; IUCN Marine Mammal Protected Areas Task Force 
2017). Though the Canary Islands moratorium only presents one data point on the 
effectiveness of a sonar ban in preventing beaked whale mass strandings, it suggests that 
legally binding conservation actions are needed to protect these potentially vulnerable 
populations.  
 
For the first time, genetic EBVs have been calculated to evaluate the genetic variation 
within cetacean populations, providing the basis to assess potential population-level 
impacts of naval sonar. I have also provided the first step in comparing susceptibility of 
different populations to future perturbations in the form of continued anthropogenic 
impact and/or global climate change, and in doing so have shown that “disturbed” 
populations are at a greater risk of a reduction in genetic variation. Since genetic variation 
is an integral indicator of the persistence and adaptability of a population to perturbations, 
it is prudent to comprehensively evaluate the four genetic EBVs within populations for 
inclusion in future conservation and management actions. Estimates of these variables 
were made possible thanks to a global collaboration (2.3.3), using samples collected over 
19 years. Despite this huge collection effort, sample sizes were still limited in certain 
locations, suggesting that the measurement of all EBVs may not be as feasible in all 
populations. For example, although Ne is considered to be a fundamental parameter to 
monitor genetic biodiversity (Hoban et al. 2022), even focal regions with the greatest 
number of samples in this study (n>20) had variances in the 95% confidence intervals 
which were too high to make many reasonable inferences. Since obtaining samples from 
beaked whales is notoriously difficult (Barlow et al. 2006), it will be important for 
researchers using the EBV framework to use metrics which are appropriate for, and 
account for, smaller sample sizes, such as allelic richness and expected heterozygosity. 
 
 



Chapter 6: General Discussion 

DNA in the deep: Comparative molecular ecology for the conservation of beaked whales                                       133

6 GENERAL DISCUSSION  



Chapter 6: General Discussion 
 

DNA in the deep: Comparative molecular ecology for the conservation of beaked whales 134 

6.1 OVERVIEW 

Broad ecological questions underpin the research effort towards the effective 
conservation and management of wildlife populations. For example, the IUCN Red List 
collates data regarding geographic range, population size, habitat, ecology, threats, and 
current conservation actions to assess the extinction risk of species and subpopulations 
(IUCN Standards and Petitions Committee 2019). The techniques required to obtain this 
information vary widely depending on the species and location of interest, demonstrating 
the difficulty in comparing the findings of different studies to reach a common 
understanding on the management and protections of species with wide distributions 
(Pereira et al. 2013; Thakur et al. 2018; Hoban et al. 2022). The incorporation of rapidly 
advancing genomic methods is beginning to bridge this gap and provide ubiquitous tools 
which can be applied to a wide range of sample types, species, and ecosystems (Benestan 
et al. 2016; Carroll et al. 2018; Garner et al. 2020; Hoban et al. 2022). The DNA extracted 
from tissue samples collected from animals alive or dead, adult or infant, male or female, 
can provide insights into the demographic and evolutionary histories of populations and 
their genetic resilience to future perturbations, all contributing to the understanding of 
how targeted conservation efforts can be aimed (Salmona et al. 2017; Carroll et al. 2018; 
Waples et al. 2018; Hoban et al. 2022).  
 
In this PhD I have shown that next-generation sequencing can be used to answer questions 
about beaked whale ecology and evolution over large temporal and spatial scales. I have 
also provided some of the evidence required for effective conservation and management, 
including the identification of genetically distinct management units with varying levels 
of genetic diversity and relatedness, different demographic histories and potentially 
differing abilities to adapt to future climate change. Further I have demonstrated that there 
is an overlap of harmful anthropogenic noise (reviewed in Chapter 1) and some 
genetically distinct populations, suggesting that a population-specific approach to 
management is more appropriate for the conservation of Cuvier’s and Blainville’s beaked 
whales.  
 
An underlying theme of this thesis was to showcase the utility of reduced representation 
sequencing (RRS) in non-model organisms such as cetaceans. Prior to the start of this 
project, limited genomic data were available for any beaked whale species and the 
genomic contributions of this thesis are presented in Appendix D. In the sections below, 
I synthesise the findings from this thesis by summarising the outcomes from the 
methodology applied across chapters (Chapter 2) and each of the three research objectives 
(Chapters 3-5). Finally, I discuss the future research that I think is needed to continue this 
important work. 

6.2 METHODOLOGY OUTCOMES: THE POWER OF DDRAD 
SEQUENCING 

Molecular ecology is a rapidly growing field thanks to the constant improvements of 
DNA sequencing technology and the advancements of available analytical methods 
(Andrews et al. 2016; Cammen et al. 2016; da Fonseca et al. 2016). Access to high quality 
beaked whale samples is notoriously difficult and DNA sequencing, while going down in 
cost (Wetterstrand 2021), is still expensive. Dozens of sequencing approaches are 
available depending on the budget and study aims (Andrews et al. 2016; Illumina 2017), 
and in Chapter 2 I present the benefits of the sequencing approach taken in this thesis, 
double digest restriction-associated digest (ddRAD) sequencing. Here, I show that by 
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following strict filtering and quality assurance protocols, just one method of DNA 
sequencing preparation (ddRAD sequencing; Peterson et al. 2012), could result in high 
enough quality data to answer a broad range of research questions about ecology and 
evolution across time and space.  

6.2.1 Small bioinformatic modifications for answering different questions 

Specific alterations to the bioinformatic pipelines used to discover, genotype and filter 
SNPs, can allow users to harness RRS to investigate questions of ecology and evolution 
across a wide range of scales: species to individuals, global distributions to fine-scale 
populations, and temporally from measuring demographic histories during the last million 
years to estimating potential long-term effects of active sonar that has only been in use 
for the past 70 years. Using only ddRAD data, I generated SNP datasets that were specific 
to the unique objectives of each analysis.  
 
In Chapter 3, samples and SNPs were selected to maximise the number of individuals and 
loci retained across the global distributions of the focal species, while minimising missing 
data and region-specific loci. In Chapter 4, two SNP datasets were generated for each of 
the four species analysed. The first dataset was made following the protocol in Chapter 
3, as they shared the intended use of estimating genetic structure and diversity without 
assigning populations a priori. The second dataset was used to investigate demographic 
history, and all low frequency mutations were kept. These recent mutations provide 
essential information for inferring recent demographic histories and are lost when 
filtering by minor allele frequency (MAF). Additionally, all sites were included (not just 
the variable ones). In Chapter 5, SNP datasets were generated for each species using the 
pipeline in Chapter 3, except that populations were assigned a priori during the 
genotyping step and region-specific sites and private alleles were allowed. This step was 
taken to maximise the number of SNPs present in each of the region-specific datasets.  
 
The greatest number of polymorphic sites was found when populations were defined a 
priori, and loci were kept even if they were only found in one population (if it was present 
in >80% of individuals; Chapter 5). This method also resulted in the highest percentage 
of missing data, which in conjunction with the presence of private alleles, showcases the 
substantial genetic structure between the studied populations.  

6.2.2 Key contributions of my thesis methods 

6.2.2.1 ddRAD sequencing is robust 

Samples were pooled from different species into the same sequencing runs if they shared 
the same DNA quality/quantity score (See Chapter 2 for scoring rubric; mixing poor- and 
high-quality samples in the same sequencing library may result in poor-quality samples 
dominating the sequencing results) and so libraries in the 2020 sequencing run contained 
pooled Blainville’s and Cuvier’s individuals if they shared the same DNA score. This 
approach seems to have produced good outcomes both in terms of the coverage at each 
locus and the fact that SNPs generated using the 2020 dataset (Chapter 5) yielded similar 
population structure DAPC results as those generated in 2018 (Chapter 3). 
 
In 2020, a new provider was found since the original sequencing centre at the University 
of Copenhagen no longer used the Illumina HiSeq2500. This new centre was based in a 
different country and used a different platform (Illumina NextSeq). By including 
duplicate individuals that had been sequenced twice, I showed that SNP genotypes are 



Chapter 6: General Discussion 
 

DNA in the deep: Comparative molecular ecology for the conservation of beaked whales 136 

consistently recovered (0.13-37.04% discordance across n=22 Cuvier’s and n=65874 
shared loci, and 0.12%-0.90% discordance across n=17 Blainville’s and n=26182 shared 
loci, sequenced in both 2018 and 2020), at least when the libraries are prepared in the 
same lab and using the same protocols.  

6.2.2.2 SNP datasets must match the desired objective 

Above I describe the various ways in which the bioinformatic pipeline was modified to 
generate SNP datasets appropriate for each of the analyses conducted in Chapters 3-5. 
Seemingly small changes in the pipeline (i.e., filtering by minor allele frequency, a priori 
population assignments, etc.) resulted in different results across chapters, demonstrating 
the need to carefully interpret reported metrics in the context of the bioinformatic steps 
taken to generate the dataset used (Shafer et al. 2017; O’Leary et al. 2018). 
 
Tajima’s D was calculated in Chapters 3 and 4 using the same protocol, however different 
filtering parameters were used to generate the final SNP datasets. In Chapter 3, the same 
SNP datasets were used for the structure analyses and the calculations of Tajima’s D. In 
Chapter 4, the datasets used to calculate Tajima’s D were not filtered for MAF and they 
included all sites (not just variable ones). In the two species where Tajima’s D was 
calculated using both datasets (Cuvier’s and Blainville’s), the results are overall very 
similar. In both chapters, Tajima’s D values were in the same range (>0, <0, ~0) however 
the dataset in Chapter 4 yielded more extreme values (more negative or more positive) 
than the Chapter 3 dataset.  
 
Genetic diversity and inbreeding were measured for each chapter using SNP datasets that 
were especially tailored for the unique objectives. One of the regions that was analysed 
across multiple chapters using different SNP datasets was the Mediterranean, with values 
of diversity (Ho, Hs) and inbreeding (FIS) varying widely (Table 6-1). Across the datasets 
where a common SNP dataset was used for all Cuvier’s populations, genetic diversity 
was lowest and inbreeding was highest in the Mediterranean. Chapter 3 shows that there 
is substantial structure between the Mediterranean Sea Cuvier’s and those in the North 
Atlantic and Indo-Pacific. Chapter 3 also showed that there was just one mitogenome 
cluster of Mediterranean individuals which split from the North Atlantic approximately 
700 kya, while the remaining polyphyletic clades contain individuals from both the 
Atlantic and Indo-Pacific. It is possible that the lower genetic diversity seen in the 
Mediterranean when analyzed with populations in other ocean basins is the result of a 
small founding population that has remained isolated from the rest of the North Atlantic 
Cuvier’s. Genetic drift likely acted on this reproductively isolated, small founding 
population, reducing the number of polymorphic sites in the Mediterranean population 
(Chapter 5, Table 5-2) and biasing the estimates of diversity and inbreeding. The SNP 
dataset that yielded the highest genetic diversity and lowest inbreeding was the one that 
had the fewest loci, but was generated using a priori populations, allowing for SNPs to 
be kept even if they were only found in one population, and had no missing or 
monomorphic loci. The differences in the reported values suggest that caution is needed 
when comparing results to those in the published literature, paying particular attention to 
the filtering steps (MAF filter, missing data allowed, accounting for underlying 
population structure, etc.) used to generate them.  

6.2.2.3 A comprehensive genomic beaked whale dataset 

The utility of dedicated tissue and DNA archives for wildlife conservation, management 
and forensics is well established (Thompson et al. 2013; Pérez-Espona and CryoArks 
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Consortium 2021). To meet the objectives of this thesis and the broader aims of the 
project that this thesis was funded by, the largest collection of beaked whale-specific 
tissue and DNA samples was assembled and named the International Tissue Archive for 
Beaked Whales (ITABW). Samples were provided from seven species, collected in seven 
ocean basins (including the Mediterranean), by 70 collaborators, in 30 countries, as part 
of a global initiative to increase our knowledge of the world’s most data deficient cetacean 
family. Since it’s assembly, ITABW has not only provided the material for this PhD 
thesis, but also resulted in two peer-reviewed publications: Chapter 3 from this thesis 
(Onoufriou et al., 2022) and the identification of a new beaked whale species (Ramari’s 
beaked whale, Mesoplodon eueu, Carroll et al., 2021). In the future, ITABW will be 
maintained across three institutions (the University of Auckland Waipapa Taumata Rau, 
maintained by Dr. Emma Carroll; the University of Copenhagen, maintained by Dr. 
Morten Olsen; and the University of La Laguna, maintained by Dr. Natacha Aguilar de 
Soto) where a committee will evaluate proposals for use of these samples to support the 
continued scientific research into the molecular ecology of beaked whales. 

Table 6-1. Diversity estimates (Ho, Hs and FIS) calculated for Cuvier’s populations in the Mediterranean 
Sea in Chapters 3 and 5 using different SNP datasets.  

