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General	introduction	
 
 
Cabrera, A. A. 
 
 

"Nothing in Biology Makes Sense Except in the Light of Evolution"  

Theodosius Dobzhansky (1973) 

 

Dobzhansky (1900-1975) became one of the principal founders of the synthetic 

theory of evolution with his book “Genetics and the origin of species” (Dobzhansky, 

1937). The synthetic theory of evolution represents the synthesis between Darwin’s 

natural selection (Darwin, 1859) with Mendelian genetics (Mendel, 1866) and the 

theoretical work of Sewall Wright (1889-1988), Ronald Fisher (1890-1960) among 

others. It explains the evolution of life in terms of genetic changes that occur within 

populations and that can lead to the formation of new species, if the changes are large 

enough. In 1866, and inspired by Darwin’s work on natural selection, Ernst Haeckel 

(1834-1919) introduced the term Ecology, which he defined as “the science of the 

relations of the organisms to the environment including, in the broad sense, all the 

conditions of existence” (Haeckel, 1866; translated by Stauffer, 1957).  

Although ecology and evolution are intimately related, the majority of 

ecological studies have focused on a relatively small temporal scale and (implicitly) 

assumed that the organisms are identical over time. Whereas, evolutionary studies have 

mainly focused on a relatively large temporal scale and on the genetic mechanisms 

underlying the patterns of evolution but not on the ecological causes of evolution. 

Evolutionary ecology provides insights into the link between ecology and evolution. 

Evolutionary ecology focuses on both, the evolutionary influences on ecological 

processes, and the ecological influences on evolutionary processes (Endler, 2010).  

In this thesis, I explore different ecological and evolutionary questions 

employing marine mammals as model species. I focus on the high latitude regions of 

both the Northern and the Southern Hemisphere and the environmental changes that 

occurred during the glacial-interglacial transitions during the Late Quaternary.  
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Marine mammals 
 
 
Origen of marine mammals and diversification 

Marine mammals represent a diverse and highly specialized group of mammals that 

spend the majority of their life in the marine environment. Marine mammals are represented by 

seven distinct evolutionary lineages, each of which independently returned to the marine 

environment (Uhen, 2007). Two of these lineages have gone extinct, namely the desmostylians 

and aquatic sloths (Thalassocnus spp.). The five remaining lineages are extant and include the 

cetaceans (whales, dolphins and porpoise), pinnipeds (eared seals and sea lions, seals as well 

as walruses), sirenians (manatees and dugong), polar bears (Ursus maritimus), and marine 

(Lontra feline) and sea otters (Enhydra lutris spp.; Uhen, 2007; Berta, 2012).  

The transition from a terrestrial to an aquatic existence occurred mainly in three epochs: 

the early Eocene (around 52 Mya), when cetaceans and sirenians evolved, the Oligocene 

(around 30 Mya), when pinnipeds and desmostylians evolved (Uhen, 2007) and the Pleistocene 

when polar bears and sea otters diverged from their terrestrial clades (Ursidae and Mustelidae; 

Liu et al., 2014). It remains unknown what drove terrestrial mammals into the marine 

environment. Prey availability due to increases in ocean productivity, competition and physical 

stress (in particular by glaciation processes) played key roles in the transition to the marine 

environment (Lipps & Mitchell, 1976; Proches, 2001). 

After the transition from land to marine environment, marine mammals diversified into 

many different linages. Currently, there are at least 129 species of marine mammals in the world 

distributed in 66 genera (Pompa et al., 2011). However, fossil record indicates that extant 

marine mammals represent only a small fraction of what was once a much more diverse group 

(e.g. Deméré, 1994; Fordyce & Barnes, 1994; Uhen, 2007). Approximately 80% of the 

described marine mammal genera correspond to fossil records. Uhen (2007) estimated around 

339 marine mammal genera described both for fossil and extant marine mammals. The 339 

genera include 245 cetaceans, 62 pinnipeds and 32 sirenians.  Why though did these groups of 

species diversify – in just a few thousand or million years – to the point of forming a wide 

variety of new species, while other species groups remained essentially unchanged for many 

millions of years?  

The radiation or diversification of marine mammals has been associated with different 

biological and physical events (Lipps & Mitchell, 1976; Pastene et al., 2007; Steeman et al., 

2009). Darwin (1845) described one mechanisms termed adaptive radiation, which occurs when 
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conspecific individuals diverge in different habitats, presumably moving into previously 

unoccupied niches. The eastern coast of Australia provides an example of adaptive radiation in 

marine mammals. Möller et al. (2007) suggested that the creation of a new niche during the 

formation of the embayment in Port Stephens was likely responsible for the occurrence of the 

two different ecotypes of bottlenose dolphins (Tursiops truncatus): the embayment and the 

coastal ecotypes. The periods of pronounced physical restructuring of the oceans have also led 

to elevated rates of diversification in extant cetaceans. The early radiation of toothed whales, 

34-35 Mya was concurrent with the opening of the Drake Passage and the initiation of the 

Antarctic Circumpolar Current (Fordyce, 1980; Steeman et al., 2009). Similarly, the increase 

speciation rate for delphinids, porpoises and beaked whales (13-4 Mya) was concurrent with 

the closure of Panama Seaway, the increase in productivity and the intensification of ocean 

circulation (Steeman et al., 2009).  

Despite their different origin, marine mammals underwent a high degree of convergent 

evolution, resulting in similar morphological, physiological and behavioral traits (Fair & 

Becker, 2000; Berta et al., 2006; Brischoux et al., 2012). This high degree of convergence 

suggests that the marine existence exerted a strong directional selection pressure, leading  to 

drastic changes in almost every aspect from temperature regulation to gas exchange, foraging, 

sensation, locomotion, and reproduction (Vermeij & Dudley, 2000). The much higher density 

and viscosity of salt water compared to air represented significant transformations to the 

mechanical and physiological systems of locomotion (Williams, 1999) in terrestrial mammals 

and are presumably the underlying reason to similar modes of locomotion among marine 

mammal groups of different origins, such as the flippers of pinnipeds, cetaceans, and sirenians 

(Perrin et al., 2008; Shen et al., 2012). This and other analogous structures were suggested to 

have evolved as a consequence of selection to similar environmental pressures of the aquatic 

environment (Howell, 1930). 

 

Why study marine mammals? 

Marine mammals represent a remarkable example of evolutionary change. Despite their 

multiple origins, marine mammals have undergone highly convergent evolution suggesting that 

the marine environment asserts a strong directional selection pressure on the mammal 

“bauplan”. The diverse origin and independent evolution of marine mammals relative to their 

terrestrial cousins make marine mammals an excellent evolutionary “experiment” for the study 

of evolution and adaptation in mammals.  
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Despite the small number of marine mammals compared to other groups, their large 

body size and abundance make them essential to the function and structure of marine 

ecosystems (Bowen, 1997; Heithaus et al., 2008). Recent studies have shown that whales can 

enhance primary productivity by efficiently recycling iron and by concentrating nitrogen near 

the surface waters through the release of fecal plumes (Nicol et al., 2010; Roman & McCarthy, 

2010). Marine mammals inflict mortality and induce behavioral modifications on their prey as 

well (Heithaus et al., 2008). The dependency of marine mammals on the aquatic environment 

for survival, combined with their role as top predators, makes them indicators of ecosystem 

state, productivity level or habitat degradation (Stirling & Øritsland, 1995; Reynolds III & 

Rommel, 1999; Rosing-Asvid, 2006). Furthermore, conservation and management plans are 

needed to ensure the sustainability of the harvest of each population and the recovery of 

endanger species. 

 

Evolutionary ecology of marine mammals 

 

Molecular biology as a tool to study evolutionary ecology of marine mammals 

The study of marine mammals is difficult and expensive, particularly in the oceans 

where most species are difficult to observe (Kaschner et al., 2011). Many species are highly 

mobile with large and remote distributions, which, combined with their long generation time, 

make evolutionary and demographic changes difficult to detect, especially using field studies 

(Kaschner et al., 2011; Davidson et al., 2012; Foote et al., 2012a). Advances in molecular 

genetic techniques provide an opportunity for investigating such changes and to examine 

interactions among populations and the role of individuals within populations (Berta et al., 

2006; Foote et al., 2012a). With a small tissue sample collected directly or indirectly from living 

or deceased animals, nuclear and mitochondrial genetic information can be obtained. Genetic 

information can be used to assess many outstanding ecological and evolutionary questions. 

Here, I summarize what we have learned from molecular studies in marine mammals, in terms 

of distribution, population structure, population size and migration.  

 

Ecological and evolutionary factors driving the patterns of marine mammal distribution 

The patterns of geographic distribution differ strongly in marine mammals (Kaschner et 

al., 2011; Pompa et al., 2011). Marine mammals occupy a wide diversity of habitats, from 

oceanic to freshwater habitats, from the tropics to the polar regions, and from coastal shallow 
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areas to deep oceanic waters. How did a species come to occupy its present distribution? What 

processes have determined the patterns of distribution? Why are some closely related species 

confined to the same region, whereas other species are found at different regions of the world 

(i.e. species with an antitropical distribution)? The answers to these questions are still unclear. 

However, a combination of ecological and evolutionary factors, including geographic barriers 

and continental movements associated with the opening or closure of seaways (e.g. Steeman et 

al., 2009), prey distribution (Croll et al., 2005), temperature variation and its relation with 

glaciations and sea level (e.g. Pastene et al., 1994; Amaral et al., 2012; Boehme et al., 2012), 

as well as historical processes of speciation and extinction have played an important role in 

shaping the distribution (e.g. Deméré et al., 2003; Fontaine et al., 2010). The antitropical 

distribution of several species, such as the North Atlantic (Eubalaena glacialis) and southern 

right whales (E. australis), can be explained by the environmental changes that occurred during 

the glacial and interglacial periods of the Pleistocene (Rosenbaum et al., 2000). During the 

glaciations water temperatures were lower and facilitated trans-equatorial dispersal of cold-

water marine mammal species (Davies, 1963). Rosenbaum et al. (2000) suggested that during 

the glacial periods right whale populations expanded and crossed the equator; then during the 

subsequent warmer interglacial periods, individuals returned to higher latitudes and separated. 

Similarly, Boehme et al. (2012) proposed that the current distribution of grey seals (Halichoerus 

grypus) was shaped principally by the expansion of ice-sheet and lowering of sea level during 

the glacial periods, when the populations decline due to habitat loss. 

 

Population genetic structure in marine mammals 

Most species are spatially structured into populations that are genealogically linked 

(Avise, 2000; Avise, 2009). In general, strong genealogical structure characterizes low-

dispersal species (Avise, 2009). However, marine mammals with high-dispersal capacity can 

also be genetically structure even on relatively small geographical scales (e.g. Baker et al., 

1993; Palsbøll et al., 1995; Bérubé et al., 1998; Garcia-Rodriguez et al., 1998; Tolley & Rosel, 

2006; Graves et al., 2009; Fontaine et al., 2010; Vianna et al., 2010; Ansmann et al., 2012; 

Lowther et al., 2012; Campagna et al., 2013). Garcia-Rodriguez et al. (1998) estimated the 

genetic structure and phylogeography of the West Indian manatee (Trichecus manatus). The 

authors found strong population structure among locations and suggested that coastal habitat 

preferences, rare long-distance movements and temporal scale and frequency of long-distance 

colonization might explain this pattern.  Using genetic differentiation metrics and Bayesian 

structure analysis, Ansmann et al. (2012) found fine-scale genetic structure in inshore Indo-
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Pacific bottlenose dolphin populations inhabiting Moreton Bay, Australia. The structure 

between groups of sympatric dolphin was likely maintained by a variety of inter-related factors 

that may include local habitat variation, resource availability, differential niche use, social 

learning and anthropogenic disturbances (Ansmann et al., 2012). In the following section some 

of the factors and processes that have shaped the genetic structure of marine mammals are 

illustrated. 