Site  Chapter n 
Individuals 

n SNPs              
(% Missing) 

Ho 
(95% CI) 

Hs 
(95% CI) 

FIS 
(95% CI) 

All 3 33 30479 
(2.6%) 

0.078     
(0.077,0.080) 

0.089     
(0.088, 0.091) 

0.122           
(0.116,0.128) 

5 37 125769 
(3.11%) 

0.114      
(0.113,0.115) 

0.128     
(0.127, 0.129) 

0.114           
(0.112,0.116) 

5 37 27087    
(0%) 

0.245      
(0.243,0.247) 

0.264     
(0.262, 0.266) 

0.071          
(0.068,0.073) 

East 3 14 30479 
(2.6%) 

0.072     
(0.070,0.074) 

0.078     
(0.076, 0.080) 

0.080           
(0.071,0.088) 

5 14 140088 
(11.2%) 

0.106 
(0.105,0.107) 

0.114 
(0.113,0.115) 

0.071 
(0.068,0.074) 

5 14 27087     
(0%) 

0.222 
(0.219,0.224) 

0.229 
(0.227,0.231) 

0.032 
(0.028,0.036) 

West 3 19 30479 
(2.6%) 

0.083      
(0.082,0.085) 

0.090     
(0.089, 0.092) 

0.077           
(0.070,0.084) 

5 23 140088 
(11.2%) 

0.118 
(0.117,0.119) 

0.128 
(0.127,0.129) 

0.074 
(0.071,0.077) 

5 23 27087    
(0%) 

0.259 
(0.257,0.261) 

0.266 
(0.264,0.268) 

0.027 
(0.024,0.031) 

 
Using the data generated by two sequencing runs allowed me to investigate beaked whale 
populations across vast temporal and spatial scales using only ddRAD SNPs filtered 
according to the objectives of each chapter (in Chapter 3, complementary phylogenomic 
and diversity analyses were conducted by collaborators using mitogenomes from Cuvier’s 
and Blainville’s). A summary of the genomic resources and datasets that were generated 
for this thesis are presented in the Supplementary Materials (D.1), including details about 
ITABW and ddRAD sequences, as well as the new mitogenomes developed for this 
project by collaborators. Beaked whales are difficult to obtain samples from due to their 
deep-diving capability, presence in deep and often offshore areas, and elusive surface 
behaviour (Heyning and Mead 2008; MacLeod 2018). The vast sample set collated for 
this project is unlikely to be surpassed in the near future.  
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The tissue archive collated for this thesis (ITABW) and the DNA resources summarised 
above have also provided the basis for a new projected funded by the Office of Naval 
Research (ONR): “Developing a universal beaked whale genotyping panel for assessing 
population-level impacts of anthropogenic activities”. In this project, a reproducible 
genotyping panel is being developed to provide species and sex identification, individual 
and population-level information from a range of sample types (degraded tissue, 
environmental DNA, faeces, and exhalations- or blow), across all beaked whale species. 
The aim is to generate a “rapid-response” to atypical stranding events and ultimately 
provide insight into elusive beaked whales from poor quality or low quantity DNA 
samples.  

6.3 RESEARCH OUTCOMES 

The three research objectives proposed in the introduction and presented in Chapters 3-5 
are summarised below and showcase the utility of RRS data to investigate drivers of 
population structure, diversity, demographic history and relatedness on different temporal 
and spatial scales.  

6.3.1 Objective 1: Investigate the global population genetic structure of Cuvier’s 
and Blainville’s beaked whales and estimate whether current management 
units for conservation are appropriate. 

In 2005, Dalebout et al. (2005) identified substantial ocean-basin level structure in 
Cuvier’s using the mtDNA control region. Morin et al. (2012) also found relative 
concordance between geographic distance and genetic distance using whole 
mitogenomes, though neither study found reciprocal monophyly in phylogenetic trees. 
On the other hand, Blainville’s were divided into two, highly supported clades between 
the Atlantic and Pacific Oceans based on mitogenomes. Understanding that this ocean 
basin-scale structure was evident in mtDNA, I hypothesised that the same was likely to 
be found using nuclear ddRAD SNPs.  
 
To investigate this hypothesis in more detail, ddRAD SNPs were genotyped for n=123 
Cuvier’s (n=30479 ddRAD SNPs) and n=43 Blainville’s (n=13988 ddRAD SNPs). 
Complementary mitogenomes were generated and analysed by colleagues at the 
University of Copenhagen for n=35 Cuvier’s and n=27 Blainville’s. With these expansive 
datasets I investigated the presence of genetic structure and diversity on two different 
spatial scales (between and within ocean basins) and two different processes driving these 
patterns (macro- and micro-evolutionary drivers).  
 
Confirming the large scale differences in population structure first described by Dalebout 
et al. (2005) and Morin et al. (2012), major ocean basins were highly genetically 
differentiated in both species. In Cuvier’s, there was clear monophyly to ocean basin 
using ddRAD SNPs (Atlantic Ocean, Pacific Ocean, and Mediterranean Sea). The clear 
differentiation between Blainville’s in the Atlantic and Pacific Oceans was also highly 
supported. This level of structure was also statistically supported in both species based 
on FST at the p<0.01 level. The FST between Atlantic and Indo-Pacific Cuvier’s was low 
(FST=0.018), however still higher than the SNP-based estimates of FST between 
recognized odontocete subspecies such as spinner dolphins (Stenella longirostris; 
FST=0.0035-0.0119; Leslie and Morin, 2018). Genetic differentiation between 
Blainville’s sampled in the Atlantic and Indo-Pacific was much higher (FST =0.119), and 
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within the FST range of other odontocete subspecies e.g. short-finned pilot whales 
(Globicephala macrorhynchus; FST=0.1-0.4; Van Cise et al., 2019). The greatest genetic 
differentiation was seen between the Cuvier’s in the Mediterranean and the Atlantic (FST 
=0.184) and Indo-Pacific (FST =0.197). While this level of structure was expected in the 
dataset (Dalebout et al. 2005; Morin et al. 2012), it is reassuring to see the trends found 
using mtDNA reflected in the ddRAD data which suggests that the structure patterns are 
likely shared between males and females. 
 
Using a larger sample set and substantially more markers than previous studies using only 
mtDNA (Dalebout et al. 2005; Morin et al. 2012), structure was identified within ocean 
basins. Biopsy sampling effort was biased towards individuals in the focal regions 
discussed in Chapter 5, and genetic differentiation was found between Cuvier’s and 
Blainville’s in these areas with known resident populations (Canary Islands, Bahamas, 
Hawai’i). The greatest genetic difference found within an ocean basin in either species 
was the Cuvier’s in the East and West Mediterranean (FST =0.092), though it would still 
be classified as only “moderate differentiation” according to Wright (1978).  
 
Macroevolutionary processes driving differences between Cuvier’s and Blainville’s 
structure patterns include different evolutionary histories and abilities of each species to 
navigate the presence of well-known biogeographic barriers (Toonen et al. 2016).  
Variations in oceanographic conditions during periods of historic climate change may 
have limited the dispersal ability of the smaller Blainville’s beaked whale, resulting in the 
stronger differentiation seen between Atlantic and Pacific populations. Smaller body size 
can be linked to life span, and the smaller Blainville’s may also have experienced faster 
genetic drift and subsequent differentiation.  
 
Microevolutionary processes likely drive the differing structure patterns found between 
species here. Like other deep-diving cetaceans (Alexander et al. 2016; VanCise et al. 
2017; Vachon et al. 2022), resident populations of Cuvier’s and Blainville’s are typically 
found in close proximity to oceanic islands, shelf edges, sea mounts and undersea 
canyons. Some degree of site fidelity occurs in both species, contributing to genetic 
differentiation between populations. Cuvier’s have larger bodies and geographic range, 
potentially increasing the dispersal potential for transient individuals, facilitating gene 
flow. Regardless of the drivers, establishing contemporary patterns of structure is 
necessary to understand how populations may respond to future disturbances.  
 
As described throughout this thesis, studies of beaked whale population genomics are 
relatively few and many aspects of this chapter are novel. Previous studies have combined 
nuclear and mtDNA markers to study Gray’s beaked whales (Thompson, Patel, Baker, et 
al. 2016; Westbury et al. 2021) and northern bottlenose whales (Dalebout et al. 2006; 
Feyrer et al. 2019; de Greef et al. 2022), however here I have presented the first study to 
do this in Cuvier’s and Blainville’s. I have also presented the first comparison of 
population structure and genetic diversity between beaked whale species using nuclear 
DNA (beaked whale mitogenomes were compared in Morin et al. 2012). Biogeographic 
barriers and their impact on population structure have been investigated in other deep-
diving odontocetes (VanCise et al. 2019), but this study is the first to investigate them as 
drivers of macro- and micro-evolutionary beaked whale structure. Here I have also 
presented the first direct recommendations for designating management units in beaked 
whales (Evolutionarily Significant Units and Demographically Independent Populations) 
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and provided the first evidence of subspecies-level differentiation within beaked whales 
(discussed further in 6.4.1).  

6.3.2 Objective 2: Investigate contemporary patterns of population structure and 
historical demographic histories in North Atlantic beaked whales with 
respect to future climate change. 

In this chapter, I estimated changes in effective population size (Ne) through time of four 
beaked whale species found in the North Atlantic: Cuvier’s, Blainville’s and Sowerby’s 
beaked whales and northern bottlenose whales. DNA sequences were prepared for 
Sowerby’s in the same way (and at the same time) as those for Cuvier’s and Blainville’s 
in Chapter 3, but the northern bottlenose data were generated using a different method 
(GBS) by collaborators at the University of Copenhagen. Two SNP datasets were 
generated: (1) as described in Chapter 3 for structure and diversity measurements, and (2) 
suitable for demographic history reconstructions (i.e., with monomorphic loci and no 
MAF filter).  
 
Reconstructions of demographic history assume panmixia within the population, so it was 
necessary to identify discrete units for these analyses by investigating population 
structure. Evidence for population structure that corresponds to geographic origin had 
already been established for Cuvier’s and Blainville’s in Chapter 3 and was confirmed 
using the SNP datasets generated for this study. In Sowerby’s, no clear pattern of 
population structure was detected, with some evidence of structure in northern bottlenose.  
 
Beaked whale populations responded to historic climate change via notable changes in 
population trajectories linked to wide-scale glacial and interglacial periods. During these 
periods, fluctuations in oceanographic conditions and prey abundance and/or composition 
would have played a key role in the observed bottlenecks, rapid expansions, and slow 
contractions within beaked whale populations. Individual demographic histories in the 
North Atlantic did not show clear responses to past climate change according to species, 
body size or species range, and instead are most likely influenced by a complex 
relationship between physiology (thermal constraints, dive capability), behaviour (site 
fidelity, foraging behaviour), and evolutionary history (population structure, geographic 
range). Declines in Ne can also be attributed to the presence of population structure, 
decline in gene flow or the establishment of new populations through the “founder effect”, 
and it is possible that this historic climate change caused changes in population structure 
rather than population size (Chikhi et al. 2010; Heller et al. 2013; Mazet et al. 2015; 
Salmona et al. 2017; Loog 2021).  
 
This chapter provides substantially novel contributions to beaked whale science, 
including the first dedicated investigation of Sowerby’s population structure and genetic 
diversity across their North Atlantic range (though limited in sample size and discussed 
further in 6.4.2). I have also presented the first multispecies investigation of demographic 
history across any deep-diving cetacean, and reconstructed demographic histories from 
Cuvier’s, Blainville’s and Sowerby’s for the first time (the demographic history of 
northern bottlenose was investigated in Feyrer et al. 2019 and de Greef et al. 2022).  
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6.3.3 Objective 3: Investigate whether population-level impacts of repeated 
anthropogenic disturbance are present in small beaked whale populations 
using genomic methods.  

In  Chapter 5, I compared the genetic variability of beaked whale populations that have 
been ‘disturbed’ repeatedly by naval sonar to those considered to live in a ‘semi-pristine’ 
environment using the framework of the genetic Essential Biodiversity Variables (EBVs, 
Hoban et al., 2022). Genetic EBVs have been proposed as a tool to monitor and compare 
the genetic health and viability of wild populations to current and future threats (Hoban 
et al. 2022). Within this framework, genetic differentiation was estimated in Chapter 3 
and confirmed here using discriminant analysis of principle components (DAPC). 
 
This chapter took a comparative approach by investigating fine-scale populations of 
Cuvier’s within three focal regions: Canary Islands, Bahamas, and the Mediterranean 
(Cuvier’s only). Sequences were available from those generated for Chapters 3 and 4, and 
additional samples were sequenced from the three focal regions for this chapter. Using 
region-specific SNP datasets, the four genetic EBVs were calculated for each ‘disturbed’ 
and ‘semi-pristine’ site where the sample size was sufficient: genetic differentiation, 
genetic diversity, inbreeding and effective population size. At least one species showed 
signs of reduced genetic variation (lower genetic diversity, higher inbreeding, more 
sibling relationships) in each of the “disturbed” focal sites. While it is not possible to 
know with certainty if the lower genetic variation observed here is due to repeated 
strandings and exposure to naval sonar, the fact remains that populations with lower 
genetic variation are less resilient to future perturbations (Hoban et al. 2022), especially 
when genetic drift is stronger (smaller Ne).  
 
Despite a global collaboration providing samples that had been collected over 19 years, 
sample sizes were still limited in certain locations, suggesting that the measurement of all 
EBVs may not be as feasible in all populations. Calculations of Ne were the most impacted 
by low sample sizes; even populations with the greatest number of samples in this study 
(n>20) had variances in the 95% confidence intervals which were too high to make many 
reasonable inferences. Some of the EBV metrics are more robust to lower samples sizes; 
expected heterozygosity (Hs) and allelic richness (AR) account for small sample sizes 
(Nei 1978; El Mousadik and Petit 1996). 
 
In this chapter, I show that genetic EBVs can be used to provide baseline estimates of 
genetic variation, an integral indicator of the persistence and adaptability of a population 
to perturbations. While such calculations provide a framework for comparisons in the 
face of anthropogenic or natural disturbance, limitations in sample size must be 
considered by researchers hoping to calculate these metrics in the future. Future work 
would ideally measure genetic EBVs in historic samples from the same sites, providing 
information about whether the reductions of genetic variation measured here occurred 
since the offset of naval sonar use. Additional contemporary samples would help refine 
the estimates of Ne. 
 