 

 Contemporary and historical processes driving genetic structure in marine mammals 

Population structure is the result of contemporary and historical processes (Hewitt & 

Butlin, 1997). The Pleistocene glacial oscillations are one of the main historical processes that 

have influenced the genetic structure of populations and species (Hewitt, 1996, 2011), including 

marine mammals. Different responses at various temporal and spatial scales have been observed 

in species from both hemisphere (e.g. Medrano-Gonzalez et al., 1995; Stanley et al., 1996; 

Túnez et al., 2010; Phillips et al., 2011; Amaral et al., 2012; Túnez et al., 2013). During the 

glaciations, some marine mammal populations became contracted and isolated, reducing gene 

flow and promoting genetic differentiation. Stanley et al. (1996) analyzed the worldwide 

genetic structure of harbor seals (Phoca vitulina) and found that populations in the Pacific and 

Atlantic Oceans were highly differentiated. The extension of sea ice during the glaciation (2-3 

Mya) was suggested to be the cause of restricted inter-oceanic gene flow. Similarly, Wang et 

al. (2008) proposed that the ancestral population of finless porpoises (genus Neophocaena) was 

divided by the emergence of a land bridge between Taiwan and China during the Last Glacial 

Maximum. During the interglacial periods some of the populations expanded and dispersed 

towards areas which were previously inaccessible, expecting low levels of genetic structure and 

star-like phylogeny, such as the South American sea lion (Otaria flavescens; Túnez et al., 

2010).  

Physical processes (e.g. oceanographic conditions that influence prey availability) may 

have also played an important role in shaping genetic structure of marine mammals. Changes 

in prey abundance caused by oceanographic transitions during the Pliocene and Pleistocene in 

turn affected the distribution (and hence the phylogeography) of dusky dolphins 

(Lagenorhynchus obscurus; Harlin-Cognato et al., 2007). A similar process is suggested for 

harbor porpoises (Phocoena phocoena) in the eastern North Atlantic (Tolley et al., 2001; Tolley 

& Rosel, 2006; Fontaine et al., 2007). Persistent site fidelity rather than a physical barrier can 

also promote population structure. In humpback whales (Megaptera novaeangliae), maternal 

fidelity to local feeding and breeding areas can influence the genetic structure of populations 
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(Baker et al., 1993; Palsbøll et al., 1995; Baker et al., 2013). Furthermore, Lowther et al. (2012) 

used stables isotopes and mitochondrial DNA to estimate the population structure of Australian 

sea lions (Neophoca cinerea) and suggested that female population structure might have been 

driven by fine-scale foraging site fidelity. 

 

Box 1: Research on marine mammals: From casual observation to molecular methods  
 

The study of marine mammals began in prehistoric times with casual observations of animals 
on beaches and offshore (Berta et al., 2006; Perrin et al., 2008; Allen, 2014). It was until the twentieth 
century that the study of marine mammals began as a science or discipline.  The first studies on marine 
mammals were mainly focused on anatomical descriptions of specimens obtained from stranded 
animals, by-catch or hunting (e.g. Howell, 1930; Mackintosh, 1946, 1948; Matthews, 1966). After the 
1960’s an expansion of literature available was observed, and different methods were employed, 
including field observations (e.g. Au & Perryman, 1985; Vidal & Pechter, 1989), photo-identification 
(e.g. Würsig & Jefferson, 1990a), telemetry and satellite tagging (e.g. Durban & Pitman, 2012), 
acoustics and time-deep recordings (e.g. Filatova et al., 2006), molecular methods (e.g. Larsen et al., 
1983), among other. 

The first genetic-based studies on marine mammals were published in 1960s - 1970s with the 
development of electrophoretic methods and histochemical enzyme stains. The first genetic-based 
studies enabled to assess the level of genetic diversity and differentiation between populations (e.g. 
Shaughnessay, 1969; Shaughnessy, 1970; Bonnell & Selander, 1974; Simonsen et al., 1982; Larsen et 
al., 1983). Bonnell and Selander (1974) investigated the genetic differentiation between five breeding 
colonies of northern elephant seals using electrophoretic methods to survey protein variation among 21 
different proteins. They suggested that the uniform homozygosity found may be a consequence of 
fixation of alleles due to a bottleneck. This study represented the first documented case of low genetic 
diversity in response to near extinction and served as a classic example of homogeneity in mammals, 
such as cheetahs (O'Brien et al., 1985). With the introduction of mitochondrial DNA approaches and 
the advances of the polymerase chain reaction (PCR) that enabled to sequence specific DNA segments 
more efficiently (in the late 1980’s), valuable information about phylogeny and evolutionary processes 
was obtained (e.g. Southern et al., 1988; Árnason et al., 1991a; Árnason et al., 1991b; Hoelzel et al., 
1991; Douzery, 1993; Sasaki et al., 2005; Girod et al., 2011). Using sequences of the dolphin 
mitochondrial genome, Southern et al. (1988) found that there are different rates of evolution across the 
mitochondrial genome and that the dolphin mitochondrial genome is closer related to bovine than to the 
rodent or human mitochondrial genome. 

Individual identification of animals is crucial to understand the biology and behavior of marine 
mammals. However, it is not always easy using phenotypic traits or tag attachments (Palsbøll et al., 
1997a). The discovery of mini and microsatellites as a source of highly polymorphic molecular markers 
(Jeffreys et al., 1985; Bruford & Wayne, 1993) to identified individuals, provided the opportunity to 
address questions related to breeding behavior, reproduction, kinship and relatedness in marine 
mammals (e.g. Amos et al., 1991; Ortega-Ortiz et al., 2012; Wiszniewski et al., 2012). Richard et al. 
(1996) for example, used microsatellite DNA to analyze kinship in sperm whale social groups. Hoelzel 
et al. (1999) studied the reproductive success of alpha-males in elephant seals using DNA fingerprinting 
and microsatellite DNA analysis. The combined application of both nuclear and mitochondrial DNA 
markers enhanced the understanding of the historical and contemporary processes driving marine 
mammal distribution patterns, population structure and migration (e.g. Lyrholm et al., 1999; Graves et 
al., 2009; Wiemann et al., 2010; Louis et al., 2014b). Amaral et al. (2012) used sequence data from 
mitochondrial and nuclear loci to assess the potential influence of Pleistocene climatic changes on the 
phylogeography and demographic history of the common dolphin. Pilot et al. (2010) combined the 
information provided by nuclear and mitochondrial DNA to showed how killer whale breeding system, 
together with social, dispersal and foraging behavior, contributes to the evolution of population genetic 
structure. Other methods such as random amplification of polymorphic DNAs (RAPD; e.g. Kappe et 
al., 1995; Martinez et al., 1997), restriction fragment length polymorphism (RFLP; e.g. Pastene et al., 
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1994; Masland et al., 2010) and amplified fragment length polymorphisms (AFLPs; e.g. Chen & Yang, 
2009; Dasmahapatra et al., 2009) have been used in marine mammals; however, due to low 
reproducibility and/or replacement by direct sequence their use was very brief.  

Advances in next-generation sequencing technologies (NGS) have provided the ability to obtain 
millions of DNA sequences in a short time and at reduced costs. The application of NGS technologies 
to marine mammal studies is just starting. Most of the studies available have been published within the 
last ten years and focused on the development of assays and single nucleotide polymorphism (SNP) 
genotyping (e.g. Olsen et al., 2011; Polanowski et al., 2011; Hoffman et al., 2012; Vollmer & Rosel, 
2012). Only few studies have started to address questions about adaptation (Sun et al., 2013; Liu et al., 
2014; Yim et al., 2014), demographic and evolutionary history (Liu et al., 2014; Moura et al., 2014), 
functional genomics (Hoffman et al., 2013) and phylogenetics (Cronin et al., 2014). Sun et al. (2013) 
for example, use genome-wide scans of the bottlenose dolphin to identify candidate genes involved in 
the aquatic adaption of dolphins. Moura et al. (2014) used a nuclear genome to reconstruct the 
demographic history of killer whales and suggested the importance of the environmental changes during 
the glaciations. Using multiple genomes of polar bears, Liu et al. (2014) estimated the species 
divergence and found genes under positive selection. Even though marine mammal genomics is still in 
its infancy, the application of genomic methods has the potential to address several and novice ecological 
and evolutionary questions in marine mammals and other non-model species. 

The influence of molecular methods on marine mammal research can be observed in the number 
and proportion of publications including molecular methods. According to Web of Science, before the 
1990s, less than 3% of the publications on marine mammals included the words molecular*, genetic*, 
DNA* or genom* as a topic. However, after the 1990s, more than 15% of publications of marine 
mammals included those terms (Table 1).  
 
Table 1 Box 1. Number of publications including marine mammals and publications including 
marine mammals and molecular methods according to Web of Science  

  Marine mammals1 Marine mammals including molecular methods2 

Years Total 
Average per 

year 
Total 

Average per 
year 

%  

2010-2014 6,813 1,363 1,319 264 19.4 
2000s 10,012 1,001 1,551 155 15.5 
1990s 5,999 600 946 95 15.8 
1980s 3,208 321 78 8 2.4 
1970s 2,196 220 66 7 3.0 
1960s 899 90 9 1 1.0 

1945-1959 399 27 0 0 0.0 
1 Search criteria: Title=(“sea lion*” or walrus* or “fur seal*” or “hooded seal*” or “bearded seal*” or “grey seal*” or “ribbon 
seal*” or “Waddell seal*” or “crabeater seal*” or “elephant seal*” or “monk seal*” or “Ross seal*” or “harp seal*” or “Caspian 
seal*” or “ringed seal*” or “spotted seal*” or “Baikal seal*” or “harbor seal” or whale* or dolphin* or narwhal* or vaquita or 
porpois* or cetacea* or pinniped* or “polar bear*” or manatee* or dugong* or "sea otter*" or "marine otter*" or "marine 
mammal*") NOT Title=("whale shark"). 2 Search criteria: Idem + AND Topic=(molecular* or genetic* or DNA* or genom*) 

 

 

The size of the populations and their demographic history 

The estimation of current and past population abundance is of great importance for 

understanding the evolution, ecology and defining conservation policies of marine mammals. 

The advance in population genetic theory allowed the genetic diversity-based estimation of the 

effective population size (��), according to the equation � = ����, where � is an estimate of 

the genetic diversity of a given locus, x indicates the ploidy and mode of inheritance of the locus 

and � is the per-generation mutation rate (Kingman, 1980; Hudson, 1991). Genetic diversity-
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based methods rely on highly simplistic assumptions (e.g. equal and/or constant population 

sizes, symmetrical and/or constant migration rates), that are unlikely to be met by natural 

populations (e.g. Shapiro et al., 2004). Precautions should be taken as violation of those 

demographic assumptions could bias the results, in some cases (Palsbøll et al., 2013).  

 An approximation of the population census size (��) can be derived from the estimate 

of the effective population size if, for example, the ratio ��/�� of the population is assumed 

(Frankham, 1995). However, the estimation of �� from the genetic diversity depends upon an 

estimate of the generation time of the species because the per-generation mutation rate is 

required (Kingman, 1980). Both generation time and the ratio ��/�� of natural populations 

depend on life history parameters, like fecundity, reproductive success and mortality rate, which 

can vary between populations and through time, due to environmental conditions. Detailed 

information on the above parameters is usually difficult to retrieve for natural populations, 

resulting in the use of rough approximations that can generate inaccurate abundance estimates 

(Waples, 2002; Palstra & Fraser, 2012).  

Insufficient sampling or presence of connected un-sampled populations could have 

implications for inferences of genetic diversity-based approaches as well (Beerli, 2004; Palsbøll 

et al., 2013). Some genetic diversity-based approaches do not account for the contribution of 

immigration on the observed genetic variation (e.g. Beaumont, 1999; Drummond & Rambaut, 

2007). As a result, analysis of genetic variation with those methods can ‘detect’ demographic 

changes in stable populations, if ephemeral increase or decrease of gene flow between 

populations took place (Peery et al., 2012; Heller et al., 2013). Similarly, effective population 

estimates could be overestimated if genetic structure is disregarded. Another issue that requires 

attention when diversity-based estimations are used is the selection of appropriate mutation 

rates employed, in order to reflect the time frame of the objective. Ultimately, it is important to 

remember that the genetic inference of abundance represent, in most cases, a long-term mean 

over the time frame that goes back to the most recent common ancestor, rather than a dated 

estimate (Beerli, 2009; Palsbøll et al., 2013).  

In a number of studies (e.g. Baker & Clapham, 2004; Alter et al., 2007; Phillips et al., 

2011), genetic diversity-based approaches have been employed to infer past population size 

changes in marine mammals and the processes that drove them. As a result, environmental and 

anthropogenic processes have been suggested to have caused demographic changes in marine 

mammals throughout their evolution. 
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Historical changes in population size of marine mammals: the role of Pleistocene 

glaciations 

A number of studies have employed estimates of genetic diversity in contemporary 

marine mammals to infer past, long-term abundances and investigate the impact of the 

Pleistocene glaciations on their populations. Geological events like the Pleistocene glacial 

oscillations have strongly affected the abundance of marine mammals (O'Corry-Crowe, 2008). 

During glaciations, sea ice expanded in polar regions, and as a result the regions with temperate 

and tropical waters reduced (e.g. Kaplan et al., 2008). Populations of several ice-associated 

species in polar regions expanded during glaciations and declined during interglacial periods 

(e.g. O'Corry-Crowe et al., 2010; Phillips et al., 2011; Miller et al., 2012; Phillips et al., 2013). 

For example, using genomic sequence data, Miller et al. (2012), detected two Pleistocene 

population expansions in polar bears during cooling periods (Middle Pleistocene and the Last 

Glacial Maximum), followed by declines during interglacial intervals (Marine Isotope Stage 

11, Holocene). A Pleistocene population expansion, which ended at the onset of Holocene, was 

indicated also for Steller sea lions (Eumetopias jabatus), with glaciations promoting the 

dispersal of large populations (Phillips et al., 2011). O'Corry-Crowe et al. (2010) used 

mitochondrial sequences and eight microsatellites loci to analyze the demographic history in 

beluga whales (Delphinapterus leucas). They suggested a population expansion and 

differentiation between belugas from the Beaufort Sea and Svalbard during the Last Glacial 

Maximum, with recurrent gene flow through the Russian Arctic, probably during interglacial 

low sea ice levels. An increase in bowhead whales (Balaena mysticetus) during the Last Glacial 

Maximum, followed by a population contraction around the beginning of the Holocene was 

indicated as well (Phillips et al., 2013). The authors argued that ice expansions and/or increased 

ocean productivity during the glaciations aided the population expansions of ice-associated 

marine mammals (Phillips et al., 2011; Miller et al., 2012; Phillips et al., 2013). 

Marine mammal species with tropical and temperate distributions were subjected to 

strong demographic changes during Pleistocene and Holocene as well (e.g. Amaral et al., 2012). 

Amaral et al. (2012) suggested that short-beaked common dolphins (Delphinus delphis) had 

recurrent population and range expansions during Pleistocene glaciations. Furthermore, 

Mediterranean harbor porpoise populations begun to fragmentize and collapse during the warm 

‘Mid Holocene Optimum’, when resources were reduced (Fontaine et al., 2010). Moreover, 

approximately 300 years ago, North Atlantic porpoises decreased in abundance and radiated 

into a population inhabiting the Iberian waters and populations further north, concomitant with 
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the warming trend following the ‘Little Ice Age’ period and range shifts in cold-water fish 

(Fontaine et al., 2010). 

 

Migration and dispersal in marine mammals 

The movement of marine mammals can either be migration (intra-population), such as 

the seasonal migrations between feeding and breeding grounds, or dispersal (inter-population) 

from one population into another resulting in gene flow, such as the immigration into another 

breeding area. Although migration and dispersal are two different terms, they are often used 

interchangeable.  In population genetics the term migration is often used to refer to dispersal.  

Migration routes can be mapped using genetic techniques, in which the geographic 

locations of multiple samples of the same individuals are mapped and then used to define 

migration patterns. Genetic data, e.g. the composite genotype at multiple microsatellites loci, 

can be used as “tags” to identify an individual (Palsbøll, 1999). Palsbøll et al. (1997a) used 

genetic tagging to identify and track humpback whale individuals in the North Atlantic. With 

692 “recaptures”, they revealed individual local and migratory movements, limited exchange 

among summer feeding grounds, and mixing in winter breeding areas. Dispersal rates can be 

estimated on two time scales, contemporary scale: how many individuals can we detect that 

have moved to another population, and historical scale: what have been the levels of dispersal 

among populations throughout the history of a species. Contemporary levels of dispersal can 

be estimated with genetic markers using admixture analysis (Prugnolle & de Meeus, 2002), 

tagging (Palsbøll, 1999), or kinship relations (Palsbøll et al., 2010). Historical levels of 

dispersal are estimated through gene flow, which refers to the proportion of immigrants each 

generation (Wright, 1931). Two commonly applied methods for estimating migration are 

Isolation by Migration (IMa; Nielsen & Wakeley, 2001; Hey & Nielsen, 2004a; Hey & Nielsen, 

2007), and Migrate-n (Beerli & Felsenstein, 2001). 

 

Historical changes in dispersal in marine mammals and the role of climate change  

Global climate conditions have a major influence in the ocean connectivity and the 

resource availability. The integration of climate data and reconstructions of historical changes 

in gene flow can give insights into the ecological and evolutionary drivers of gene flow. 

Coalescent analysis and demographic modeling have been used in several marine mammals to 

describe dispersal (e.g. Fontaine et al., 2010; O'Corry-Crowe et al., 2010; Foote et al., 2011a; 

Sonsthagen et al., 2012). Foote et al. (2011a) established that in killer whales (Orcinus orca), 

the peak of historical female migration coincided with one of the so-called ‘Agulhas leakages’: 
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strong exchange of fauna between the Indo-Pacific and the southwest Atlantic during the 

interglacials of the late Pleistocene. Combining demographic model selections and coalescent-

based estimates of migration, de Bruyn et al. (2009) showed that southern elephant seal 

(Mirounga leonina) from Macquarie island colonized Victoria Land Coast in the Ross Sea of 

Antarctica when habitat became available after the retreat of sea ice. Fontaine et al. (2010) 

established that harbour porpoises dispersed northward in the Northeast Atlantic Ocean, 

probably as recent as during the few last centuries, when the climatic barrier to gene flow in the 

southern Bay of Biscay disappeared due to the warm period (200-300 years ago). 

 

 

Outline of this thesis 

 

This thesis is divided into three sections: a theoretical (Chapter 2), a methodological 

(Chapter 3 and 4) and an experimental section (Chapter 5 and 6). The theoretical section 

provides a critical overview of the current application of genetics to the study of marine 

mammals. The methodological section illustrates two key issues in any evolutionary and 

ecological study: the reliability of the methodological approach and the effect of the sampling 

effort. In the experimental section, two fundamental ecological and evolutionary questions are 

assessed: how many populations are there? and, how do species respond to environmental 

changes. 

In Chapter 2, “Genetics and genomics in marine mammals”, the application of genetics 

and genomics (as a subdiscipline of genetics) to the study of marine mammals is reviewed. 

Although, the range of questions towards which genetics have been applied in marine mammals 

is very broad, this chapter is focused on aspects that provide key insights into the ecology and 

evolution of marine mammals. Such aspects include the identification of sex and age of 

individuals, the identification of individuals and their close relatives, the estimation of past and 

current population abundance, the genetic structure of the population, selection and adaptation, 

and convergence evolution among different lineages of marine mammals. Throughout the 

chapter, some illustrative examples are highlighted and a final note of caution is presented. 

In Chapter 3, “Inferring past demographic changes from contemporary genetic data: a 

simulation-based evaluation of the ABC methods implemented in DIYABC”, one of the most 

popular Approximate Bayesian Computational (ABC) software packages used to infer past 

demographic changes from contemporary population genetic data was evaluated. Population 
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genetic data (mitochondrial DNA sequences, microsatellite genotypes and single nucleotide 

polymorphisms) was simulated under five different simple, single-population models to assess 

the model recovery rates as well as the bias and error of the parameter estimates. 

In Chapter 4, “The pitfalls of mitogenomic monophyly as the defining criterion for 

intraspecific evolutionarily distinct units: a cautionary tale of fin whale "subspecies", the 

implications of employing insufficient sample size and spatial coverage when defining 

evolutionary distinct units is illustrated. An extended analysis of the global mitogenomic 

phylogenetics assessment of the fin whales by Archer et al. (2013) was performed and the 

consistency of the results when increasing the sampling effort was evaluated.  

In Chapter 5, “Population structure of North Atlantic and North Pacific sei whales 

(Balaenoptera borealis) inferred from mitochondrial control region DNA sequences and 

microsatellite genotypes”, the spatial distribution of genetic variation of the North Atlantic and 

North Pacific sei whales was investigated. The divergence time between populations as well as 

their historical levels of effective population size and immigration rate were estimated. The 

interpretation of the results was focused on the ecological processes that could have yield to the 

historical levels of genetic differentiation and migration rate between populations. 

In Chapter 6, “Late Quaternary demographic responses of baleen whales associated to 

climate change and prey dynamics”, how large-scale climate fluctuations during the Late 

Quaternary affected the population dynamics of baleen whales and their prey was investigated. 

Past changes in effective population size and immigration rate were estimated from genetic data 

collected from eight baleen whale species and seven prey species in the Atlantic and Southern 

Ocean of the Northern and Southern Hemisphere. This chapter is focused on the changes that 

occurred during the Holocene-Pleistocene transition and the association between climate, prey 

and predators on a large temporal and spatial scale. 

Finally, in Chapter 7, a synthesis of the main findings and conclusions of this thesis is 

presented. 

 



 

 
 
 
 
 
 
 
 
 
 
 



 

2		
Genetics	and	genomics	in	marine	

mammals	
 

 
Palsbøll, P. J., Cabrera, A. A. & Bérubé, M. 
 
 

The study of marine mammals is difficult and expensive, particularly in the oceans 

where most species are difficult to observe. Many species are highly mobile with large and 

remote distributions, which, combined with their long generation time, make evolutionary 

and demographic changes difficult to detect, especially using field studies. Advances in 

molecular genetic techniques provide an opportunity for investigating such changes and to 

examine interactions among populations and the roles of individuals within those 

populations. With a small tissue sample collected directly or indirectly from living or 

deceased animals, nuclear and mitochondrial genomic information can be obtained. 

Nowadays, we are able to assess questions about selection and adaptation, mechanisms and 

patterns of speciation, systematics and taxonomy of different groups, population structure 

demographic changes, parentage and mating systems, among others. Here, we provide a 

brief overview of the key applications of genetics and genomics to the study of marine 

mammals. We address a wide range of questions from the origin of marine mammal lineages, 

taxonomy and adaptation to the identification of individuals, their sex and pathogens.  
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Introduction 

 

Genetics has undergone several significant technological advances since the early 1960s, 

which have dramatically expanded the application of genetics across life sciences, most recently 

into the field of genomics, which is a subarea of genetics. Consequently, genetic methods are 

employed not only to study genetics per se, but also as an indirect means for inquiries into the 

evolution, ecology, behavior and conservation of natural populations. This chapter focuses on the 

current, most commonly applied methodologies. 

The analysis of changes in the DNA sequence itself took a giant leap forward by the 

development of the polymerase chain reaction in the late 1980s (Mullis & Faloona, 1987b). PCR-

based analyses require minute amounts of genetic material which, in turn, facilitated the use of 

nonlethal methods to obtain the required tissue for DNA extraction, such as skin biopsies (Aguilar 

& Nadal, 1984; Palsbøll et al., 1991b), as well as noninvasive tissue samples, such as feces and even 

“exhalent breath” (e.g., Acevedo-Whitehouse et al., 2010). The high sensitivity and specificity of 

PCR-based analyses meant that DNA obtained from ancient/historic samples (Sremba et al., 2015) 

or environmental samples, such as filtered sea water (Foote et al., 2012b) can be analyzed to 

determine species and assess genetic diversity.  