In this chapter, I applied the framework of genetic EBVs to cetacean populations for the 
first time (based on published literature). In doing so, I provided the first estimates of 
contemporary Ne based on nuclear markers in beaked whales (estimates based on mtDNA 
are provided in Dalebout 2002 and long-term Ne is estimated in Dalebout et al. 2006). 
This direct comparison of the susceptibility of beaked whale populations to future 
perturbations with regards to their genetic composition provided the first evidence that 
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continued and/or future disturbance may result in genetic erosion of beaked whale 
populations living in “disturbed” areas.  

6.4 FUTURE DIRECTIONS 

Investigating beaked whale genomics in this thesis has provided answers to many 
questions about their ecology and evolution. Notably, population structure is a common 
feature across most species and in the case of Cuvier’s and Blainville’s, it is present across 
all investigated geographic and temporal scales. Such findings naturally lead to more 
questions. What is driving the differences in genetic structure between Cuvier’s and 
Blainville’s compared to northern bottlenose and Sowerby’s? Does the significant 
structure found in Cuvier’s and Blainville’s warrant new taxonomic classification? How 
does the reduced genetic variation in ‘disturbed’ populations translate to extinction risk?  
 
In this section, I will discuss some of the ways in which these questions could be 
addressed in future studies. I specifically focus on the species for which we have the most 
data (Cuvier’s, Blainville’s and Sowerby’s) as northern bottlenose populations are the 
focus of several past and ongoing population genetic studies (Dalebout et al. 2001; 
Dalebout et al. 2006; Feyrer et al. 2019; de Greef et al. 2022).  

6.4.1 Describe Cuvier’s and Blainville’s Subspecies 

In this thesis, I have found evidence to suggest the presence of separate subspecies in 
Cuvier’s and Blainville’s. Both Cuvier’s and Blainville’s showed nearly reciprocal 
monophyly to ocean basin using ddRAD SNPs and mitogenomes and there was minimal 
admixture between ocean basins using the tess3r cluster analysis. This  provides evidence 
that Cuvier’s in the Mediterranean, and the Atlantic and Indo-Pacific Blainville’s are 
separately evolving lineages (Chapter 3). Two measurements of differentiation and 
divergence were estimated using the ddRAD and mitogenome data (FST and dA) to 
provide complementary evidence of population isolation. 
 
The definition of a cetacean subspecies is a lineage that is separately evolving due to 
discontinuities that restrict gene flow, resulting in populations that are measurably distinct 
(Taylor, Perrin, et al. 2017). The 93 cetacean species are currently “under classified”, 
with only 20% have recognized subspecies, none of which are identified in the beaked 
whales (Taylor, Perrin, et al. 2017; Commitee on Taxonomy 2022). Classification of 
cetacean taxonomic groups is important for management by providing definitions for the 
various units to conserve. Cetaceans are particularly under classified for a number of 
reasons: there is limited scope and expertise for morphological-based methods, specimens 
are legally protected and hard to gain access to, cetaceans live in the sea where access is 
often difficult, and many cetaceans have wide ranging habitats with little indication of 
barriers that could lead to regional adaptation or differentiation (Taylor, Perrin, et al. 
2017). Molecular data has been proposed as a useful tool for the designation of cetacean 
subspecies due to the difficulties described above, recognizing that genetic discontinuity 
associated with geographical differentiation is a strong and suitable line of evidence to 
classify cetacean subspecies (Taylor, Perrin, et al. 2017).  
 
The FST values for the proposed subspecies (Cuvier’s in the Mediterranean, Blainville’s 
in the Atlantic and Indo-Pacific) using nuclear SNPs (Cuvier’s: Mediterranean vs Atlantic 
FST=0.184 and Mediterranean vs Indo-Pacific FST=0.197, Blainville’s: Atlantic vs Indo-
Pacific FST=0.119), fall within the range of FST values calculated from nuclear SNPs in 
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recognized odontocete subspecies of spinner dolphins (Stenella longirostris; FST=0.0035-
0.012; Leslie and Morin 2018),  pantropical spotted dolphins (S. attenuata; FST=0.055; 
Leslie and Morin 2018), harbour porpoise (Phocoena phocoena; FST=0.187−0.207; Lah 
et al. 2016), and short-finned pilot whale (Globicephala macrorhynchus; FST=0.1−0.4; 
Van Cise et al. 2019). The FST of proposed subspecies using full mitogenomes (Cuvier’s 
FST=0.375 and FST=0.623, Blainville’s FST=0.711) are much higher than mitogenomic FST 
values calculated in recognized odontocete subspecies of spinner dolphins (FST=0.013; 
Leslie and Morin 2018), pantropical spotted dolphins (FST=0.013; Leslie et al. 2018), fin 
whales (Balaenoptera physalus; FST=0.005−0.018; Archer et al. 2019). The FST of the 
proposed subspecies calculated using the mtDNA CR (Cuvier’s FST= 0.347 and 0.531, 
Blainville’s FST=0.328) is also greater than the range of FST values in recognized cetacean 
subspecies (FST=0.013-0.209; Rosel et al., 2017).  
 
Net nucleotide divergence, dA (Nei, 1987; pg. 276) was found to effectively distinguish 
between cetacean populations using the mtDNA CR and the proposed range of dA values 
between subspecies is 0.004-0.02 (Rosel, Taylor, et al. 2017; Rosel, Hancock-hanser, et 
al. 2017; Taylor, Archer, et al. 2017). Here, the dA estimate between Indo-Pacific and 
Mediterranean Cuvier’s falls within this range (Cuvier’s dA =0.0045). Unlike other 
cetaceans, the beaked whale control region is less diverse compared to other regions of 
the mitochondrial genome (Dalebout et al. 2004; Morin et al. 2012) and dA measurements 
using only the CR may not be appropriate for beaked whales.  
 
Guidelines to classify cetaceans using nuclear DNA markers like those that have been 
proposed using mtDNA (Taylor, Archer, et al. 2017) would be welcome in light of the 
nuclear data being generated for more cetacean species. Using the ddRAD and 
mitogenome sequences generated in this thesis, further evidence could be provided by 
calculating divergence times between putative subspecies. The sequencing of whole 
nuclear genomes could allow for comparisons of more ancient patterns of demographic 
history and divergence, and provide information about natural selection and local 
adaptation (Cammen et al. 2016; Fan et al. 2019). Further lines of evidence could also be 
examined to support the proposed subspecies. Differences in skull morphology have been 
used to identify potentially different Sowerby’s beaked whale populations (Smith, Mead, 
et al. 2021) and provided evidence for speciation between True’s and Ramari’s beaked 
whales (Mesoplodon mirus and M. eueu; Carroll et al., 2021), and this technique would 
be useful evidence for the description of Cuvier’s and Blainville’s beaked whales.  
 
In the event that future lines of evidence become available in order to officially raise the 
proposed subspecies, the following names are suggested: The proposed Mediterranean 
subspecies of Cuvier's would become the nominate form, Ziphius cavirostris cavirostris, 
as the type specimen described by Cuvier (1824) was found at the mouth of the Rhone on 
the French Mediterranean coast. The next available name for Cuvier’s found and 
described outside of the Mediterranean is Ziphius cavirostris gervaisii (Duvernoy 1851). 
The type specimen for Blainville's has no known locality (Blainville 1817), and would 
need genetic confirmation of subspecies. It is most likely that the type specimen was 
found in the Atlantic, which would be the nominate subspecies Mesoplodon densirostris 
densirostris. The first available name for the Indo-Pacific subspecies would be 
Mesoplodon densirostris sechellensis (Gray 1846). If the type specimen originated in the 
Indo-Pacific, a new name will need to be selected for the Atlantic subspecies.  
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6.4.2 Uncertain population structure in Sowerby’s beaked whales 

This thesis produced the first dedicated analysis of genomic population structure in 
Sowerby’s beaked whales (Chapter 4). Like Gray’s beaked whales (Mesoplodon grayii; 
Thompson et al., 2016; Westbury et al., 2021), I did not detect any clear patterns of 
population structure within their North Atlantic range that corresponded with geographic 
origin of samples.  
 
Analyses based on skull morphology and stable isotopes have suggested that there is 
likely a Sowerby’s metapopulation in the Atlantic (Smith, Trueman, et al. 2021; Smith, 
Mead, et al. 2021), potentially divided between the east and west. This pattern was not 
clear in the genomic analysis presented in this thesis, with the only cluster detected in 
tess3r that showed significant differentiation consisting of two highly divergent 
individuals from Denmark.  
 
It is unclear from the samples included here if there is any population structure that 
corresponds with geographic location, and several other factors could contribute to the 
structuring of individuals (such as habitat or prey preference, social structure, etc.). The 
ddRAD sequencies generated here could be partitioned by sex and reanalysed to see if 
there are differing patterns of structure between males and females. This data could also 
be used to scan for outlier loci, which can be better at identifying genetic structure in 
some species than neutral SNPs (Freamo et al. 2011). The ddRAD data could also be 
incorporated into a seascape genetics approach to see if structure is linked to 
environmental characteristics such as temperature and/or productivity (Amaral et al. 
2012). Future sequencing efforts could be used to resequence whole nuclear genomes to 
resolve structure in both neutral and non-neutral markers and/or investigate functional 
genes (Cammen et al. 2016). Greater sampling throughout the Sowerby’s range 
(especially from the western extent of their distribution) is highly recommended to assist 
in refining the estimates of genetic structure and subdividing individuals into appropriate 
management units for conservation.   

6.4.3 Population viability analyses 

In Chapter 3, I have identified that the small, resident populations of Cuvier’s and 
Blainville’s found around many island archipelagos are genetically distinct and Chapter 
5 shows that populations in areas more ‘disturbed’ by naval sonar show reduced genetic 
variation. Using this information, Population Viability Analysis (PVA) software, such as 
“Vortex” (Shaffer 1981; Lacy 1993; Lacy 2000; Lacy and Pollak 2017) could be used to 
simulate and predict population trends and calculate a risk of extinction for ‘disturbed’ 
beaked whale populations. PVA is a method used to simulate the trajectory of populations 
or species, allowing you to estimate the minimum viable population size required to 
ensure persistence and maintain adaptive potential (Shaffer 1981; Hoban et al. 2012). 
Such simulations are flexible and incorporate population-specific demographic 
parameters to apply various stochastic pressures to a system, forecasting the trajectory of 
the population over time (Shaffer 1981; Hoban et al. 2012). Small populations are more 
susceptible to extinction (Shaffer 1981), and as the size decreases, chance events are more 
likely to impact population persistence (Lacy et al. 2017). The minimum viable 
population size must then account for normal conditions as well as in the presence of 
extreme and unpredicted perturbations (Shaffer 1981).  
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The demographic parameters required as input for the simulations can be derived from 
the long-term datasets in areas with resident populations. Such parameters included in 
other PVA analyses include the minimum and maximum age of reproduction, longevity, 
percentage of reproductive individuals, sex ratio, breeding adults, adult and calf mortality, 
and census population size (Miller 2016). PVA using Vortex would incorporate the newly 
determined data on genetic diversity, population structure and connectivity and estimate 
the effects of stochastic events such as environmental change and anthropogenic impact. 
The outcome of the simulations can provide managers with the information they need to 
implement more specific conservation measures with measurable targets and timeframes 
for population recovery (Lindenmayer et al. 1993; Hoban et al. 2012). In the case of 
beaked whale populations, such measures could include sonar bans like the one 
successfully implemented in the Canary Islands (Fernández et al. 2012).    

6.5 CONCLUSIONS 

The revelations in my thesis about the elusive beaked whales would not have been 
possible without global collaborations and the provision of samples from dozens of 
sources. The maintenance and strengthening of this collaboration are of the utmost 
importance to uncover as much as we can about this potentially threatened family of 
whales. While dedicated biopsy sampling typically provides the highest quality DNA and 
can provide invaluable metadata thanks to the sampling of an individual in their known 
habitat and social group, the opportunistic collection of tissue from dead stranded and 
bycaught individuals continues to provide a wealth of information about the distribution 
of these difficult to study species in sometimes remote, geographic areas. Each new 
sample is a valuable contribution to beaked whale science, and I encourage the continued 
collaboration between researchers, conservation organisations, stranding networks, and 
governments to collect and archive tissue from as many beaked whales as possible to 
facilitate future studies like this one. 
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Appendix A: Full sample dataset  

The full dataset of all samples sequenced for this thesis including sample information and 
metadata as well as the sample contributor and the permits/ethical considerations required 
to collect the sample is stored in the University of St Andrews PURE research database 
with the title: “Onoufriou_DNAintheDeep_AppendixA”  



 

 

Appendix B: Outcomes of optimising ‘gstacks’ parameters 

Results of the ‘gstacks’ parameter optimisation described in 2.8.1: the chapter that the parameters were optimised for, the species of the ddRAD or GBS sequences, original 
sample size of the optimised dataset, species that the sequenced were aligned to, the four ‘gstacks’ parameters (min-mapq: minimum mapping quality score to consider a read, 

max-clipped: maximum soft-clipping level as a fraction of the read length, var-alpha: SNP discovery threshold and gt-alpha: genotype calling threshold), and the resulting 
SNP dataset data (number of variable loci, mean missingess, mean site depth). The rows highlighted in green represent the parameter sets that were selected.  