The human genome project initiated the subsequent development of so-called massive 

“parallelized” sequencing technologies which was applied to non-model species from 2010 and 

onwards (Kircher & Kelso, 2010; Davey et al., 2011) thereby facilitating the adoption and 

application of genomic approaches to the study of marine mammals (Miller et al., 2012; Zhou et al., 

2013; Yim et al., 2014; Foote et al., 2015; Keane et al., 2015). Current genomic approaches can be 

tailored to target different kinds of hereditary variation, such as the nucleotide sequence in DNA 

and RNA sequences, proteins as well as epigenetic modifications, such as methylation. Most studies 

that generate genomic data sets from marine mammal species and populations take advantage of the 

vast amounts of data generated to obtain more precise estimates of aspects, such as, gene flow, past 

demographic events as well as the detection of genes under selection (Allendorf et al., 2010), 

providing novel, key insights into the ecology and evolution of marine mammals. 

Here, we provide a brief overview of the key applications of genetics and genomics (which 

is a subdiscipline of genetics) to the study of marine mammals. The range of questions towards 

which genetics have been applied in marine mammals is very broad ranging from the origin of 

marine mammal lineages, taxonomy and adaptation to the identification of individuals, their sex and 
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pathogens. Herein, we highlight a few illustrative examples (for a broad overview see Cammen et 

al. (2016)).   

 

Sex and age in an era of nonlethal sampling 

The identification of the sex of individuals by observation alone is difficult, at best, for the 

vast majority of marine mammals. However, marine mammals have specific sex chromosomes in 

common with most other mammal species; males have one copy of the X- and one copy of the Y-

chromosome, whereas females have two copies of the X-chromosome. Sex chromosome-specific 

DNA sequences can easily be targeted and amplified using PCR revealing the sex of the sampled 

individual (Baker et al., 1991; Bérubé & Palsbøll, 1996b). Elucidating this very basic aspect has 

provided novel insights into group composition (Amos et al., 1993; Pinela et al., 2009), mating 

strategies (Clapham et al., 1992; Best et al., 2003; Flatz et al., 2012) and sex-specific dispersal rates 

and patterns (Brown Gladden et al., 1997; Baker et al., 2013). 

The age of individuals represents another elusive characteristic in most marine mammal 

species. Pinnipeds and toothed whales may be aged from the number of dentine layers in their teeth 

(Hohn et al., 1989; Murphy et al., 2012). However, collecting teeth for aging is highly invasive and, 

when possible, requires a high degree of effort. In many species, in particular cetaceans, capturing 

individuals for tooth extraction is not feasible. In long-term studies based upon individual photo-

identification (or tagging), individuals identified as pups/calves will be of known age. Such long-

term individual-based studies require a nontrivial and sustained effort to accumulate sufficient 

observations and are limited to relatively few uniquely studied populations (e.g., Northeast Pacific 

killer whales, Orcinus orca; Gulf of Maine humpback whales, Megaptera novaeangliae; and Bird 

Island Antarctic fur seals, Arctocephalus gazella). Two kinds of genetic aging assays have been 

applied to cetaceans. Initial attempts were based upon telomeres (Olsen et al., 2012; Olsen et al., 

2014), which, in humans and other vertebrates, decrease in average length during an individual’s 

lifespan. This approach performs poorly in mysticetes despite some age-related telomere changes. 

In addition, telomere shortening likely reflects biological age but not necessarily chronological age, 

and hence telomeres are probably better suited to assess cumulative stress exposure of individuals 

rather than age per se (Jarman et al., 2015).  

Another “short-term” change in the DNA of an individual is so-called epigenetic 

modifications. Many epigenetic modifications appear to correlate consistently with chronological 

age in humans. Polanowski and colleagues (2014) characterized several such age-related human 

epigenetic markers in humpback whales of known age. The degree of methylation at three of these 

epigenetic markers were found to correlate tightly with age in humpback whales (Polanowski et al., 
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2014b). Unfortunately, the same epigenetic markers did not appear to correlate with age universally 

across a wider range of species (Polanowski et al., 2014b), likely implying that the specific age-

correlated epigenetic makers must be identified specifically in each marine mammal species. 

However, the more recent genome-wide epigenetic screening methods should make it relatively 

straight forward to identify species-specific age-correlated epigenetic markers (Bossdorf et al., 

2008). The age distribution within and among conspecific populations differs substantially between 

shrinking, expanding and recovering populations. Accordingly, reliable and cost efficient ageing 

methods that are applicable to non-invasive samples, will facilitate the assessment of the current 

population status and recent history, which would make epigenetic aging a key tool to inform and 

guide the management and conservation of marine mammal populations (Polanowski et al., 2014b; 

Jarman et al., 2015). 

 

Identification of individuals and their close relatives 

Genetic methods have also been applied to identify individuals and pairs of closely related 

individuals which can be utilized to gain insights into many key ecological and conservation aspects 

such as mating strategies and kin selection. Smaller marine mammal species can be captured and 

fitted with human-made tags or branded, but such an approach is effort intensive and infeasible in 

most marine mammal species. In particular, attaching man-made tags for long periods of time has 

proven challenging in large mysticetes. Alternatively, individuals may be identified from their 

permanent natural markings; an approach that has been applied with great success in species that 

differ in natural markings among individuals in species such as grey seals, Halichoerus grypus 

(Hastings et al., 2012), killer whales (Würsig & Jefferson, 1990b) and humpback whales (Katona et 

al., 1979).  The genetic equivalent to unique individual markings is so-called genetic fingerprinting, 

which has a long tradition in human forensics. Individual identification, using genetic tagging, has 

been applied to many natural populations of marine mammals (e.g., Hoelzel & Amos, 1988; 

Palsbøll, 1999; Hoffman et al., 2006), in a few cases across entire ocean basins (Baker et al., 2013; 

Palsbøll et al., 1997). Common applications of individual identification in natural population are the 

estimation of abundance using capture-mark-recapture methods as well as assessing connectivity 

across the seascape. One example of the latter was the genetic (and photographic) re-identification 

of a female humpback whale between off western Africa (off Gabon) in the South Atlantic, which 

was identified the following year off Madagascar in the Indian Ocean  (Pomilla & Rosenbaum, 

2005), representing a trans-oceanic migration event. Several large ocean-wide studies based upon 

the analysis of thousands of skin biopsies have utilized genetic tagging both to estimate abundance 

and to map seascape use, in particular in humpback whales (Palsbøll et al., 1997a).  
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The identification of closely related individuals enables insights into mating strategies, i.e., 

by paternity analysis (e.g., Krützen et al., 2004; Wiszniewski et al., 2012), pod structure (Pilot et 

al., 2010) and even abundance (Palsbøll et al., 2010). In general, it is assumed that most species 

evolve towards behaviors that prevent excessive inbreeding, which may lead to a reduction in 

average population fitness due to inbreeding depression. Long-term studies of several odontocete 

species, e.g., killer whales and bottlenose dolphins, Tursiops truncates (Amos et al., 1993; Gero et 

al., 2005; Pilot et al., 2010) revealed that most individuals, including mature males, stay within their 

natal pod their entire life. This kind of social structure could lead to excessive inbreeding if mature 

(and presumably closely related) individuals from the same pod were to mate with each other. Amos 

and colleagues (1991; 1993) investigated this specific aspect in long-finned pilot whales, 

Globicephala melas. Employing genetic estimates of relatedness among aged (using the dentine 

layers in sectioned teeth) individuals from entire pods the authors affirmed that all individuals in a 

single pod were essentially part of the same extended matrilineal family (Amos et al., 1993). In 

contrast, using paternity exclusion, none of the mature males in a pod sired other pod members 

(Amos et al., 1991). In addition, it appeared that pod members that were part of the same age cohort 

had been sired by a few, but closely related, males. Amos and colleagues (1993) concluded that the 

estrous females in a pod probably mate with a few males that were “visiting” from another pod. The 

males subsequently returned to their natal pod after mating is completed. Since such visiting males 

would be related (i.e., part of the same maternal pod), the findings would explain why calves of the 

same age cohort appeared to be sired by a few, closely related males. Later work in other species 

with similar pronounced matrilineal pod structure (e.g., killer whales) have yielded similar findings, 

i.e., that pods appear to represent extended matrilineal families, but mating appear to take place 

between individuals from different pods (Hoelzel et al., 1998). Several studies, particularly in 

pinnipeds, have suggested mate preference for individuals that are genetically diverse and/or 

dissimilar (Amos et al., 2001; Hoffman et al., 2007). All the above studies have reported findings 

that are consistent with the evolution of behaviors that presumably maximize outbreeding. 

 

Estimating current and past abundance  

Given the intensive human overexploitation of many marine mammal species, it is perhaps 

not surprising that several studies have attempted to infer historic abundance and the rate of decline 

from genetic data. The degree and distribution of genetic variation within and among con-specific 

individuals is a product of past (and current) population sizes and migration rates, although such 

inferences require a number of highly simplistic assumptions (Palsbøll et al., 2013). In general, such 

genetic assessments of historic abundance in large whales (Roman & Palumbi, 2003; Alter et al., 
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2007; Ruegg et al., 2013) and pinnipeds (Hoffman et al., 2011) have been consistent with the notion 

of a recent drastic decline due to human exploitation. In some cases, the historic abundance inferred 

from the amount of genetic variation in contemporary populations has been much higher than 

indicated by other approaches (e.g., demographic modeling). The discrepancies in inferred historic 

abundances may be due to a wide range of differences (and violations) of assumptions underlying 

each estimation approach. Perhaps the most common source of discrepancies lies with the time 

“point” that an estimate of historic abundance applies to, which for most genetic assessment is very 

wide, likely representing a mean across many hundreds to thousands of generations (depending on 

the approach used). Since there is a considerable temporal lag between a demographic change, and 

the corresponding change in genetic diversity, it is often challenging to assign a genetic-based 

historical abundance estimate to a specific, narrow timeframe (e.g., just prior to the onset of human 

exploitation). For similar reasons, it is also difficult to detect a very recent demographic change 

from the current degree and nature of genetic variation; unless the decline was very large (Fontaine 

et al., 2012). 

 

Population genetic structure and units of conservation 

One key application of genetic analyses is for management and conservation, especially to 

delineate populations or management units (Dizon et al., 1992; Moritz, 1994). In other words, many 

genetic assessments have been aimed toward detecting a spatial and/or temporal heterogeneous 

structure in the genetic variation within species. Typically, heterogeneity in genetic variation among 

con-specific individuals across the seascape is inferred as evidence for reduced dispersal and 

consequently population substructuring, where each homogenous set of samples often are equated 

with a management unit (Dizon et al., 1992; Moritz, 1994). The identification of management units 

is important in order to direct monitoring efforts at the proper temporal and spatial scale, thereby 

hopefully facilitating the early detection of possible endangerment and facilitate local recovery. The 

application of genetics and genomics toward delineating populations and/or management units has 

a long tradition in marine mammals (Banguera-Hinestroza et al., 2002; Clapham et al., 2008; 

Bilgmann et al., 2014). However, translating what are essentially abstract population genetic 

concepts and entities into real-life ecological processes and management units is far from trivial 

(Waples & Gaggiotti, 2006; Palsbøll et al., 2007). These applications of genetics and genomics, also 

outside marine mammals, are currently undergoing substantial debate and revision in order to 

develop concepts and analytical approaches where the underlying assumptions and estimates 

obtained from genetic and genomic data are better aligned with the general time frames and effect 

sizes of relevance to ecology and conservation. 
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The recent application of genomics to the study of marine mammals 

Most of the examples above were based on studies that utilized relatively few genetic 

markers due to experimental restrictions in the methodologies employed available at the time. The 

development of massive parallel DNA sequencing methods during the last 1-2 decades has enabled 

the sequencing of entire genomes, i.e., the generation of several orders of magnitude more data. The 

vast amounts of unbiased, genome-wide data should, in principle, make inferences more robust to 

potential biases arising from a small, nonrepresentative “sample” of a genome (Hoffman et al., 

2014). The complete genome has been published for several marine mammal species already (Zhou 

et al., 2013; Liu et al., 2014; Yim et al., 2014; Foote et al., 2015; Keane et al., 2015; Humble et al., 

2016), and many more are underway, making marine mammals unique among mammals in terms 

of available, well-covered genome sequences. These genomic data have facilitated novel and 

detailed insights into the evolution and ecology of marine mammals (Liu et al., 2014; Tsagkogeorga 

et al., 2015). 