Chapter Species n Alignment mapq sclip var_alpha gt_alpha Loci (ind) Mean missingness Mean site depth  
3 Cuvier's 40 Cuvier's 20 0.1 0.01 0.05 211309 0.0133 81.6 
3 Cuvier's 40 Cuvier's 20 0.2 0.01 0.05 212407 0.0133 81.6 
3 Cuvier's 40 Cuvier's 20 0.1 0.05 0.05 211660 0.0133 81.5 
3 Cuvier's 40 Cuvier's 20 0.2 0.05 0.05 212795 0.0133 81.5 
3 Cuvier's 40 Cuvier's 10 0.1 0.01 0.05 212480 0.0134 81.6 
3 Cuvier's 40 Cuvier's 10 0.2 0.01 0.05 213629 0.0134 81.7 
3 Cuvier's 40 Cuvier's 10 0.1 0.05 0.05 212855 0.0134 81.5 
3 Cuvier's 40 Cuvier's 10 0.2 0.05 0.05 214010 0.0134 81.6 
3 Cuvier's 40 Cuvier's 20 0.1 0.01 0.01 201891 0.0144 83.8 
3 Cuvier's 40 Cuvier's 20 0.1 0.05 0.01 202259 0.0145 83.7 
3 Cuvier's 40 Cuvier's 20 0.2 0.01 0.01 202975 0.0145 83.8 
3 Cuvier's 40 Cuvier's 20 0.2 0.05 0.01 203368 0.0145 83.7 
3 Cuvier's 40 Cuvier's 10 0.1 0.01 0.01 203026 0.0145 83.8 
3 Cuvier's 40 Cuvier's 10 0.1 0.05 0.01 203419 0.0146 83.7 
3 Cuvier's 40 Cuvier's 10 0.2 0.01 0.01 204157 0.0146 83.8 
3 Cuvier's 40 Cuvier's 10 0.2 0.05 0.01 204551 0.0146 83.7 
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Chapter Species n Alignment mapq sclip var_alpha gt_alpha Loci (ind) Mean missingness Mean site depth  
3 Blainville's 56 Sowerby's 10 0.2 0.05 0.05 185884 0.0129 52.2 
3 Blainville's 56 Sowerby's 10 0.2 0.01 0.05 185482 0.0129 52.3 
3 Blainville's 56 Sowerby's 20 0.2 0.05 0.05 184510 0.0128 52.1 
3 Blainville's 56 Sowerby's 10 0.1 0.05 0.05 184194 0.0129 52.2 
3 Blainville's 56 Sowerby's 20 0.2 0.01 0.05 184112 0.0128 52.2 
3 Blainville's 56 Sowerby's 10 0.1 0.01 0.05 183784 0.0129 52.2 
3 Blainville's 56 Sowerby's 10 0.2 0.05 0.01 183095 0.0150 52.5 
3 Blainville's 56 Sowerby's 20 0.1 0.05 0.05 182888 0.0128 52.1 
3 Blainville's 56 Sowerby's 10 0.2 0.01 0.01 182682 0.0150 52.5 
3 Blainville's 56 Sowerby's 20 0.1 0.01 0.05 182486 0.0128 52.2 
3 Blainville's 56 Sowerby's 20 0.2 0.05 0.01 181803 0.0149 52.4 
3 Blainville's 56 Sowerby's 10 0.1 0.05 0.01 181464 0.0150 52.4 
3 Blainville's 56 Sowerby's 20 0.2 0.01 0.01 181396 0.0149 52.5 
3 Blainville's 56 Sowerby's 10 0.1 0.01 0.01 181043 0.0150 52.5 
3 Blainville's 56 Sowerby's 20 0.1 0.05 0.01 180239 0.0149 52.4 
3 Blainville's 56 Sowerby's 20 0.1 0.01 0.01 179825 0.0149 52.4 
4 N. bottlenose 58 Cuvier's 10 0.1 0.01 0.01 964 0.0363 10.9 
4 N. bottlenose 58 Cuvier's 10 0.1 0.01 0.05 974 0.0172 11.0 
4 N. bottlenose 58 Cuvier's 10 0.1 0.05 0.01 1118 0.0316 10.6 
4 N. bottlenose 58 Cuvier's 10 0.1 0.05 0.05 1128 0.0151 10.7 
4 N. bottlenose 58 Cuvier's 10 0.2 0.01 0.01 1725 0.0351 10.4 
4 N. bottlenose 58 Cuvier's 10 0.2 0.01 0.05 1747 0.0154 10.5 
4 N. bottlenose 58 Cuvier's 10 0.2 0.05 0.01 2038 0.0299 10.2 

 

D
N

A
 in the deep: Com

parative m
olecular ecology for the conservation of beaked w

hales                                     185 

A
ppendix B: O

utcom
es of optim

izing 'gstacks 'param
eters  



 

 

Chapter Species n Alignment mapq sclip var_alpha gt_alpha Loci (ind) Mean missingness Mean site depth  
4 N. bottlenose 58 Cuvier's 10 0.2 0.05 0.05 2060 0.0133 10.2 
4 N. bottlenose 58 Cuvier's 20 0.1 0.01 0.01 919 0.0360 10.6 
4 N. bottlenose 58 Cuvier's 20 0.1 0.01 0.05 928 0.0168 10.7 
4 N. bottlenose 58 Cuvier's 20 0.1 0.05 0.01 1070 0.0311 10.4 
4 N. bottlenose 58 Cuvier's 20 0.1 0.05 0.05 1079 0.0147 10.4 
4 N. bottlenose 58 Cuvier's 20 0.2 0.01 0.01 1662 0.0347 10.2 
4 N. bottlenose 58 Cuvier's 20 0.2 0.01 0.05 1681 0.0151 10.3 
4 N. bottlenose 58 Cuvier's 20 0.2 0.05 0.01 1974 0.0294 10.1 
4 N. bottlenose 58 Cuvier's 20 0.2 0.05 0.05 1995 0.0130 10.1 
4 Sowerby's 38 Cuvier's 10 0.1 0.05 0.05 57926 0.0119 68.9 
4 Sowerby's 38 Cuvier's 10 0.1 0.05 0.01 57617 0.0184 69.1 
4 Sowerby's 38 Cuvier's 10 0.1 0.01 0.05 57460 0.0118 69.2 
4 Sowerby's 38 Cuvier's 10 0.1 0.01 0.01 57205 0.0184 69.3 
4 Sowerby's 38 Cuvier's 10 0.2 0.05 0.05 58495 0.0119 69.0 
4 Sowerby's 38 Cuvier's 10 0.2 0.05 0.01 58183 0.0184 69.2 
4 Sowerby's 38 Cuvier's 10 0.2 0.01 0.05 58118 0.0119 69.2 
4 Sowerby's 38 Cuvier's 10 0.2 0.01 0.01 57762 0.0185 69.4 
4 Sowerby's 38 Cuvier's 20 0.1 0.05 0.05 57286 0.0117 68.8 
4 Sowerby's 38 Cuvier's 20 0.1 0.05 0.01 56989 0.0182 69.0 
4 Sowerby's 38 Cuvier's 20 0.1 0.01 0.05 56846 0.0116 69.1 
4 Sowerby's 38 Cuvier's 20 0.1 0.01 0.01 56547 0.0182 69.3 
4 Sowerby's 38 Cuvier's 20 0.2 0.05 0.05 57835 0.0117 68.9 
4 Sowerby's 38 Cuvier's 20 0.2 0.05 0.01 57538 0.0182 69.1 
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Chapter Species n Alignment mapq sclip var_alpha gt_alpha Loci (ind) Mean missingness Mean site depth  
4 Sowerby's 38 Cuvier's 20 0.2 0.01 0.05 57388 0.0116 69.1 
4 Sowerby's 38 Cuvier's 20 0.2 0.01 0.01 57088 0.0182 69.3 
4 Blainville's 32 Cuvier's 10 0.1 0.05 0.05 46869 0.0141 49.7 
4 Blainville's 32 Cuvier's 10 0.1 0.05 0.01 46603 0.0227 49.8 
4 Blainville's 32 Cuvier's 10 0.1 0.01 0.05 46439 0.0141 49.8 
4 Blainville's 32 Cuvier's 10 0.1 0.01 0.01 46172 0.0227 49.9 
4 Blainville's 32 Cuvier's 10 0.2 0.05 0.05 47364 0.0142 49.7 
4 Blainville's 32 Cuvier's 10 0.2 0.05 0.01 47090 0.0228 49.8 
4 Blainville's 32 Cuvier's 10 0.2 0.01 0.05 46921 0.0141 49.9 
4 Blainville's 32 Cuvier's 10 0.2 0.01 0.01 46649 0.0227 49.9 
4 Blainville's 32 Cuvier's 20 0.1 0.05 0.05 46114 0.0137 49.6 
4 Blainville's 32 Cuvier's 20 0.1 0.05 0.01 45898 0.0223 49.7 
4 Blainville's 32 Cuvier's 20 0.1 0.01 0.05 45701 0.0137 49.8 
4 Blainville's 32 Cuvier's 20 0.1 0.01 0.01 45487 0.0222 49.8 
4 Blainville's 32 Cuvier's 20 0.2 0.05 0.05 46591 0.0138 49.6 
4 Blainville's 32 Cuvier's 20 0.2 0.05 0.01 46366 0.0223 49.7 
4 Blainville's 32 Cuvier's 20 0.2 0.01 0.05 46171 0.0137 49.8 
4 Blainville's 32 Cuvier's 20 0.2 0.01 0.01 45951 0.0223 49.9 
4 Cuvier's 89 Cuvier's 10 0.1 0.05 0.05 223406 0.0205 54.6 
4 Cuvier's 89 Cuvier's 10 0.1 0.05 0.01 221872 0.0253 54.7 
4 Cuvier's 89 Cuvier's 10 0.1 0.01 0.05 222440 0.0205 54.7 
4 Cuvier's 89 Cuvier's 10 0.1 0.01 0.01 220975 0.0252 54.8 
4 Cuvier's 89 Cuvier's 10 0.2 0.05 0.05 224614 0.0206 54.6 
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Chapter Species n Alignment mapq sclip var_alpha gt_alpha Loci (ind) Mean missingness Mean site depth  
4 Cuvier's 89 Cuvier's 10 0.2 0.05 0.01 223023 0.0254 54.7 
4 Cuvier's 89 Cuvier's 10 0.2 0.01 0.05 223656 0.0206 54.7 
4 Cuvier's 89 Cuvier's 10 0.2 0.01 0.01 222131 0.0253 54.8 
4 Cuvier's 89 Cuvier's 20 0.1 0.05 0.05 221885 0.0204 54.5 
4 Cuvier's 89 Cuvier's 20 0.1 0.05 0.01 220424 0.0251 54.6 
4 Cuvier's 89 Cuvier's 20 0.1 0.01 0.05 220915 0.0203 54.6 
4 Cuvier's 89 Cuvier's 20 0.1 0.01 0.01 219522 0.0251 54.7 
4 Cuvier's 89 Cuvier's 20 0.2 0.05 0.05 223057 0.0205 54.6 
4 Cuvier's 89 Cuvier's 20 0.2 0.05 0.01 221536 0.0252 54.7 
4 Cuvier's 89 Cuvier's 20 0.2 0.01 0.05 222091 0.0204 54.6 
4 Cuvier's 89 Cuvier's 20 0.2 0.01 0.01 220631 0.0252 54.7 
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The following pages contain the electronic supplementary material (ESM) and 
supplementary spreadsheet tables (SST) that were published alongside the manuscript 
“Biogeography in the deep: Hierarchical population genomic structure of two beaked 
whale species” in Global Ecology and Conservation 
(https://doi.org/10.1016/j.gecco.2022.e02308).  

C.1 ESM 1: TISSUE ARCHIVE, DNA EXTRACTION AND SAMPLE 
SELECTION 

Tissue samples were either collected specifically for this project or provided on loan from 
archives maintained by contributors. A large set of samples was provided by Dr. Merel 
Dalebout, who collated samples for investigations into beaked whale systematics and 
genetic diversity (Dalebout et al. 2002; Dalebout 2002; VanHelden et al. 2002; Dalebout 
et al. 2003; Dalebout et al. 2004; Dalebout et al. 2005; Dalebout et al. 2006; Gomerčić et 
al. 2006; Dalebout et al. 2007; Dalebout et al. 2008; Dalebout et al. 2014). All samples 
were either skin biopsies sampled directly from free-swimming animals (Lambertsen 
1987; Krützen et al. 2002), tissue collected from dead beach-cast or ship-strike 
individuals, or already extracted DNA provided by NOAA’s Southwest Fisheries Science 
Centre Marine Mammal and Turtle Molecular Research Sample Collection as already 
extracted DNA (https://www.fisheries.noaa.gov/west-coast/science-data/marine-
mammal-and-sea-turtle-research-tissue-collection). Freshly collected tissue samples 
were typically stored in either DMSO or 70-99% ethanol and stored at -20°C.  
 
The purpose of the current study was to develop an understanding of the global baseline 
genetic diversity and structure of Blainville’s and Cuvier’s beaked whales (Mesoplodon 
densirostris and Ziphius cavirostris, respectively and henceforth ‘Blainville’s’ and 
‘Cuvier’s’), providing context for investigating the impacts of anthropogenic activities on 
resident populations in future studies. Balancing the coverage of samples across their 
respective distributions and budgetary constraints, it was decided that five lanes of 
sequencing on a HiSeq 2500 (Illumina) would be used for the current study. The pilot 
study by Carroll et al. (2016) concluded that sequencing up to 50 individuals per 
HiSeq2500 lane would generate ~10k variable SNPs per individual, a number likely to 
detect structure in these two beaked whale species. 
 
Of the 89 Blainville’s individuals in the sample archive, n=67 were available as tissue, 
n=21 were already extracted DNA, and one individual had both a tissue and DNA sample. 
Of the 340 Cuvier’s individuals, n=289 were available as tissue, n=29 were DNA, n=22 
had both tissue and already extracted DNA. DNA for the ddRAD and mitogenome 
analyses was extracted from approximately 30-50mg of tissue, using the 
Phenol:Chloroform:Isoamyl Alcohol method described by Sambrook, Fritsch, & 
Maniatis (1989) and modified for use in small tissue samples by Baker et al. (1994). In 
addition, a subset of the Cuvier’s samples used in the mitogenome analysis were extracted 
using a KingFisher Duo™ (Thermo Scientific™) automated extraction and purification 
instrument, following the manufacturer’s instructions. Extracted DNA was checked for 
quality using a NanoDrop™ (Thermo Scientific™) spectrophotometer and gel 
electrophoresis and quantified using a Qubit (Invitrogen) fluorometer.  
 
As the protocol for double-digest restriction site-associated DNA sequencing (ddRAD) 
requires both high molecular weight and high concentration DNA (>20ng/ul), a scoring 
system was developed to rank samples (Table S1.1) prior to preparing libraries for 
pooling and sequencing. DNA was run on 1.2% agarose gels to assess the overall quality 
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of the sample and the concentration was measured using spectrophotometry (NanoDrop) 
to obtain an approximate value. Some samples that yielded poor quality DNA were 
extracted up to two more times (n=4 Blainville’s, n=68 Cuvier’s). More precise 
measurements of DNA quantity were made using fluorometry (Qubit) for n=88 
Blainville’s and n=302 Cuvier’s that either had visible amounts of DNA on the agarose 
gel or quantifiable amounts of DNA on the spectrophotometer. Samples selected based 
on their DNA score were pooled into libraries with individuals that shared the same score 
whenever possible.  
 
Samples were also selected to ensure every geographical location possible was covered, 
and to fill in the rest of the sequencing lanes, samples from well-studied resident 
populations were prioritised (Hawai’i, Canary Islands, Bahamas, and Ligurian Sea). 
Although of poorer quality, DNA samples with scores lower than ‘Good’ were included 
in the libraries as many of them came from poorly sampled areas. Table S1.2 shows the 
geographical origin for the 170 Cuvier’s and 55 Blainville’s samples that were sequenced. 
Following sequencing and the bioinformatic steps outlined in Supplementary 3 and 4, 
several individuals was removed from the analysis that failed to pass quality control (QC). 
Table S1.3 shows the number of individuals from both Cuvier’s and Blainville’s that 
either passed or failed QC according to the score assigned to them based on DNA 
quality/quantity before sequencing.  
 
The final list of individuals used in this study is found in Supplementary Table 1 (SST1). 
Once duplicate individuals were removed, the number of unique individuals for ddRAD 
sequencing remaining was n=161 Cuvier’s and n=55 Blainville’s.  
 
Table S1.1. The scoring system developed to rank DNA samples before ddRAD library preparation based 

on the amount of DNA in the sample (measured using a Qubit fluorometer) and the molecular weight 
according to 1.2% agarose gels (HMW =High Molecular Weight, Smear=degraded DNA of varying sizes, 

LMW= Low Molecular Weight).   

 
 
 
 

 

 

 

 

 

 

 

 

Score DNA Concentration (Qubit) DNA Gel Result 
Great >20ng/ul HMW 
Good >20ng/ul HMW + smear 
Good >20ng/ul Smear 
Good >20ng/ul No visible DNA 
Good 15-20ng/ul HMW 
OK >20ng/ul LMW 
OK 15-20ng/ul Smear 
OK <15ng/ul HMW 
Some <15ng/ul Faint HMW 
Some <15ng/ul Smear 
Some <15ng/ul No visible DNA 
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Table S1.2. Broad geographic origin of the samples selected for ddRAD library preparation and 
sequencing for n=170 Cuvier’s (Ziphius cavirostris) and n=55 Blainville’s beaked whales (Mesoplodon 

densirostris).  

Table S1.3. The number of Cuvier’s (Ziphius cavirostris) and Blainville’s beaked whales (Mesoplodon 
densirostris) that passed or failed the ddRAD quality control steps based on the DNA quality/quantity 

score described in Table S1.1.  

 Cuvier’s (n=170) Blainville’s (n=55) 
Quality Score No. Passed QC No. Failed QC No. Passed 

QC 
No. Failed QC 

Great 102 29 39 9 
Good 19 15 2 0 
OK 2 3 1 3 
Some 0 0 1 0 

C.2 ESM2: DDRAD AND MITOGENOME LIBRARY PREPARATION AND 
SEQUENCING 

ddRAD builds upon the earlier RADseq method (N.A. Baird et al. 2008) by adding a 
second restriction enzyme (RE) to the digest and an explicit size-selection step, allowing 
researchers to have more control over the fraction of the genome that is sequenced 
(Peterson et al. 2012). In this protocol, samples were digested with one RE that targeted 
a commonly occurring motif (MspI, 4bp) and a rarely occurring motif (HindIII, 6bp). 
Unique P1 adaptors containing individual barcodes and PCR primers, and universal P2 
adaptors with PCR primers, were ligated to both ends of the digested DNA. The samples 
were then cleaned, pooled and size selected using a Pippin Prep (Sage Science). A PCR 
step added a secondary identifier (reverse index) to the P2 end and Illumina flow cell 
annealing sequences on both ends. After this step, samples were cleaned, pooled, and 
sequenced. By adding a second RE digest, and eliminating random mechanical shearing 
and broad size selection, individual studies are much more reproducible and precise. 
Limiting the DNA window that is sequenced and precisely selecting for size, means that 
the sequenced fragments from different individuals are more likely to be recovered from 
the same region of the genome (Peterson et al. 2012).  
 
The following ddRAD protocol was optimised for beaked whale tissue by Carroll et al., 
(2021, 2016). Samples selected for sequencing were grouped based on their score, 
normalised to 20ng/μl and a total of 250ng of DNA per individual underwent an overnight 
digestion at 37°C with MspI and HindIII. After a 20-minute heat kill step at 65°C, 
adaptors were ligated with one of 10 forward barcodes per sample, using the temperature 
profile of 22°C for 2 hours followed by 65°C for 20 minutes. With unique barcodes now 
ligated, up to 10 samples, grouped according to quality classification, were pooled to form 
a library, and cleaned using three PureLink PCR Micro Kit columns (Invitrogen) per 
library. Following the final elution step, 30μl of cleaned ligate underwent size selection 

 Cuvier’s (n=170) Blainville’s (n=55) 

North Atlantic 89 34 
North Pacific 28 8 
South Pacific 15 8 
South Africa 2 5 
Mediterranean 36 Not present 
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to a 300-400 bp range using a Pippin Prep (Sage Science). The resulting size-selected 
ligate was divided into 8 wells and library-specific reverse indices were annealed during 
low-cycle number PCR using a Phusion High-Fidelity PCR kit (ThermoFisher). PCR 
products were pooled and cleaned using AMPURE-XP (Beckman-Coulter) beads and 
eluted to a final volume of 15μl in EB buffer (Qiagen). The final libraries were sent to the 
National High-Throughput DNA Sequencing Centre at the University of Copenhagen 
where the quantities and quality were determined with qPCR and Bioanalyzer (Agilent 
Genomics). Finally, the libraries were normalised and up to five libraries (~50 samples) 
were pooled into sequencing lanes and sequenced on a HiSeq2500 V4 chemistry 
(Illumina®). 
 
For the mitogenome sequencing, we used the Carøe et al. (2018) protocol. Briefly, DNA 
was fragmented to approximately 350 bp, using the M220 Focused-Ultrasonicator™ 
(Covaris), according to the manufacturer’s protocol. After fragmentation, samples were 
quantified on the Agilent 2200 TapeStation according to the protocol for genomic DNA, 
to verify fragmentation success. DNA libraries were built, using the blunt-end single-tube 
protocol described by Carøe et al. (2018) with a few modifications. To each library, 2 μl 
of 10 μM Illumina® adapters were added to the fragmented DNA, followed by a 
MiniElute (Qiagen) clean-up step before indexing with P5 and P7 indices. Libraries were 
sequenced using paired-end (PE) 150 bp chemistry on two lanes of Illumina® HiSeq 4000 
at the National High-Throughput Sequencing Centre at University of Copenhagen, 
Denmark. In addition, 16 libraries characterized by average fragment lengths <300bp 
were sequenced on a single lane of HiSeq4000 using single-end 80 bp chemistry.  

C.3 ESM3: DDRAD STACKS PARAMETER OPTIMISATION 

The Stacks SNP discovery pipeline (v. 2, Rochette et al. 2019) implements the Bayesian 
genotype caller (BGC) algorithm of Maruki & Lynch (2015, 2017) in the command 
‘gstacks’. This algorithm uses a Bayesian genotype-frequency prior that takes into 
account population-level allele frequencies, does not assume Hardy-Weinberg 
equilibrium and estimates error rates directly from the sequence data (not from read 
quality scores) when calling genotypes (Maruki and Lynch 2015; Maruki and Lynch 
2017). The program first estimates significant polymorphic loci from the read alignments 
with confidence set by the parameter “var-alpha” in ‘gstacks’ (Maruki and Lynch 2015; 
Rochette et al. 2019). Genotypes for each individual are called at these loci, using a 
method that takes into account allele balance and read depth (Maruki and Lynch 2017). 
Confidence in the genotype calling is done using a likelihood ratio test which compares 
the likelihood of the two most likely genotypes (Maruki and Lynch 2015).  
 
A subset of demultiplexed and quality-controlled (QC) reads from Cuvier’s (n=40) and 
Blainville’s (n=55) individuals was selected to optimize the parameters used in the Stacks 
SNP discovery pipeline. The subset of high-quality samples (>98% retained reads and 
>1,000,000 retained reads) were selected to cover the widest geographical range of 
Cuvier’s and reduce computing time, while all Blainville’s individuals were selected. In 
summary, the following parameters were modified to optimise the ‘gstacks’ command for 
each dataset: “min-mapq” (minimum mapping quality score to consider a read; 10,20), 
“max-clipped” (maximum soft-clipping level as a fraction of the read length; 0.1, 0.2), 
“var-alpha” (SNP discovery threshold; 0.05, 0.01) and “gt-alpha” (genotype calling 
threshold; 0.05, 0.01).  Samples were selected for optimisation based on the number and 
proportion of retained reads and to ensure an even distribution from all geographical 
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regions. The best combination of parameters was selected based on resulting datasets with 
the highest number of SNP loci and the lowest amount of missing data.  
 
At the end of all Stacks and filtering steps, the optimal parameters were selected based 
on maximizing the total number of final SNP loci and reducing the amount of missing 
data per species. The final optimised parameters were the same for both Cuvier’s and 
Blainville’s samples: mapq=10, sclip=0.2, var_alpha=0.05, gt_alpha=0.05. 

C.4 ESM4: DDRAD STACKS PROTOCOL, LOCI QUALITY CONTROL AND 
FILTERING STEPS 

Following the discovery and genotyping of SNPs in ‘gstacks’, individuals and their 
genotyped loci can be analysed in a framework incorporating some sort of group 
assignment (such as geographical origin or sex) and then filtered according to minor allele 
frequency or locus frequency within the entire population in the Stacks ‘populations’ 
module. To reduce bias from potentially arbitrary population designations, no such 
population framework was provided in the current study. Massively parallel sequencing 
can lead to high error rates and genotypic uncertainties that can be introduced at any step 
throughout the analysis (O’Leary et al. 2018). Fortunately, many errors can be overcome 
by employing rigorous filtering to identify and reduce errors before analysing the final 
dataset (O’Leary et al. 2018). In this study, we took a tiered approach to filtering, starting 
with low cut‐off values for missing data (applied separately per locus and individual) and 
finalizing the dataset with higher thresholds. This alternative and iterative filtering 
method, whereby you increase the cut-off threshold, has been shown to retain more loci 
and individuals as poor‐quality individuals can deflate genotype call rates in otherwise 
acceptable loci, while poor‐quality loci can increase the amount of missing data in 
otherwise acceptable individuals (O’Leary et al. 2018). Below we describe each of the 
steps that were implemented using R v. 3.6.0 (R Core Team 2019) and VCFtools v. 
0.1.12a (Danecek et al. 2011) to filter individuals and loci based on the amount of missing 
data, read depth, and quality score (Table S4.1). In Table S4.2, each bioinformatic step is 
listed, with the resulting number of loci and individuals remaining throughout the process 
for both Cuvier’s and Blainville’s datasets.  

Table S4.1.  List of filtering commands and steps used in the program VCFtools to filter loci and 
individuals based on locus depth, genotype quality, minor allele frequency (MAF) and missingness. Low 

stringency indicates that lower cut-off values are used to filter out missing data before iteratively 
increasing cut-off values, a strategy shown by O’Leary et al. (2018) to increase the proportion of retained 

loci and individuals.  