Although genomic analyses have been applied to several different species of marine 

mammals, the killer whale is the species in which most genomic data have been generated and 

analyzed so far (Foote et al., 2016). Accordingly, the work in killer whales provides a nice 

illustration of the kind of inferences that may be drawn from genomic-level data. Most of the works 

in killer whales have been aimed at the timing and adaptations resulting in divergence into different 

ecotypes in this species. The division of killer whales into different ecotypes is largely based upon 

dietary differences (Ford et al., 1998). Some killer whale ecotypes prey exclusively upon fish, while 

others prey mainly on pinnipeds and/or large whales. In some cases, different ecotypes are 

morphologically distinguishable, such as in the Antarctic. Genetic studies have focused on whether 

the same ecotype arose independently in different ocean basins and whether the evolution into 

different ecotypes coincided with specific adaptations, i.e., as a consequences of the difference in 

diet (Ford et al., 1998; Hoelzel et al., 2007; Foote et al., 2011b). These studies have utilized the 

entire gamut of genetic data ranging from genotypes collected at a dozen microsatellite loci and 

mitochondrial control region DNA sequences (Hoelzel et al., 1998; Chivers et al., 2007), complete 

mitochondrial genome sequences (Morin et al., 2010; Foote et al., 2011b) as well as complete and 

reduced genome data (Moura et al., 2014; Foote et al., 2016). The first kind of “genomic” studies 

in killer whales were based upon sequencing the complete mitochondrial genome (~16,500 

nucleotides), as opposed to the 300 - 500 nucleotides of the mitochondrial control region, which is 

common to most marine mammal genetic studies. Morin and colleagues (2010) presented an 

analysis of 139 complete mitochondrial genome sequences from different ecotypes in multiple the 
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North Pacific, Antarctic as well as the North Atlantic. These authors concluded that the mammal 

and fish eating ecotypes had arisen multiple times and independently within each ocean basin. 

Subsequent analyses based upon reduced representation genome data (Moura et al., 2015), as well 

as an analysis of 50 complete, but low coverage, killer whale genome sequences (Foote et al., 2016), 

essentially confirmed the results inferred from previous data albeit with higher levels of precision 

as well insights into the dynamics of past demographic changes. Foote and colleagues (2016) 

concluded that the radiations of killer whales, leading to the present ecotypes, occurred recent and 

during the last 250,000 years. The founding populations went through severe bottlenecks, 

presumably due to a small number of individuals that became the ancestors of novel ecotypes in 

new habitats. These initial small populations diverged rapidly genetically, presumably due to a 

combination of random effect (caused by the small ancestral populations), cultural cohesion of 

ecotypes and adaptations due to diet specialization (Foote et al., 2016). The analyses included an 

assessment of genes subjected to an above-genome-average rate of changes in key enzymes between 

mammal and fish eating ecotypes.  In the two mammal eating ecotypes, the candidate enzyme-

coding genes and processes identified as under positive selection were associated with the regulation 

of methionine metabolism. The observed changes in the inferred enzyme structure were interpreted 

by the authors as selection for coping with infrequent rich sources of dietary methionine (i.e., from 

mammal predation), which, in turn, would result in an additional selective pressure on methionine 

metabolism compared to ecotypes that feed more regularly, i.e., upon fish (Foote et al., 2016). Other 

genes under apparent selection were involved in lipid metabolism presumably due to preying on 

marine mammals which have substantial lipid stores. A similar finding was previously reported in 

an  analysis of polar bear genome sequences (Liu et al., 2014), suggesting some degree of convergent 

adaptation driven by a diet mainly based upon marine mammals. 

 

Convergent evolution among marine mammal lineages 

The question of convergent evolution among marine mammal lineages (and even among 

echolocating mammals) has also been investigated by comparative genomics, in a manner similar 

to the killer whale analyses (Foote et al., 2015). The three main lineages of marine mammals, i.e., 

the cetaceans, pinnipeds and sirenians, each represents an independent “return” by a terrestrial 

mammal lineage into the marine environment resulting a triplicated, evolutionary scale experiment 

of convergent evolution in mammals when subjected to a marine existence. Foote and coworkers 

(2015) sequenced and assembled the genome sequence from a killer whale, a bottlenose dolphin, a 

walrus (Odobenus rosmarus) and a West Indian manatee (Trichechus manatus latirostris). A 

comparative analysis of the protein-coding regions in these four genomes with terrestrial mammal 
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genomes revealed a number of changes in the three marine mammal genomes that displayed signs 

consistent with positive selection. Approximately 1% of these changes were identified in two or 

more marine mammal lineages, suggesting convergent evolution among the three marine mammal 

lineages. It is worth noting that the analysis was conservative, i.e., very stringent in terms of what 

constituted a so-called convergent mutation. The inferred gene function of the regions that appeared 

subject to convergent positive selection included genes involved in bone formation, cardiac muscle 

development and blood coagulation; all traits which possibly could be important in terms of adapting 

to diving and a denser medium (i.e., water compared to air). An interesting outcome of the study 

was the observation that the rate of convergent positive selected substitutions was higher among the 

terrestrial mammal genomes relative to the rates observed among the marine mammal genomes.  

Our last example, in this overview, will be of the apparent convergent evolution of 

echolocation in two very diverse and taxonomically divergent groups of mammals: bats and 

odontocetes A fundamental question is whether such a complex trait could have evolved in a 

convergent manner due to similar selective pressures, i.e., a similar rationale for convergent 

evolution across different lineages of marine mammals as described above. In both bats and 

odontocetes some species have evolved echolocation, which led Parker and colleagues (2013) to 

compare 2,326 coding DNA sequences across 22 mammal species, including bats and odontocetes 

(the common bottlenose dolphin). The authors found strong support for convergence in the same 

genes and direction among echolocating bats and the dolphin, and to the exclusion of 

nonecholocating bats. The genes inferred as subjected to (negative and positive) selection included 

numerous genes linked to hearing or deafness, which were presumed to play a role in the evolution 

of echolocation. In addition, genes linked to vision also showed signs of convergent evolution. In 

general, the degree of convergence in many sensory genes was found to correlate with the inferred 

strength of natural selection.  

 

A final note of caution 

The examples above have illustrated several uses of genetic and genomic analyses to 

elucidate the past and present status and evolution of marine mammals, both in terms of selection 

and subsequent adaptation as well as demographic changes in relation to diversification, climate 

change and human exploitation. However, we would like to end on a note of caution. Genetic 

(including genomic) analysis has had a wide and fundamental effect upon the entire field of biology 

and medicine. The power of modern DNA-based analyses, coupled with genomic scale data and 

recently in silico inferences about gene function, is truly impressive and has permeated biology and 

medicine over just a few decades. In the vast majority of studies, the reported results essentially 
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comprised of statistical significant correlations/signals detected using models of inference that are 

based upon highly simplistic assumptions about how populations, species and genes are structured 

and evolve. This is particularly true for difficult-to-study, nonmodel organisms such as marine 

mammals. The result is that most of the conclusions are more appropriately labeled as hypotheses, 

i.e., one (of several) possible explanations that are consistent with the findings of the particular 

study. Consequently, these hypotheses should ideally be subjected to subsequent rigorous and 

specific tests before the proposed explanation of the observed results is deemed to be correct. In 

many cases, such additional testing will require other experiments (e.g., controlled breeding or 

common garden experiments), which are difficult or impossible to conduct in marine mammals. In 

several cases, new experimental or analytical methods have significantly changed previous findings 

of earlier studies, which at the time of publication represented the state-of-the-art. There are several 

notable examples, which were published in leading journals at the time. One older example was the 

finding that sperm whales were more closely related to baleen whales than other odontocetes 

(implying that baleens and not teeth is the ancestral character) which has since been proven incorrect 

(Cerchio & Tucker, 1998; Nikaido et al., 2001). Another example is the estimation of prewhaling 

abundance of North Atlantic humpback whales at 265,000 humpback whales (Roman & Palumbi, 

2003), which was vastly above the historic abundance at 25,000–40,000 inferred using other data 

sources and approaches. Subsequent data analyses and adjustments of mutation rates, by the same 

authors, yielded estimates at less than half the original estimate (Alter & Palumbi, 2009; Ruegg et 

al., 2013).  

The convergent evolution of echolocation among echolocating bats and the common 

bottlenose dolphin has been questioned by Thomas and Hahn (2015). Thomas and Hahn’s (2015) 

reanalysis revealed no excess convergence between echolocating bats and the bottlenose dolphin; 

they found that the degree of differentiation between these diverse taxa were well within 

expectations under a model of zero evolutionary convergence. 

In closing, the field of genetics (including genomics) has contributed substantially to our 

understanding and conservation of marine mammals. The extremely rapid advances of the field of 

genetics in general, and of genomics in particular, have brought several new and exciting hypotheses 

forward in terms of the ecology and evolution of marine mammals. However, living at the “cutting 

edge”, scientifically and experimentally, harbors the risk of prematurity- and only through the test 

of time with complementary data and analyses will we eventually be able to establish which of the 

new and exciting hypotheses emerging from the recent genomic studies are confirmed. 
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3		 	
Inferring	past	demographic	changes	from	

contemporary	genetic	data:	a	simulation-

based	evaluation	of	the	ABC	methods	

implemented	in	DIYABC	
 
 
Cabrera, A. A. & Palsbøll, P. J 
 

Inferring the demographic history of species and their populations is crucial 
to understand their contemporary distribution, abundance, and adaptations. The 
high computational overhead of likelihood-based inference approaches severely 
restricts their applicability to large data sets or complex models. In response to these 
restrictions, Approximate Bayesian Computation (ABC) methods have been 
developed to infer the demographic past of populations and species. Here we present 
the results of an evaluation of the ABC-based approach implemented in the popular 
software package DIYABC using simulated data sets (mitochondrial DNA sequences, 
microsatellite genotypes and single nucleotide polymorphisms). We simulated 
population genetic data under five different simple, single-population models to 
assess the model recovery rates as well as the bias and error of the parameter 
estimates. The ability of DIYABC to recover the correct model was relatively low 
(0.49): 0.6 for the simplest models and 0.3 for the more complex models. The 
recovery rate improved significantly when reducing the number of candidate models 
from five to three (from 0.57 to 0.71). Among the parameters of interest, the effective 
population size was estimated at a higher accuracy compared to the timing of events. 
Increased amounts of genetic data did not significantly improve the accuracy of the 
parameter estimates. Some gains in accuracy and decreases in error were observed 
for scaled parameters (e.g., Neµ) compared to unscaled parameters (e.g., Ne and µ). 
We concluded that DIYABC-based assessments are not suited to capture a detailed 
demographic history, but might be efficient at capturing simple, major demographic 
changes. 
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Introduction 

 

Inferring the demographic history of con-specific populations is fundamental to our 

understanding of the impacts of past environmental and anthropogenic changes upon the 

distribution, abundance and adaptations of contemporary populations (Girod et al., 2011; Lorenzen 

et al., 2011).  The demographic history can be inferred from the fossil record (e.g., Newbrey & 

Ashworth, 2004; Parducci et al., 2005). However, the collection of fossils (e.g., animal remains, 

pollen, environmental DNA) from historic populations is often challenging or impossible. 

Alternatively, the demographic history can be inferred from contemporary genetic data (Avise, 

2004; Marjoram & Tavare, 2006; Lawton-Rauh, 2008). 

Most population genetic approaches, aimed at inferring demographic history, utilize 

likelihoods (Griffiths & Tavare, 1994) and typically rely upon classical population genetic or 

coalescent theory in combination with Markov Chain Monte Carlo sampling (Beaumont & Rannala, 

2004; Csillery et al., 2010). Likelihood-based methods are implemented in a variety of software, 

such as BATWING (Wilson & Balding, 1998; Wilson et al., 2003), MSVAR (Beaumont, 1999), IM 

and IMa (Hey & Nielsen, 2004b; Hey & Nielsen, 2007), LAMARC (Kuhner, 2006), VarEff (Nikolic 

& Chevalet, 2014) and BEAST (Drummond & Rambaut, 2007). The aforementioned approaches 

differ mainly in the assumptions they make regarding the underlying demographic model and the 

mutational processes generating genetic variation (Girod et al., 2011). However, the high 

computational overhead of likelihood-based approaches imposes severe constraints upon the 

amount of data and the complexity of the underlying models in the analysis. Although these 

computational issues might appear trivial, most current implementations of likelihood-based 

approaches are incapable of accommodating the large data sets emerging from the massively parallel 

sequencing methods (Marjoram & Tavare, 2006; Sunnaker et al., 2013). Consequently, the above 

issue has spurred the development of approximate, as opposed to full likelihood, methods capable 

of accommodating large data sets and complex models (Marjoram & Tavare, 2006). One popular 

implementation of such approximate methods is Approximate Bayesian Computation (ABC, 

Beaumont et al., 2002). 

ABC is a Monte Carlo-based approach of approximate Bayesian statistical inference which 

employ summary statistics to estimate the posterior probability of a specific hypothesis, i.e., a 

specific combination of parameter values (Beaumont et al., 2002). ABC approach was first 

introduced to population genetics by Beaumont et al. (2002), and has gained in popularity, in part 
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due to the lower computational overhead enabling the analysis of larger data sets and more complex 

models (Beaumont et al., 2002; Aeschbacher et al., 2012).  

A “generic” ABC-based estimation is comprised of the following steps (Csillery et al., 2010; 

Sunnaker et al., 2013): (i) an input parameter value is sampled at random from a pre-specified prior 

probability distribution and used to simulate data sets. (ii) Selected summary statistics are computed 

from the simulated data. (iii) The summary statistic values computed from the simulated data are 

compared to the summary statistic values computed from the empirical data. (iv) The input 

parameter value is retained if the simulated summary statistics are deemed close to the summary 

statistics of the empirical data. (v) Once a pre-specified number of simulated data sets have been 

retained, a posterior probability distribution is approximated from the distribution of accepted input 

parameter values. 

During recent years, the use of ABC-based approaches has increased in population genetics 

to infer demographic history (e.g., Rovito, 2010; Hoffman et al., 2011; Lombaert et al., 2011; Row 

et al., 2011; Fontaine et al., 2012; Nadachowska-Brzyska et al., 2013; Phillips et al., 2013). Several 

software packages implement ABC approaches, such as DIYABC (Cornuet et al., 2008), 

ONeSAMP (Tallmon et al., 2008), PopABC (Lopes et al., 2009), ABC-SysBio (Liepe et al., 2010), 

ABCtoolbox (Wegmann et al., 2010), and several R-Cran packages (R-Development-Core-Team, 

2013), such as ‘abc’ (Csillery et al., 2012) or “EasyABC” (Jabot et al., 2013). However, the 

assessment of the performance of these implementations of ABC to infer demographic history has 

so far been relatively limited (e.g., Cornuet et al., 2008; Cornuet et al., 2010; Robert et al., 2011; 

Pelletier & Carstens, 2014). The choice of which ABC implementation to employ depends upon the 

available computational resources, the nature of the molecular data and the complexity of the 

estimation. DIYABC is one of the most commonly employed ABC-based software, has a user 

friendly graphical interface and executables for all major operating systems, such as, Microsoft 

Windows™, Linux and OS X™. DIYABC enables the comparison of multiple complex historical 

models and accommodates (in a single estimation) commonly employed molecular data types 

(Cornuet et al., 2008; Cornuet et al., 2014). Cornuet and coworkers conducted an evaluation of 

DIYABC regarding model selection and parameter estimation of the effective population sizes, 

population divergence time and admixture rates from microsatellite genotypes. Employing a single 

replicate per demographic model, the authors concluded that DIYABC performed well, i.e., the 

“true” model was recovered at high rates and the estimates of the effective population size and 

admixture rates were accurate. However, the assessment also revealed some degree of bias in the 

estimates of temporal parameters, particularly the timing of the most recent event. In a subsequent 

assessment, Cornuet et al. (2010) looked at the effects of combining nuclear microsatellite 
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genotypes, mitochondrial DNA sequences and/or nuclear autosomal DNA sequences. The 

assessment reveled substantial differences in model recovery rates among different molecular data 

types. In line with expectations, data sets including data from different molecular data types 

performed comparatively better (Cornuet et al., 2010). The assessments undertaken by Cornuet et 

al., (2008; 2010) revealed some bias in the estimation of key parameters, which was inferred by the 

authors to stem from differences in the degree of “informativeness” among different molecular data 

types.   

A common use of ABC approaches (DIYABC in particular) is to assess past population size 

changes in a single isolated population. Inferences regarding past population size changes from 

contemporary population genetic data has been widely employed to assess the effects of past 

environmental changes, such as the most recent glaciations (e.g., O'Corry-Crowe, 2008; Bisconti et 

al., 2011; González-Wevar et al., 2013) and impacts of human exploitation (e.g., Hoffman et al., 

2011; Fontaine et al., 2012). Here, we presented the results of an evaluation of DIYABC’s ability 

to recover past population demographic events as well as the accuracy and error of the targeted 

parameter estimates (i.e., effective population size (Ne), time of population size changes (T), and 

mutation rates (µ)). We aimed specifically at population size changes in the relatively distant past, 

i.e., during the Last Glacial Maximum (LGM) some 26,500 to 15,000 years ago (Clark et al., 2009), 

which has been the target of many studies. The climatic and ecological changes during and after the 

LGM have exerted significant and lasting effects upon the distribution and levels of genetic diversity 

we observe in contemporary populations across a wide range of habitats (Hewitt, 1996, 2000; 

Hofreiter & Stewart, 2009; Rovito, 2010; Fontaine et al., 2012; Cahill et al., 2013; Nadachowska-

Brzyska et al., 2013). We simulated data representing the three most commonly employed molecular 

data types in DIYABC-based estimations (mitochondrial DNA sequences, microsatellite genotypes 

and single nucleotide polymorphism (SNP), e.g., Rovito, 2010; Lombaert et al., 2011; Fontaine et 

al., 2012; Lippens et al., 2017) under five different, and increasingly complex models of past 

population size changes. 

 

Methods 

 

We simulated data sets of population genetic data under five different demographic models. 

These population genetic data sets were subsequently employed to evaluate the ability of DIYABC 

to recover past demographic events and estimate the parameter values of interest. 
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Generation of pseudo-empirical data sets  

Simulated data was generated under five different demographic models including growing, 

declining, and stable populations. The changes in population size were modeled to have taken place 

during the LGM in the Northern Hemisphere (Clark et al., 2009). The five models were: (CON) 

constant population size, (DEC) a single instantaneous decrease in population size, (INC) a single 

instantaneous increase in population size, (INCDEC) a single instantaneous increase followed by a 

single instantaneous decrease in population size, and finally (DECINC) a single instantaneous 

decrease followed by a single instantaneous increase in population size (Figure 1, Table 1). In the 

case of the models DEC and INC, the change in population size occurred after the LGM (i.e., 

approximately 11,250 years ago), and in the case of the models INCDEC and DECINC the changes 

in population size occurred just before and after the LGM (i.e., approximately 22,500 and 11,250 

years ago respectively). We employed a generation time of 15 years, i.e., in the range of generation 

times estimated for large, long-lived mammals, such as marine mammals and primates (e.g., Pacifici 

et al., 2013).  

Figure 1. Schematic representation of the demographic models evaluated. The areas of the 
figures represent changes in population size through time. Effective population size (Ne) is 
represented by Ni (i.e., N0(1-5), N1l2, N1s3, N1l4, N2s4, N1s5, and N2l5). Most recent events are at the top 
of the figure. The time, T, (in number of generations) when a demographic change occurred is as Ti 

(TT(2-3), T1(4-5) and T2(4-5)). 
 
 

Each simulated data set was comprised of a sample of 100 individuals from one single 

panmictic population using DIYABC v. 2.0.4 (Cornuet et al., 2008; Cornuet et al., 2014). The 

simulated data sets were comprised of either: (i) mitochondrial (haploid) DNA sequences of 450 
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nucleotides; (ii) 20 diploid microsatellite genotypes; (iii) a combination of 20 diploid microsatellite 

genotypes and mitochondrial DNA sequences of 450 nucleotides; or (iv) 1,000 SNP genotypes. The 

mutation model and rates used to simulate each molecular data type are listed in Table 2. The values 

are similar to those estimated for large mammals (Hasegawa et al., 1985; Dallas, 1992; Tamura & 

Nei, 1993; Weber & Wong, 1993; Reyes et al., 1998; Schlötterer et al., 1998; Excoffier & Yang, 

1999; Pesole et al., 1999; Estoup et al., 2002; Carapelli et al., 2008; Santos et al., 2008). Nuclear 

genotypes were unlinked and selectively neutral.  

In order to evaluate the effect of effective population size and different proportional changes 

in effective population size, we simulated two or three different combinations of Ne for each 

demographic model (two for the models INCDEC and DECINC and three for the models CON, 

DEC, and INC, denoted as submodels A to M in Table 1). Ten replicated simulated data sets were 

generated for each combination of molecular data types (four combinations, i to iv above, Figure 2) 

and Ne (13 in total, submodels A to M above, Figure 2). In total, this amounted to 520 simulated 

data sets. Below we refer to these simulated data sets as the “pseudo-empirical” data sets.  

 

Figure 2. Schematic representation of the 
pseudo-empirical data sets generated per 
demographic model and genetic data set 
combination. The first column represents 
the demographic model evaluated. The 
CON model is used as an example. The 
second column represents the different Ne 
evaluated. We referred to these 
combinations of Ne as submodels in the 
text. The third column represents the 
different genetic data sets evaluated: 
mitochondrial DNA sequences (MIT), 
microsatellite genotypes (MIC), a 
combination of mitochondrial DNA 
sequences and microsatellite genotypes 
(MITMIC) and SNP genotypes (SNP). For 
each combination of genetic data set per 
demographic model, ten simulated data sets 
were generated. The models CON, DEC 
and INC have the same schematic 
representation. The models INCDEC and 
DECINC have only two submodels. N01 is 
the effective population size.  
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Defining hypothesized models, prior information and summary statistics  

The model selection and parameter estimations for each pseudo-empirical data set was 

conducted employing DIYABC v.2.0.4 (Cornuet et al., 2014) following the procedure common to 

most published studies based upon DIYABC (e.g., Lombaert et al., 2011; Fontaine et al., 2012; 

Louis et al., 2014a). The five models, which guided the generation of the pseudo-empirical data sets 

(i.e., CON, DEC, INC, INCDEC, DECINC in Figure 1), were employed as candidate models during 

the DIYABC estimations. The prior distributions for the demographic and genetic parameter 

estimations are listed in Table 3 and 4, respectively. Employing the same simulation software to 

both generate and analyze the pseudo-empirical data implies that the pseudo-empirical data sets 

represent the best-case scenario. In other words, empirical data sets collected from natural 

populations that have undergone demographic changes similar to those simulated in our assessment, 

are likely subject to greater uncertainty and bias compared to the “pseudo-empirical” data employed 

in this study.  