Stringency VCFtools Command Description 

Low 

--minDP 5 –minGQ20 Recode genotypes with quality <20 and depth <5 to zero 
--maf 0.001 Remove the sites made monomorphic by previous step.  
--max-missing 0.5 Remove sites with >50% missing data 

--missing-indv Calculate missingness per individual, write a list of 
individuals with >50% missing data 

--remove Remove individuals on list with >50% missing data 

High 

--site-depth Calculate site depth, list loci with m >3x the overall mean 
--exclude-positions Remove sites with site depth >3x the overall mean 
--max-missing 0.75 Remove sites with more than 75% missing data 

--missing-indv Calculate missingness per individual, write a list of 
individuals with >25% missing data 

--remove Remove individuals on list with >25% missing data 
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Table S4.2. Summary of each bioinformatic step to discover, genotype and filter loci based on the steps 
described in Table 1. Data are presented for the Cuvier’s and Blainville’s beaked whale (Ziphius 

cavirostris and Mesoplodon densirostris, respectively) datasets with a summary of each step and the 
program that was used.  

  Species       Cuvier’s Blainville’s 
starting sample size 170 56 

optimised 
‘gstacks’ 
parameters 

mapq 10 10 
sclip 0.2 0.2 
var_alpha 0.05 0.05 
gt_alpha 0.05 0.05 

‘process_ 
radtags’ 
(Stacks) 

Total PE reads 1112692388 339961638 
Retained PE reads 1063993201 322949310 
Mean PE retained reads/sample 6258784 5766952 
% Retained (across all samples) 95.6% 95.0% 

‘gstacks’ 
(Stacks) 

Individuals Remaining 154 54 
Alignments Read 1085038314 334888850 
Alignments Kept 778173558 249685545 
% Alignments Kept 71.7% 74.6% 

Loci Built and Genotyped 1801998 979828 
‘populations’ 
(Stacks) 

Loci Kept 1795750 977060 
No. Sites 477045540 184528823 
No. Polymorphic Sites 2087305 1054577 

Filtering 
(VCFtools) 

Sites with >5x depth, >20 genotype quality, >0.001 
MAF 

1326391 735883 

Sites with <50% missing data 327270 340095 
Sites with depth <3x overall mean depth 326459 339441 
Sites with <75% missing data 262482 296250 

‘populations’ 
(Stacks) 

Loci passed filtering (whitelist) 34264 37617 
Loci present in >80% individuals with >0.01 MAF 31734 32610 
No. Sites 9994609 9527357 
No. Polymorphic Sites 30479 271983 
No. Genomic Sites 9610872 9504054 
No. Individuals remaining 123 49 

“glPlot”, 
Duplicates 
(adegenet) 

Final no. Individuals 123 43 

Final no. Loci 30479 13988 
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C.5 ESM5: PHYLOGENETIC TREES WITH SOUTHERN RIGHT WHALE 
OUTGROUPS 

Phylogenetic trees using the ddRAD SNP data were generated for both Cuvier’s and 
Blainville’s incorporating data from Southern right whales (SRW, Eubalaena australis) 
as the outgroup. The full SNP discovery pipeline as described in SM4 was repeated for 
the final n=123 Cuvier’s and n=43 Blainville’s, each time including sequence data from 
six SRWs. The Cuvier’s + SRW dataset was aligned to the same Cuvier’s genome (NCBI 
Genbank database accession: PRJNA399469) and the Blainville’s + SRW sequences 
were aligned to the same Sowerby’s genome (Mesoplodon bidens: PRJNA399476). All 
bioinformatic steps were followed as before, with one exception.  
 
The final VCF file was uploaded into R and converted to a “genlight” file as before and 
BIONJ trees with bootstrap support (in %, based on 100 bootstraps) were produced in R 
(‘poppr’ v2.8.5; Kamvar, Brooks, & Grünwald, 2015 and ‘ggtree’v.2.0.2; Yu, Smith, Zhu, 
Guan, & Lam, 2017). The trees were rooted using one of the SRW sequences and re-
plotted. The SRW individuals were then dropped from the tree, to better visualize the 
ocean-level phylogenetic patterns of Cuvier’s and Blainville’s. The original BIONJ trees 
(without dropping the SRW outgroup are found in Figures S5.1 and S5.2. The final 
datasets (including 6 SRW samples) were n=118 Cuvier’s (n=33137 SNPs) and n=42 
Blainville’s (n=29904 SNPs). 
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Figure S5.1. BIONJ phylogenetic tree of 118 Cuvier’s beaked whales (Ziphius cavirostris) and 6 
Southern right whales (Eubalaena australis) as outgroups, generated using n=33137 ddRAD SNPs.  
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 Figure S5.2. BIONJ phylogenetic tree of 42 Blainville’s beaked whales (Mesoplodon densirostris) and 6 
Southern right whales (Eubalaena australis) as outgroups, generated using n=329904 ddRAD SNPs.  
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C.6 ESM6: ISOLATION-BY-DISTANCE 

Isolation by distance (IBD) was calculated per species, and within ocean basin per 
species, using a Mantel test in ade4 v1.7-16 in R (Dray and Dufour 2007) and 
geographical distances calculated via the least cost (LC) path distance over seawater in 
marmap v1.0.5 (Pante and Simon-Bouhet 2013). To calculate the LC distance over 
seawater, sampling locations were plotted on a global bathymetry map (with 4-minute 
resolution) using the “getNOAA.bathy” function in marmap. The resolution of the world 
bathymetry map resulted in some sampling locations of stranded individuals to be on land, 
and therefore incur a great coast in the LC path. Sample coordinates were therefore 
adjusted to the nearest -200m isobath using the “dist2isobath” function in marmap. The 
updated sample coordinates and bathymetry map were used to calculate a transition 
matrix using “trans.mat” in marmap, requiring the LC path to have a minimum depth of 
200m. Finally, the LC path distance between each individual was calculated using 
“lc.dist” in marmap. The resulting pairwise matrix of geographic distances was used in 
combination with pairwise genetic distance (Euclidean) to run a Mantel test using 
“mantel.randtest” with 999 permutations. Mantel tests were conducted based on 999 
replicates for all Cuvier’s or Blainville’s combined, and for individual ocean basins 
(Atlantic, Indo-Pacific, and Mediterranean- Cuvier’s only) (Table S6.1). All correlation 
values were positive and all but the Indo-Pacific Blainville’s were significant (p<0.05).  
The genetic and geographic distance matrices were plotted with a 2-dimensional kernel 
density estimation to visualize whether the apparent IBD was the result of a continuous 
cline or population clustering (Figures S6.1 and S6.2).  
 
Table S6.1. The observation correlation and associated p-value of Mantel tests for Isolation by distance.  

Species Ocean Basin n Observation  
correlation (r) 

P-value 

Cuvier’s All 123 0.308 0.001 
Atlantic 54 0.154 0.001 
Indo-Pacific 36 0.162 0.028 
Mediterranean 33 0.218 0.002 

Blainville’s All 43 0.665 0.001 
Atlantic 28 0.110 0.03 
Indo-Pacific 15 0.014 0.427 
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Figure S6.1. Scatterplots of genetic distance (Euclidian) and geographic distance (least cost (LC) path 
distance over seawater) overlaid with 2-dimensional kernel density estimation from n=123 Cuvier’s 

beaked whales (Ziphius cavirostris, n=30479 SNPs).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S6.2 Scatterplots of genetic distance (Euclidian) and geographic distance (least cost (LC) path 
distance over seawater) overlaid with 2-dimensional kernel density estimation from n=43 Blainville’s 

beaked whales (Mesoplodon densirostris, n=13988 SNPs).  
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C.7 ESM7: TESS3R CROSS-ENTROPY SCORES 

The R package tess3r (Caye et al. 2018) incorporates genotypic and geographical 
information (latitude and longitude coordinates for each sample) in a spatially explicit, 
least-squares optimization approach to estimate ancestry. The user defines and compares 
results from a range of ancestral population clusters (K) with the resulting bar plots 
displaying ancestry coefficients reflecting the probability of population membership and 
estimates of admixture. As opposed to the initial version of TESS (Chen et al. 2007; 
Durand et al. 2009), there is no biological model underlying this version however, the 
model does expect that individuals sampled in close geographical proximity are more 
likely to share ancestry than those sampled from further away.   
 
For both Cuvier’s and Blainville’s, tess3r was run for K=2-10 and cross-entropy scores 
were plotted against K values to infer the most likely number of genetic clusters. In cross-
entropy plots, smaller values indicate better fit with the best estimate of K corresponding 
to the value at which the curve reaches a plateau or starts to increase. In cases where a 
clear minimum or plateau is not observed, the K value that leads to the most parsimonious 
assignment of individuals (least amount of admixture) to populations can be considered 
as selection criteria. The figures below display the cross-entropy scores for: Cuvier’s 
(Figure S7.1) and Blainville’s (Figure S7.2). 
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 Figure S7.1. Cross-entropy scores of K=2-10 genetic clusters generated using tess3r for n=123 Cuvier’s 
beaked whales (Ziphius cavirostris) sampled from across their global range (top left), the Atlantic (top 

right), Mediterranean (bottom left) and Indo-Pacific (bottom right).  

 

 

Figure S7.2. Cross-entropy scores of K=2-10 genetic clusters generated using tess3r for n=43 Blainville’s 
beaked whales (Mesoplodon densirostris) sampled from across their global range (top left), the Atlantic 

(top right), and Indo-Pacific (bottom left).   
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C.8 ESM8: DISCRIMINANT ANALYSIS OF PRINCIPLE COMPONENTS 

Discriminant Analysis of Principle Components (DAPC) was conducted in the R 
package, adegenet (Jombart et al. 2010). DAPC is a useful tool to summarise the amount 
of genetic differentiation between groups (either determined a priori or de novo using K-
means clustering) while ignoring the amount of variation within groups. To optimise the 
number of principle components (PCs) to retain from the analysis, adegenet offers a 
cross-validation tool with “xvalDapc”. This command subsets the data to use as a training 
set, runs the analysis over a pre-determined number of repeats (n=30), and determines the 
best number of PCs to retain based on whichever yields the highest predictive success of 
the training data with the lowest root mean squared error (RMSE). The resulting DAPC 
can be plotted to observe the spatial structure of SNP genotypes across clusters and the 
function “assignplot” can be used to visualize the proportion of successful reassignment 
to the prior groups.  
 
DAPC with cross-validation was conducted for n=118 Cuvier’s (excluding Atl_Spain and 
Indo_Mix). The highest mean success and lowest MSE was achieved when 20 PCs were 
retained. The resulting scatterplot and assignment plot are found in figure S8.1.  DAPC 
with cross-validation was conducted for n=43 Blainville’s and the optimal number of PCs 
to retain was 10. The resulting scatter and assignment plots are in figure S8.2.  
 
The presence of hierarchical structure requires investigation of more than the first and 
second axes to resolve finer scales. Scatter plots of the 2nd vs 3rd  (Figure S8.3) and 3rd vs 
4th (Figure S8.4) axes help to discriminate between the genetic clusters found in Cuvier’s 
within the Atlantic and Indo-Pacific.  



Appendix C: Supplementary materials for “Biogeogrpahy in the deep” 

DNA in the deep: Comparative molecular ecology for the conservation of beaked whales 200 

 
Figure S8.1. DAPC scatter (top) and assignment (bottom) plot for n=118 Cuvier’s beaked whales (Ziphius 

cavirostris) generated using cross-validation and retaining 20 PCs. In the assignment plot, each row 
represents an individual, the blue cross indicates the prior cluster assignment, and the colours represent 

membership probability (red=1, white=0).   
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Figure S8.2. DAPC scatter (top) and assignment (bottom) plot for n=43 Blainville’s beaked whales 
(Mesoplodon densirostris) generated using cross-validation and retaining 10 PCs. In the assignment plot, 
each row represents an individual, the blue cross indicates the prior cluster assignment, and the colours 

represent membership probability (red=1, white=0).   
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Figure S8.3. DAPC scatter plot (2nd and 3rd axes) for n=118 Cuvier’s beaked whales (Ziphius cavirostris) 

generated using cross-validation and retaining 20 PCs.  

 
 
Figure S8.4. DAPC scatter plot (3rd and 4th axes) for n=118 Cuvier’s beaked whales (Ziphius cavirostris) 

generated using cross-validation and retaining 20 PCs. 
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C.9 ESM9: DDRAD SEQUENCING RESULTS 

From the ITABW collection, 225 individuals were selected for ddRAD analysis (Cuvier’s 
n=170, Blainville’s n=55), balancing DNA quality and quantity, and covering as much 
of each species’ broad geographical ranges as possible (See ESM1 for sample selection 
process). The samples were run across five HiSeq 2500 lanes, generating a total of 340 
million and 1.113 billion PE reads across libraries of Blainville’s and Cuvier’s samples, 
respectively. Following demultiplexing and initial QC, 323 million and 1.064 billion PE 
reads were retained for Blainville’s and Cuvier’s samples, respectively. The number of 
reads and proportion of those retained were consistent across libraries. In the Blainville’s 
libraries (n=7), the mean number of retained reads was 5.77 million per sample (97% 
retained, standard error of the mean (SE)=1.4%) and in the Cuvier’s libraries (n=18), the 
mean number of retained reads was 6.26 million per sample (94.6% retained, SE=1.0%).  
 
The final ddRAD QC dataset included 123 Cuvier’s individuals and 30,479 (72.4% 
individuals retained) and 43 Blainville’s individuals and 13,988 SNPs (76.8% individuals 
retained) (Figure 1). Each Cuvier’s individual was genotyped at an average of 29,697 
(SE=90.5) SNPs with a mean per locus read depth of 59x (SE=3.6). Each Blainville’s 
individual was genotyped at an average of 13,760 (SE=63.59) SNPs with a mean per 
locus read depth of 53x (SE=4.4). Overall, both datasets had low levels of missing data 
(2.6% in Cuvier’s and 1.6% in Blainville’s). Only SNPs with a genotype quality greater 
than 20 were kept (99% base call accuracy). 
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C.10 SST 1: FULL SAMPLE LIST”  

List of all samples included in both the ddRAD and mitogenome analyses from Chapter 3. Sample names 
are in the column headed “ITABW-ID”, indicating the identifier used in the newly established ITAWB 
database. The following are also provided per sample when available: species, sampling date, sampling 

location, sampling region, sampling ocean, whether or not they were included in the ddRAD or 
mitogenome analysis, the population defined using either method, and a detailed description of the 
sample’s origin (who contributed the sample, the origin of the sample, sample type, any permits or 

considerations for collection of the sample and any impact minimisation or assessment steps taken during 
sample collection).  

 
This dataset sample is stored in the University of St Andrews PURE research database as 
“Onoufriou_DNAintheDeep_AppendixC 
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C.11 SST2. BEAST PARTITIONS 

List of partitions inferred with PARTITIONFINDER and analysed in a Bayesian phylogenetic framework 
implemented in BEAST.  

Species Subset Best 
Model 

# Sites Partition names BEAUTI 
input 

C
uv

ie
r '

s 

1 HKY+I+
X 

4322 16s_rRNA, ATP8_2ndpos, ATP6_1stpos, 
ND2_1stpos, ATP8_1stpos, 12s_rRNA, 
ND4_1stpos, ND5_1stpos 

HKY 

2 TRNEF 433 ND3_1stpos, ND1_1stpos TRN 
3 HKY+I+

G+X 
3552 COX1_2ndpos, ND1_2ndpos, ATP6_2ndpos, 

COX3_2ndpos, COX2_2ndpos, ND5_2ndpos, 
ND4L_2ndpos, ND2_2ndpos, ND3_2ndpos, 
ND4_2ndpos, CYTB_2ndpos 

HKY 

4 TRN+G+
X 

2485 ND1_3rdpos, ND2_3rdpos, ND3_3rdpos, 
CYTB_3rdpos, COX3_3rdpos, ND4_3rdpos, 
ND5_3rdpos 

TRN 

5 K80+I 1481 COX3_1stpos, COX1_1stpos, CYTB_1stpos, 
COX2_1stpos, ND4L_1stpos 

HKY 

6 HKY+I+
X 

1133 ATP6_3rdpos, ATP8_3rdpos, COX1_3rdpos, 
COX2_3rdpos, ND4L_3rdpos 

HKY 

7 HKY+I+
X 

350 ND6_2ndpos, ND6_1stpos HKY 

8 HKY+G+
X 

175 ND6_3rdpos HKY 

B
la

in
vi

lle
' s

 

1 TRN+I 2933 CYTB_1stpos, 16s_rRNA, 12s_rRNA TRN 
2 TRNEF+

G 
1437 COX3_1stpos, COX2_1stpos, ND1_1stpos, 

ND3_1stpos, COX1_1stpos 
TRN 

3 HKY+I+
X 

2235 ATP6_2ndpos, ND4L_2ndpos, ND2_2ndpos, 
ND3_2ndpos, ND1_2ndpos, ND5_2ndpos, 
ND4_3rdpos, ATP8_2ndpos 

HKY 

4 TRN+I+
X 

3554 COX1_3rdpos, ND4L_3rdpos, COX3_3rdpos, 
ND5_3rdpos, ND1_3rdpos, ND4_1stpos, 
COX2_3rdpos, ATP6_3rdpos, CYTB_3rdpos, 
ND3_3rdpos, ND2_3rdpos 

TRN 

5 TRN+G+
X 

1867 ND4L_1stpos, ATP8_1stpos, ATP8_3rdpos, 
ND2_1stpos, ND4_2ndpos, ATP6_1stpos, 
ND5_1stpos 

TRN 

6 HKY+X 1558 ND6_2ndpos, COX1_2ndpos, 
COX2_2ndpos, CYTB_2ndpos, 
COX3_2ndpos 

HKY 

7 HKY+I+
X 

175 ND6_1stpos HKY 

8 HKY+I+
X 

175 ND6_3rdpos HKY 



 

 

C.12 SST3. NCBI MTDNA LIST 

List of the already published mitogenome sequences used in the mitogenome analysis by NCBI accession number, sample ID, species, and sampling locality.  

Species Sample ID Other ID Genbank 
ID 

Geographic Location Ocean 

B
la

in
vi

lle
' s

 

z0004010 NOAA_4010 (MdeSW4010, ZZZ0031) KF032860.2 Santa Barbara, CA,USA Pacific 
z0033736 NOAA_33736 (RWB070503.W02)  KF032862.2 HI, USA Pacific 
z0033737 NOAA_33737 (RWB070503.W03)  KF032863.2 HI, USA Pacific 
z0050723 NOAA_50723 (LL1904-130208)  KF032864.2 North HI, USA Pacific 
z0074424 NOAA_74424 (080611_Md04) KF032867.2 Bahamas Atlantic 
z0074425 NOAA_74425 (080611_Md05) KF032868.2 Bahamas Atlantic 
z0074263 NOAA_74263 (050126_Md1) KF032869.2 Bahamas Atlantic 
z0074264 NOAA_74264 (050128_Md1) KF032870.2 Bahamas Atlantic 
z0008681 NOAA_8681  KF032871.2 FL, USA Atlantic 
z0079824 NOAA_79824 (080613_Md1c) KF032872.2 Bahamas Atlantic 
z0079835 NOAA_79835 (MdenBahamas2, 090508_Md1) KF032873.1 Bahamas Atlantic 
z0079838 NOAA_79838 (090530_Md1) KF032875.2 Bahamas Atlantic 
z0079839 NOAA_79839 (090531_Md1) KF032876.2 Bahamas Atlantic 
z0079840 NOAA_79840 (090602_Md1) KF032877.2 Bahamas Atlantic 
z0094563 NOAA_94563 (100613_Md2ac) KF032878.2 Bahamas Atlantic 
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Species Sample ID Other ID Genbank 
ID 

Geographic Location Ocean 
C

uv
ie

r'
s 

Mden1 NOAA_79837 (090526_Md1) KF032874.2 Bahamas Atlantic 
z0004472 NOAA_4472 (duplicate ZcaSW4472 (NE9521), S-95-ZC-21) KC776696.1 Florida, USA Atlantic 
z0014950 NOAA_14950 (duplicate ZcaNEPST382) KC776697.1 Puerto Rico Atlantic 
z0074262 NOAA_74262 (040403_Zc1, Zca01BMMS) KC776698.1 Bahamas Atlantic 
z0079887 NOAA_79887 (080610_Zc2c) KC776699.1 Bahamas Atlantic 
z0079893 NOAA_79893 (080611_Zc3c) KC776700.1 Bahamas Atlantic 
z0079898 NOAA_79898 (090506_Zc1) KC776701.1 Bahamas Atlantic 
z0079900 NOAA_79900 (090528_Zc1) KC776702.1 Bahamas Atlantic 
z0094591 NOAA_94591 (100614_Zc2ac) KC776703.1 Bahamas Atlantic 
z0094595 NOAA_94595 (100616_Zc1ac) KC776704.1 Bahamas Atlantic 
z0007445 NOAA_7445 (duplicate ZcaSW7445, S-96-ZC-24) KC776705.1 Florida, USA Atlantic 
z0004967 NOAA_4967 (duplicate LACM91908 (ZcaSW4967)) KC776706.1 Hawaii, USA Indo-Pacific 
z0024816 ZcaSW24816 KC776707.1 Alaska, USA Indo-Pacific 
z0026279 NOAA_26279 (duplicate ZcaSW26279, DSJ011024.04) KC776708.1 West Coast, USA Indo-Pacific 
z0030065 NOAA_30065 (duplicate ZcaSW30065, RWB270902.02)  KC776709.1 Hawaii, USA Indo-Pacific 
z0061950 NOAA_61950 (CRC20060817-02) KC776710.1 California, USA Indo-Pacific 
z0068606 NOAA_68606 (Z. cavirostris 02/ZGCMay06-ZC) KC776711.1 Baja California, Mexico Indo-Pacific 
z0072279 NOAA_72279 (DBW-3) KC776712.1 ETP-Mexico? Indo-Pacific 
z0079632 NOAA_79632 (ZCAV090419) KC776713.1 Alaska, USA Indo-Pacific 
z0087481 NOAA_87481 (ZCAV090823.01) KC776714.1 California, USA Indo-Pacific 
z0005565 NOAA_5565 (duplicate ZcaSW5565, WFP0832) KC776715.1 Philippines Indo-Pacific 
z0009122 NOAA_9122 (ZCA02) KC776716.1 New Zealand Indo-Pacific 
z0009561 NOAA_9561 (duplicate ZcaSW9561, TT9601) KC776717.1 Taiwan Indo-Pacific 
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C.13 SST4. MTDNA SEQUENCING STATS 

Summary of shotgun sequencing statistics for the samples used in the mitogenome analyses. For each species, Copenhagen sample ID, corresponding ITABW ID, sampling 
locality, number of total reads, reads mapped to the reference mitogenome and coverage are given. Summaries of each read statistic are given overall for each species.  

 
Species ExtID ITABW ID Locality Reads ReadsMap Coverage 

C
uv

ie
r'

s 

Zca144 Zca_311204_TF Canary Islands 28868279 28552 248 
Zca145 U15-108 New Zealand 6506257 11201 93 
Zca149 NOAA_133994 (110613_Zc2) Bahamas 8129669 20542 181 
Zca151 ULLEHZc04 (EH15Zc04, ull_EH_Zc04) El Hierro, Spain 5952949 17068 149 
Zca16 ZcaRNP2094 Argentina 12096270 17126 150 
Zca166 NMS.Z.2006.11 (M327/05,SW2005/301) Scotland 4896862 5907 41 
Zca170 Zca.IRL.21.CBW Ireland 6143384 15753 136 
Zca172 IRLX2 Ireland 35702987 32614 296 
Zca98 U15-109 New Zealand 13655271 10811 118 
Zca99 SECACMCC0106 (Zca_140705_FV, Zca_0106) Canary Islands 10336778 8882 85 
ZcaCN1 D1 (CN1) Liguria, Italy 1270940 6627 42 
ZcaD4 D4 Liguria, Italy 8841974 23432 206 
ZcaD5 D5 Liguria, Italy 12565710 31823 287   

Min 1270940 5907 41   
Max 35702987 32614 296   
Average 11920564 17718 156   
SD 9762564 9193 84 

    SE 2707648 2550 23 

A
ppendix C: Supplem

entary m
aterials for "Biogeography in the deep

” 
 212                                    D

N
A

 in the deep: Com
parative m

olecular ecology for the conservation of beaked w
hales  



 

 

 
Species ExtID ITABW ID Locality Reads ReadsMap Coverage 

B
la

in
vi

lle
's

 

Mden1 NOAA_79837 (090526_Md1) Bahamas 77687598 24727 203 
Mden12 NOAA_106825 (Hubbs-1105-Md) Florida, USA 5964668 18582 165 
Mden13 NOAA_33738 (RWB070503.W04) Hawai'i, USA 7029725 22343 195 
Mden15 MdeSAM.ZM.84/11 (PBB1984/011_ATS0581, ZM-

040045) 
South Africa 5834952 12098 105 

Mden18 NOAA_132613 (RWB2011MAY09.02)  Hawai'i, USA 9437039 14994 121 
Mden3 MdeZL1 Canada 6185745 14569 128 
Mden4 ULLEHMd03 (EH15MD03, MdH2) Canary Island 12810881 26531 212 
Mden6 MdeCH9901 Chile 9997180 22363 181 
Mden7 MdenCRMM102-05-207 France 11167589 9963 81 
Mden8 Mde02FP04 French Polynesia 12145640 22986 197 
Mden9 Mbow01/MdeNZ04 New Zealand 19709108 32417 289 
ZP013 CNX1 Car Nicobar 10331217 3273 14   

Min 5834952 3273 14   
Max 77687598 32417 289   
Average 15691779 18737 158   
SD 19905273 8088 72 

    SE 5746157 2335 21 
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C.14 SST5. MTDNA DIV-DIFF 

Diversity and differentiation statistics for the mtDNA data including whole mitogenomes and extracted control regions (CR) with total length. Ocean-basin-level statistics are 
provided including sample size (N), segregating sites (S), haplotypes (h), haplotype diversity (Hd), nucleotide diversity (Nu) and fixed differences (FixDiff). Total and pair-
wise MtDNA-based measurements of FST (Hudson et al. 1992)and dA (Equation 10.21; Nei 1987) are also provided. All FST estimates were significant at P<0.01 with 1000 

replicates.  

 
Species/data Region N S h Hd π FixDiff FST Da 
Cuvier's  
mitogenome 
15219 bp 
  

Atlantic 18 462 17 0.993 0.0097 
   

IndoPacificSouthern 14 344 13 0.989 0.0079 
   

Mediterranean 3 47 3 1.000 0.0021 
   

Total 35 645 32 0.993 0.0101 na 0.41012 na 
Cuvier's 
CR 
860 bp 
  

Atlantic 18 14 9 0.882 0.0048 
   

Indo-Pacific 14 9 6 0.747 0.0041 
   

Mediterranean 3 5 3 1.000 0.0039 
   

Total 35 22 17 0.914 0.0055 na 0.39163 na 
Blainville's  
mitogenome 
 14147 bp 

Atlantic 16 164 13 0.975 0.0028 
   

Indo-Pacific 11 312 10 0.982 0.0050 
   

Total 27 444 23 0.989 0.0086 1 0.7112 0.0097 
Blainville's  
CR 
 852 bp 

Atlantic 16 9 7 0.800 0.0030 
   

Indo-Pacific 11 11 9 0.964 0.0040 
   

Total 27 17 16 0.926 0.0042 0 0.3276 0.0017 
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Within-ocean basin estimates of Cuvier’s FST (above diagonal) and dA (below diagonal) calculated using the whole mitogenome. 