 

Table 1. Demographic models and model parameterization for the generation of the “pseudo-
empirical data sets” 

P
a

ra
-

m
et

er
s Model 1: CON  Model 2: DEC  Model 3: INC  

Model 4: 
INCDEC 

 
Model 5: 
DECINC 

A B C  D E F  G H I  J K  L M 

N0 (1-5) 100 1,000 10,000  100 1,000 100  10,000 10,000 1,000  100 1,000  10,000 10,000 

N1l2     10,000 10,000 1,000           

N1s3         100 1,000 100       

N1l4             10,000 10,000    

N2s4             100 1,000    

N1s5                100 1,000 

N2l5                10,000 10,000 

TT(2-3)     750 750 750  750 750 750       

T1(4-5)             750 750  750 750 

T2(4-5)             1,500 1,500  1,500 1,500 

Models are based on the five demographic models shown in Figure 1. N0 is the current effective population 
size. N1b, N1s, N1bA, N2sA, N1sB, and N2bB are historical effective population sizes.  TT, T1, T2:  time in 
generations (Assuming a generation time of 15 years, TT and T1 emulate an event after the LGM, 11,250 
years ago, and T2 emulates an event before the LGM, 22,500 years ago). Letters A to M represent different 
parameters of the demographic models that were evaluated. 
 

The summary statistics employed in ABC estimation are tabulated in Table 4 by molecular 

marker type. The selected summary statistics were those typically used in previous empirical studies 

(e.g., Lombaert et al., 2011; Fontaine et al., 2012; Louis et al., 2014a). 
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ABC computation 

As the basis for the ABC estimation, we generated 106 simulated data sets for each 

demographic model and combination of parameter values from prior distributions as described 

above. The 104 prior parameter value combinations which yielded summary statistics closest to the 

values estimated from the pseudo-empirical data set were retained and the posterior probability 

distributions were estimated (Beaumont et al., 2002; Cornuet et al., 2008). These 104 retained 

simulations represented the default and fixed threshold value of 0.01 in DIYABC. The posterior 

probability distributions were employed for the model selection and parameter estimation. In our 

assessment, we treated the model selection and the parameter estimation as two separate 

assessments. 

 

Table 2. Mutation model parameterization for the generation of the “pseudo-empirical data 
sets” 

Autosomal microsatellite genotypes Mitochondrial DNA sequences SNP genotypes 

Mutation model GSM Mutation model HKY 

No mutation model 
parameterization was 
required for SNPs. 
Polymorphism was 
assumed to result from a 
single mutation during the 
whole population gene 
tree and that SNPs were 
biallelic (Cornuet et al., 
2014). 

MEAN-µMIC 1.00E-04 MEAN-µMIT 5.00E-06 

INDL-µMIC GA[1E-5, 1E-3, 2] INDL-µMIT GA[1E-7,1E-5, 2] 

MEAN-P 0.22 MEAN-K1 10 

INDL-P GA[0.01, 0.9, 2] INDL-K1 GA[0.05, 20, 2] 

MEAN-SNI 1.00E-08 % invariable sites 80 

INDL-SNI GA[1E-9,1E-04, 2] Shape 2 
    

  Nucleotide 
composition 

30% A, 20% C, 20% 
G, 30% T 

The mutation model parameters of the autosomal microsatellite genotypes were the mutation rate (µMIC) per 
locus per generation, the parameter determining the shape of the gamma distribution of individual genotypes 
mutation rate (P), and the single insertion nucleotide rate (SNI). The mutation rate of the microsatellite 
genotypes was based on published mutation rate estimates for mammals, which are in the range of 10-3 to 10-

5 per locus per generation (Dallas, 1992; Weber & Wong, 1993). The length and nucleotide composition of 
the mitochondrial DNA sequences were simulated based on commonly used values for the mitochondrial 
DNA control region or D-loop (Reyes et al., 1998; Carapelli et al., 2008). The mutation model parameters 
for the mitochondrial DNA sequences were the mutation rate (µMIT) in substitution per site per generation, 
the transition/transversion ratio (K1) parameter, the fraction of constant sites (% invariable sites) and the 
shape of the gamma distribution of mutations among sites (Shape). HKY is the Hasegawa-Kishino-Yano 
model (Hasegawa et al., 1985). GSM is the generalized stepwise mutation model (Estoup et al., 2002). The 
mutation rate value of the mitochondrial DNA sequences is within the range of mutation rates found in 
literature for the control region of the mitochondrial DNA in mammals (Tamura & Nei, 1993; Excoffier & 
Yang, 1999; Pesole et al., 1999; Santos et al., 2008). MEAN denotes mean value of the parameter and INDL 
denotes the individual locus value with a gamma distribution (GA) around mean. Inside brackets are the 
minimum, maximum and shape of the parameter. Sex ratio for all simulated populations was 0.5. 
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Model selection and assessment of the confidence of the recovered model 

The posterior probability for each demographic model was estimated from the polytomous 

weighted logistic regression (Beaumont, 2008) from which the point estimate and the 95% 

confidence interval was computed for each candidate model as described by Cornuet et al. (2008). 

The most probable demographic model was deemed successfully recovered if the maximum 

posterior probability of the model was excluded from the 95% confidence intervals estimated for all 

other candidate models (Cornuet et al., 2008). The model recovery was classified as “undefined” in 

those cases where the above criterion failed. The model selection was conducted twice for each 

pseudo-empirical data set, i.e., with three (CON, DEC and INC) or five (CON, DEC, INC, INCDEC, 

DECINC) candidate models, resulting in a total number of assessments at 1,040. 

 

Table 3. Demographic models and model parameterization in the ABC analysis 

Parameters 
Model 1:  

CON 
Model 2:  

DEC 
Model 3:  

INC 
Model 4: 
INCDEC 

Model 5:  
DECINC 

N0(1-5) UN[100, 200,000] UN[100, 200,000] UN[100, 200,000] UN[100, 200,000] UN[100, 200,000] 

N1l2  UN[100, 200,000]    

N1s3   UN[100, 200,000]   

N1l4    UN[100, 200,000]  

N2s4    UN[100, 200,000]  

N1s5     UN[100, 200,000] 

N2l5     UN[100, 200,000] 

TT(2-3)  UN[100, 2,000] UN[100, 2,000]   

T1(4-5)    UN[100, 1,000] UN[100, 1,000] 

T2(4-5)    UN[1,000, 2,000] UN[1,000, 2,000] 

According to models from Figure 1: N0, N1l2, N1s3, N1l4, N2s4, N1s5, and N2l5 most recent and historical effective 
population sizes.  TT(2-3), T1(4-5) and T2(4-5), time in generations. UN: uniform distribution with a minimum and 
maximum parameter inside brackets. 
 

 

We estimated the classification error (referred to as the type I error in DIYABC) and the 

misclassification error (referred to as the type II error in DIYABC) from 500 pseudo-observed data 

sets (hereafter named pods) for each candidate demographic model (Cornuet et al., 2010). The pods 

(i.e., simulated data sets for which we knew the true values of the parameters) were simulated from 

the initial prior distributions and compared against the original 106 ABC simulated data sets to 

calculate the posterior parameter distributions. The classification error was estimated as the 

proportion of pods among which the true model was incorrectly excluded. The misclassification 

error was estimated as the proportion of pods among which an incorrect model was recovered. 
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Parameter estimation, bias and error 

We estimated both unscaled (i.e., Ne, T and µ) and scaled (i.e., Neµ  and Tµ) parameters 

(Beaumont et al., 2002; Cornuet et al., 2008; Cornille et al., 2012) for 200 pseudo-empirical data 

sets of the 540, i.e., ten replicated data sets for five demographic models (submodels B, E, H, K and 

M, in Table 1) and four combinations of genetic data set. The five selected demographic models 

represented a single value of Ne per demographic model. In order to assess the accuracy and error 

of the parameter estimates, we compared the estimated values against the input parameter values 

used to generate the pseudo-empirical data sets (Table 1, supplementary material Figure S1.A and 

Tables S1.A-S1.E).  

 

Table 4. Mutation model parameterization and summary (test) statistics considered in the 
ABC analysis 

Mutation model parameterization and summary statistics 

Microsatellite genotypes Mitochondrial DNA sequence SNP genotypes 

Mutation 
model GSM Mutation model HKY No mutation model 

was required 

MEAN-µMIC UN[1.0 E-5, 1.0 E-3] MEAN-µMIT UN[1.00E-7,1.00E-5]  

INDL-µMIC GA[1.00E-5, 1.00E-2, 2] INDL-µMIT GA[1.00E-7,1.00E-5,2]  

MEAN-P UN[0.1, 0.3] MEAN-K1 UN[0.050,20]  

INDL-P GA[0.01, 0.9, 2] INDL-K1 GA[0.050,20,2]  

MEAN-SNI LU[1.00 E-9, 1.00E-4] % invariable sites 80  

INDL-SNI GA[1.00 E-9, 1.00 E-4, 2] Shape 2  

Summary (test) statistics: (i) mean genetic 
diversity across loci (Nei, 1987), (ii) mean 
number of alleles across loci, (iv) mean of 
Garza-Williamson’s (M) index across loci 
(Garza & Williamson, 2001) and (iii) mean 

allele size variance across loci 

Summary (test) statistics: (i) number of distinct 
haplotypes, (ii) number of segregating sites, (iii) mean 

pairwise difference, (iv) variance of the number of 
pairwise differences, (v) Tajima’D statistics (Tajima, 

1989), (vi) private segregating sites (vii)  mean of 
numbers of the rarest nucleotide at segregating site and 

(viii) variance of numbers of the rarest nucleotide at 
segregating sites. 

Summary (test) 
statistics: (i) 

proportion of zero 
values, (ii) mean of 

non-zero values, (iii) 
variance of non-zero 
values and (iv) mean 

of complete 
distribution. 

The mutation model parameters of the autosomal microsatellite genotypes were the mutation rate (µMIC) per 
locus per generation, the parameter determining the shape of the gamma distribution of individual loci 
mutation rate (P), and the single insertion nucleotide rate (SNI). The mutation model parameters for the 
mitochondrial DNA sequences were the mutation rate (µMIT) in substitution per site per generation, the 
transition/transversion ratio (K1) parameter, the fraction of constant sites (% invariable sites) and the shape 
of the gamma distribution of mutations among sites (Shape). HKY is the Hasegawa-Kishino-Yano model 
(Hasegawa et al., 1985). GSM is the generalized stepwise mutation model (Estoup et al., 2002).  MEAN 
denotes mean value of the parameter and INDL denotes the individual locus value. GA: gamma distribution 
around mean. UN: uniform distribution. LU: Log-uniform distribution. Inside brackets are the minimum and 
maximum in uniform distributions and minimum, maximum and shape of the parameter in gamma 
distribution. 
 
 

The accuracy and error of the parameter estimates was estimated for 20 pseudo-empirical 

data sets, i.e., one data set for each of the five demographic models (submodels B, E, H, K and M) 

and four combinations of genetic data set. The pseudo-empirical data sets were selected at random 
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among the pseudo-empirical data sets in which the true model was correctly recovered. We 

estimated the accuracy as the average relative bias (ARB) and the error as the relative median of the 

absolute error (RMAE). We employed the same ARB and RMAE measures to assess the effect of 

the pseudo-empirical data upon the posterior probability distributions (Cornuet et al., 2008). 

 

Assessing the goodness-of-fit of the recovered demographic model 

We assessed the goodness-of-fit of the recovered demographic model relative to the other 

four candidate demographic models for each of the 20 pseudo-empirical data sets described above 

(i.e., one data set for each of the five demographic models and the four kinds of genetic data sets). 