 
Cuvier mitogenomes Atlantic Mediterranean IndoPacificSouthern 

Atlantic   0.37534 (p<0.01) 0.17756 (p<0.01) 
Mediterranean 0.00354   0.62313 (p<0.01) 

IndoPacificSouthern 0.00191 0.00826   
 

Within-ocean basin estimates of Cuvier’s FST (above diagonal) and dA (below diagonal) calculated using the control region (CR). 

 
Cuvier CR Atlantic Mediterranean IndoPacificSouthern 

Atlantic   0.34683  (p<0.01) 0.24109 (p<0.01) 
Mediterranean 0.0023   0.53064 (p<0.01) 

IndoPacificSouthern 0.0014 0.00448   
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C.15 SST6. DDRAD FST 

Pairwise genetic differentiation of Cuvier’s beaked whale (Ziphius cavirostris) populations defined using tess3r and based on 30479 SNPs. Above the diagonal are the FST 
95% confidence intervals. Below the diagonal are the FST point estimates and the p-value in parentheses. All estimates are significant at p<0.05, except the bold estimates, 

which are p>0.05. 

Ocean Basins n Atlantic Indo-Pacific Mediterranean 
Atlantic 54 

 
0.017 - 0.018 0.178 - 0.188 

Indo-Pacific 36 0.018 (0.0099) 
 

0.191 - 0.202 
Mediterranean 33 0.184 (0.0099) 0.197 (0.0099) 

 

 
Populations n Atl_CanIs Atl_Carib Atl_France Atl_NE Indo_Cent Indo_NE Indo_South Med_East Med_West 

Atl_CanIs 15 
 

0.011 - 0.013 0.007 - 0.011 0.006 - 0.007 0.027 - 0.033 0.028 - 0.031 0.015 - 0.018 0.224 - 0.234 0.191 - 0.200 
Atl_Carib 17 0.012 (0.0099) 

 
0.011 - 0.016 0.009 - 0.012 0.030 - 0.035 0.031 - 0.035 0.019 - 0.022 0.231 - 0.242 0.198 - 0.209 

Atl_France 5 0.009 (0.0693) 0.014 (0.0099) 
 

0.002 - 0.005 0.030 - 0.038 0.027 - 0.032 0.014 - 0.019 0.261 - 0.275 0.215 - 0.226 
Atl_NE 15 0.006 (0.0099) 0.011 (0.0099) 0.004 (0.01) 

 
0.025 - 0.030 0.022 - 0.024 0.009 - 0.012 0.224 - 0.235 0.190 - 0.200 

Indo_Cent 5 0.030 (0.0101) 0.033 (0.0099) 0.034 (0.011) 0.028 (0.01) 
 

0.014 - 0.018 0.015 - 0.020 0.277 - 0.288 0.229 - 0.239 
Indo_NE 19 0.029 (0.0099) 0.033 (0.0099) 0.029 (0.01) 0.023 (0.0099) 0.016 (0.0099) 

 
0.010 - 0.013 0.230 - 0.241 0.199 - 0.210 

Indo_South 9 0.017 (0.0099) 0.021 (0.0099) 0.017 (0.01) 0.011 (0.0099) 0.018 (0.01) 0.012 (0.0099) 
 

0.242 - 0.253 0.203 - 0.214 
Med_East 14 0.229 (0.0099) 0.237 (0.0099) 0.268 (0.012 0.229 (0.0099) 0.283 (0.012) 0.236 (0.0099) 0.248 (0.0099) 

 
0.088 - 0.096 

Med_West 19 0.195 (0.0099) 0.203 (0.0099)1 0.220 (0.012) 0.194 (0.0099) 0.234 (0.013) 0.204 (0.0099) 0.208 (0.0099) 0.092 (0.0099) 
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Pairwise genetic differentiation of Blainville’s beaked whale (Mesoplodon densirostris) populations defined using tess3r and based on 13988 SNPs. Above the diagonal are 
the FST 95% confidence intervals. Below the diagonal are the FST point estimates and the p-values in parentheses. All estimates are significant at p<0.05, except the bold 

estimates, which are p>0.05. 

 
Ocean Basins 

    

Atlantic Indo-Pacific FST 95% CI p-value 
n=28 n=14 0.119 0.113 - 0.124 0.001 

 
Populations n Atl_Bah Atl_East Atl_Oth Indo_Afr Indo_Haw Indo_Sou 
Atl_Bah 7 

 
0.0370-0.44 0.010-0.019 0.094-0.106 0.153-0.170 0.153-0.170 

Atl_East 16 0.04 (0.001) 
 

0.012-0.019 0.100-0.110 0.154-0.168 0.153-0.170 
Atl_Oth 5 0.015 (0.256) 0.016 (0.007) 

 
0.065-0.075 0.125-0.139 0.125-0.140 

Indo_Afr 5 0.1 (0.005) 0.105 (0.001) 0.07 (0.047) 
 

0.023-0.031 0.004-0.014 
Indo_Haw 6 0.161 (0.002) 0.162 (0.001) 0.133 (0.003) 0.027 (0.001) 

 
0.008-0.018 

Indo_Sou 3 0.162 (0.017) 0.163 (0.002) 0.134 (0.021) 0.009 (0.149) 0.013 (0.078) 
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C.16 SST7. HAPLOTYPES 

List of samples and their mitogenome haplotypes.  

Species Sequence_ID SWFSC_ID Ocean Basin Haplotype 
Cuvier's KC776696 z0004472 Atlantic 1 
Cuvier's KC776698 z0074262 Atlantic 2 
Cuvier's KC776701 z0079898 Atlantic 2 
Cuvier's Zca_98_NC_021435_50bpPad 

 
Indo-Pacific 3 

Cuvier's Zca145_NC_021435_50bpPad 
 

Indo-Pacific 3 
Cuvier's Zca16_NC_021435_50bpPad 

 
Atlantic 3 

Cuvier's KC776705.1 z0007445 Atlantic 4 
Cuvier's KC776706 z0004967 Indo-Pacific 5 
Cuvier's KC776717 z0009561 Indo-Pacific 6 
Cuvier's KC776709.1 z0030065 Indo-Pacific 7 
Cuvier's KC776716.1 z0009122 Indo-Pacific 8 
Cuvier's KC776697 z0014950 Atlantic 9 
Cuvier's KC776699.1 z0079887 Atlantic 10 
Cuvier's KC776704.1 z0094595 Atlantic 11 
Cuvier's KC776702.1 z0079900 Atlantic 12 
Cuvier's KC776707 z0024816 Indo-Pacific 13 
Cuvier's KC776711.1 z0068606 Indo-Pacific 14 
Cuvier's KC776712 z0072279 Indo-Pacific 15 
Cuvier's KC776713.1 z0079632 Indo-Pacific 16 
Cuvier's KC776715 z0005565 Indo-Pacific 17 
Cuvier's KC776708 z0026279 Indo-Pacific 18 
Cuvier's KC776710 z0061950 Indo-Pacific 19 
Cuvier's KC776714.1 z0087481 Indo-Pacific 20 
Cuvier's KC776700.1 z0079893 Atlantic 21 
Cuvier's KC776703.1 z0094591 Atlantic 22 
Cuvier's Zca166_NC_021435_50bpPad 

 
Atlantic 23 

Cuvier's Zca170_NC_021435_50bpPad 
 

Atlantic 24 
Cuvier's Zca172_NC_021435_50bpPad 

 
Atlantic 25 

Cuvier's Zca_99_NC_021435_50bpPad 
 

Atlantic 26 
Cuvier's Zca144_NC_021435_50bpPad 

 
Atlantic 27 

Cuvier's Zca149_NC_021435_50bpPad 
 

Atlantic 28 
Cuvier's Zca151_NC_021435_50bpPad 

 
Atlantic 29 

Cuvier's ZcaCN1_NC_021435_50bpPad 
 

Mediterranean 30 
Cuvier's ZcaD4_NC_021435_50bpPad 

 
Mediterranean 31 

Cuvier's ZcaD5_NC_021435_50bpPad 
 

Mediterranean 32 
Blainville's KF032869 z0074263 Atlantic 1 
Blainville's KF032870 z0074264 Atlantic 1 
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Blainville's Mden1_NC_021974_Atlantic 
 

Atlantic 2 
Blainville's KF032871_Atlantic z0008681 Atlantic 3 
Blainville's Mden12_NC_021974_Atlantic 

 
Atlantic 4 

Blainville's Mden4_NC_021974_Atlantic 
 

Atlantic 5 
Blainville's KF032876_Atlantic z0079839 Atlantic 6 
Blainville's KF032877 z0079840 Atlantic 6 
Blainville's KF032878_Atlantic z0094563 Atlantic 7 
Blainville's KF032867_Atlantic z0074424 Atlantic 8 
Blainville's KF032868_Atlantic z0074425 Atlantic 8 
Blainville's Mden7_NC_021974_Atlantic 

 
Atlantic 9 

Blainville's Mden3_NC_021974_Atlantic 
 

Atlantic 10 
Blainville's KF032872_Atlantic z0079824 Atlantic 11 
Blainville's KF032875_Atlantic z0079838 Atlantic 12 
Blainville's KF032873_Atlantic z0079835 Atlantic 13 
Blainville's ZP013_NC_021974_Indian 

 
Indo-Pacific 14 

Blainville's KF032862_Pacific z0033736 Indo-Pacific 15 
Blainville's Mden18_NC_021974_Pacific 

 
Indo-Pacific 15 

Blainville's KF032863_Pacific z0033737 Indo-Pacific 16 
Blainville's Mden9_NC_021974_Pacific 

 
Indo-Pacific 17 

Blainville's KF032864_Pacific z0050723 Indo-Pacific 18 
Blainville's KF032860_Pacific z0004010 Indo-Pacific 19 
Blainville's Mden8_NC_021974_Pacific 

 
Indo-Pacific 20 

Blainville's Mden15_NC_021974_South_Africa Indo-Pacific 21 
Blainville's Mden6_NC_021974_Pacific 

 
Indo-Pacific 22 

Blainville's Mden13_NC_021974_Pacific 
 

Indo-Pacific 23 
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Appendix D: Summary of genomic resources 
from this thesis 

The resources that I have developed in this PhD will be useful for many future studies 
that pertain to beaked whale genomics and population genomics analyses in general. A 
summary of the major resources that my thesis has contributed to this growing field is 
presented here.  

D.1 INTERNATIONAL TISSUE ARCHIVE FOR BEAKED WHALES (ITABW) 

This PhD was only possible thanks to the contribution of beaked whale tissue and DNA 
samples from all over the world. To ensure the security of this valuable dataset for future 
studies, the International Tissue Archive for Beaked Whales (2.3.3) was established 
between the Universities of Auckland, Copenhagen, and La Laguna.  
 

Species Atlantic Indo-Pacific Mediterranean Total 
Northern bottlenose whale 9 

  
9 

Sowerby's beaked whale 59 
  

59 
Blainville's beaked whale 55 34 

 
89 

Gervais' beaked whale 4 
  

4 
True's/Ramari's beaked whale 9 11 

 
20 

Cuvier's beaked whale 204 79 55 338 
Unknown beaked whale 12 

  
12 

Total 352 124 55 531 

D.2 DDRAD SEQUENCES 

In this thesis I have generated the largest RRS dataset for beaked whales using ddRAD 
sequencing (2.6). The DNA sequences can be used in future analyses where they are 
aligned and filtered using different tools or parameters, allowing researchers to get finer 
and coarser levels of population structure, or datasets that are usable for answering 
different questions.  
 

Species Atlantic Indo-Pacific Mediterranean Total 
Sowerby's beaked whale 40 

  
40 

Blainville's beaked whale 58 21 
 

79 
Cuvier's beaked whale 134 45 55 234 
Total 232 66 55 353 

D.3 MITOGENOMES 

Though not generated by me, the mitogenomes used in the Chapter 3 analysis were 
generated by colleagues at the University of Copenhagen for this project (2.5.2). These 
are a valuable resource for future beaked whale population studies.  
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Species Atlantic Indo-Pacific Mediterranean Total 
Blainville's beaked whale 4 7 

 
11 

Cuvier's beaked whale 8 2 3 13 
Total 12 9 3 24 

 

D.4 R-SCRIPTS 

One of the aims of my PhD was to conduct as many of the analyses as possible using the 
R programming language. SNP datasets are often very large (hundreds of megabytes) and 
transferring them between clusters and local devices, and between analysis programs can 
be very time consuming. Various analysis programs also require a time-consuming period 
of learning how the program is executed and formatting the data. There are many benefits 
to conducting population genomic analyses in R, including the fact that the large VCF 
files will only need to be imported once into the working environment where they can 
then be converted into many different formats for the various packages. Most population 
genomic analyses in R can either be done on a local device or through a cluster, both 
usually allowing parallel processing to speed up the analysis. Plotting functionality is also 
very advanced, fast, and user-friendly in R. Finally, using R as much as possible allows 
the analysis to be easily shared and reproducible. I have therefore documented many of 
the population genomic analyses that I conducted in R in a publicly available GitHub 
repository: 
 https://github.com/aono87/ddRAD-Diversity-Stats-in-R/blob/master/R_codes.  