The goodness-of-fit of each specific demographic model was estimated employing the model 

checking procedure implemented in DIYABC. The goodness-of-fit was based on the posterior 

distribution, which was used to estimate a posterior predictive distribution (Geisser & Eddy, 1979). 

The assessment was based upon 103 new simulated data sets per candidate model and a new set of 

summary statistics that served as test statistics. The posterior distributions estimated from the 

pseudo-empirical data were employed as prior distributions for these new simulated data sets 

(Gelman et al., 2014). The posterior predictive p-value was estimated for each test statistic of the 

pseudo-empirical data sets (Cornuet et al., 2010). If the model was a good fit, the posterior predictive 

p-value was expected to be close to 0.5 (Gelman, 2013). In order to evaluate the risk of over 

estimating the quality of the fit by using as test statistics the same statistics as in the model selection 

(Cornuet et al., 2010), we employed two sets of test statistics: the same statistics employed during 

the model selection, as well as a new, different set of statistics. During the first assessment, we 

employed the statistics listed in Table 4, which were the same test statistics employed as summary 

statistics in the model selection. The second assessment was based upon test statistics that were 

different from the summary statistics in the model selection. In the latter case, the odd numbered 

statistics in Table 4 were employed as summary statistics in the model selection and the even 

numbered statistics as test statistics. 

 

Results 

 

Model choice: recovery rates 

The overall ability of DIYABC to recover the correct model was low (255/520 assessments 

or 0.49, Figure 3). Among the five demographic models evaluated in this study (see Figure 1), three 

demographic models were “simple” (CON, INC and DEC) and two “complex” (INCDEC and 
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DECINC). The correct model was recovered at an estimated rate of 0.6 in the case of the simple 

models (Figure 3). In contrast, the correct model was recovered at a rate of 0.3 in the case of the 

complex models (Figure 3). The average classification error was substantially lower among the three 

simple models (between 0.44 and 0.47, Table 5) compared to the complex models (between 0.62 

and 0.81, Table 5). In contrast, the average misclassification error was lower for the two complex 

models (between 0.07 and 0.09) compared to the simple models (between 0.15 and 0.20, Table 5). 

A chi-square test of goodness-of-fit was performed to assess if the five models were recovered at 

equal rates. When the assessment included all possible outcomes (i.e., correct, incorrect, undefined, 

n = 520), we observed a significant difference in the recovery rates �	
(df= 8) = 99.49, p <0.01, as was 

the case when the undefined category was excluded from the assessment (n = 494) �	
(df = 4) = 92.20, 

p <0.01.  

In total, 130 pseudo-empirical data sets were analyzed for each of the four genetic data set 

combinations (see Figure 3). The recovery rate was higher for data sets comprised of SNP genotypes 

(0.55) in comparison to mitochondrial DNA sequences (0.47), microsatellites genotypes, or a 

combination of mitochondrial DNA sequences and microsatellite genotypes (0.47). The estimated 

recovery rates differed significantly among the four types of genetic data sets, �	
(df = 8) = 17.01, p 

<0.01, when all outcomes were included in the assessment (i.e., correct, incorrect and undefined, n 

= 520).  However, when we excluded undefined (n = 26, for a total of 494 assessments), we were 

unable to detect a statistically significant difference in the recovery rate among the four different 

types of genetic data sets (�	
(df= 4) = 2.23, p = 0.53). 

 

Table 5. Confidence in model selection for the different demographic models and molecular 
markers  

Model 

Classification error  Misclassification error 

Molecular data   Molecular data  

MIT MIC MITMIC SNP Mean  MIT MIC MITMIC SNP Mean 

CON 0.653 0.557 0.547 0.104 0.466  0.199 0.256 0.191 0.166 0.203 

DEC 0.493 0.511 0.441 0.324 0.442  0.211 0.18 0.173 0.148 0.178 

INC 0.586 0.477 0.501 0.309 0.468  0.17 0.188 0.143 0.112 0.153 

INCDEC 0.801 0.931 0.729 0.781 0.81  0.1 0.041 0.114 0.04 0.074 

DECINC 0.633 0.7 0.597 0.551 0.621  0.112 0.13 0.084 0.051 0.094 

Confidence in model selection was assessed employing the classification and misclassification error (referred 
as type I and II error in the software). Each estimate represents the mean value among three pseudo-empirical 
data sets selected at random per demographic model (CON, DEC, INC, INCDEC and DECINC) per genetic 
data set combination (MIT, MIC, MITMIC and SNP). All estimates were based on the logistic approach by 
Cornuet et al. (2010).  Results are based on 500 simulated pseudo-observed data sets (pods) per model with 
parameter values drawn from the same distributions as the prior distributions given in Table 3 and 4. 
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The model recovery rates were highest for the DEC model (0.8, 0.9 and 0.7, Figure 3D, 3E 

and 3F) regardless of which combination of genetic data and demographic parameters was employed 

to generate the pseudo-empirical data. The lowest model recovery rates (0.2 and < 0.1, Figure 3J 

and 3K) were observed for the DECINC model. 

 

 

Figure 3. Best supported model among five different competing demographic models in 
DIYABC. The columns represent the five demographic models evaluated. The rows correspond to 
the different combinations of demographic parameter values evaluated: three combinations for 
CON, DEC and INC models, and two combinations for INCDEC and DECINC model. The 
simulated parameters for each demographic model (A-M) are shown on top of each figure and 
correspond to Table 2. The bars with a gray dot represent the expected demographic model based 
on the pseudo-empirical data set. The term “undefined” was employed when none of the candidate 
demographic models was recovered as the most probable demographic model. Each demographic 
model was tested for four genetic data sets: MIT, MIC, MITMIC and SNP. 
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The model recovery rate among the simple models increased from 0.57 to 0.71 when the 

total number of candidate models was reduced from all five models to the three simplest models 

(Figure 3D, 3E, 3F and Figure 4D, 4E, 4F). This increase was observed for all combinations of 

genetic data and parameter values (Ne and T) representing 360 pseudo-empirical data sets. The 

largest increase in model recovery rate, due to the reduction in the total number of candidate modes, 

was observed for the INC model (from 0.5 to 0.84). 

 

 

Figure 4. Best supported model among three competing demographic models in DIYABC. The 
columns represent the five demographic models evaluated. The rows correspond to the different 
combinations of demographic parameters tested: three combinations for CON, DEC and INC model 
and two combinations for INCDEC and DECINC model. The simulated parameters for each 
demographic model (A-M) are shown on top of each figure and correspond to Table 2. The bars 
with a gray dot represent the expected model based on the pseudo-empirical data sets. The term 
“undefined” was employed when none of the candidate demographic models was recovered as the 
most probable demographic model. The demographic models J, K, L and M represent models in 
which the true model was not included in the comparison set. Each demographic model was tested 
for four genetic data sets: MIT, MIC, MITMIC and SNP. 
 

 



Demographic inferences with ABC 

 

49 

 

When the true model was a complex model but the candidate models only contained the 

simple models, the most recent event of the true complex model was recovered with the highest rate. 

For example, the INC model when the true model was the DECINC model and the DEC model 

when the true model was the INCDEC model. In those cases, the recovery rates were between 0.6 

and 0.9 (Figure 4J, 4K, 4L and 4M). For instance, among the 80 cases where the true model was the 

INCDEC demographic model, the DEC model was recovered as the most probable model 48 times, 

the CON model 30 times, the INC model once. One instance was undefined (Figure 4J and 4K). The 

outcomes were similar for the DECINC model (Figure 4L and 4M). 

 

Estimating effective population size, time and mutation parameter values 

The effective population size (e.g., No2, No3, N1l2 and N1s3, Figure 5) was generally estimated 

with higher accuracy and lower error compared to T (e.g., TT2 and TT3, Figure 5). The smallest Ne 

(recent Ne for DEC, and historic Ne for INC, Figure 5) was estimated most accurately and precisely, 

irrespective of the nature of the genetic data.   

Increasing the amount of genetic data (i.e., number of loci and/or type of genetic markers) 

improved the precision by reducing the credible interval of the parameter estimates (No2, No3, N1l2, 

N1s3, TT2 and TT3, Figure 5, Supplementary material FigureS1), but did not appear to improve the 

accuracy (Fig. 5, Supplementary material Figure S1 and Tables S1.A-F). The unscaled parameter 

values were estimated with higher error compared with the scaled parameters values (Figure 6, 

Supplementary material Figure S1.B-S1.E and Tables S1.A-E).  

We assessed the effect of the genetic data and demographic history upon the parameter 

estimates. We compared the difference between the posterior estimates obtained with and without 

the pseudo-empirical genetic data (Supplementary materials, Tables S2.A-B, Figure S2.A-B). The 

average ARB (bias) for estimates of Ne and T was improved from 1.49 to 0.64 (Supplementary 

material Table S2.A). Excluding the CON model, the average improvement in ARB for Ne (from 

2.12 to 0.74) was larger compared to the improvement observed in estimates of T (from 0.45 to 

0.40). We observed a similar trend, in the case of error, where the average RMAE for estimates of 

Ne and T was improved from 0.34 to 0.29 (Supplementary material Table S2.A). Excluding the 

CON, the average improvement in ARB was larger for Ne (from 0.37 to 0.27) compared to T (from 

0.33 to 0.31).  

 



EVOLUTIONARY ECOLOGY OF MARINE MAMMALS 

50 

 

 
Figure 5. Inference of the effective population size and time parameters of pseudo-empirical 
data sets using DIYABC. Four genetic data set combinations are presented for two demographic 
models (top: population decline (DEC.E), and bottom: population increase (INC.H)) as described in 
Table 1. Each graphic presents the results of ten replicates per demographic model. The black circles 
represent the mode of the posterior probability distribution and the grey vertical line the 95% 
credible interval for each parameter. The true parameter value is shown with a horizontal line. 
Parameter notation are the time of the demographic event (TT(2-3)) in generations, the most recent 
effective population size (No(2-3)), the historic effective population size before the demographic 
decline (N1l2) and before the demographic increase (N1s3). See Table 3 and supplementary material 
S1 for all models.  
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Comparing the four different types of genetic data sets we observed the largest improvement 

in ARB in analyses based upon only microsatellite genotypes (from 1.61 to 0.42) or a combination 

of microsatellite genotypes and mitochondrial DNA sequences (from 1.48 to 0.47). Despite much 

more data, the improvement in ARB was slightly less for the data sets comprised solely of SNP 

genotypes (from 1.41 to 0.77) or mitochondrial DNA sequences (from 1.33 to 0.80, Supplementary 

material Table S2.B). The improvement in RMAE was larger for data sets comprised solely of SNP 

genotypes (from 0.35 to 0.25) or a combination of microsatellite genotypes and mitochondrial DNA 

sequences (from 0.30 to 0.25) compared to data sets comprised solely of microsatellite genotypes 

(from 0.35 to 0.30) or mitochondrial DNA sequences (from 0.35 to 0.31, Supplementary material 

Table S2.B). 

 

 
  

Figure 6. Marginal posterior distribution of unscaled and scaled parameters. Parameters were 
estimated from data generated under a demographic decline based upon data emulating 
mitochondrial DNA sequences. Unscaled parameters: (A) most recent effective population size No2, 
(B) historic effective population size N1l2, (C) time of the population decline in generations TT2, (D) 
mutation rate in substitutions per site per generation µMIT. Scaled parameters: (E) the product of 
most recent effective population size by mean mutation rate No2µMIT, (F) The product of historic 
effective population size by mean mutation rate N1l2µMIT, (G) the product of time by mean mutation 
rate TT2µMIT. The demographic model corresponds to a population decline (No2=1,000 N1l2=10,000 
TT2=750) based on MIT (model DEC.E, Table 1). A dark grey line represents the prior distribution 
of the parameter values and a light grey line the posterior distribution of the parameter values. The 
y-axis is the density of the distributions. 
 
 
Assessing model fit  

In general, the goodness-of-fit was higher for all test statistics for the recovered model 

(Supplementary material Tables S3.A-H). In cases when an incorrect model was recovered as the 

most probable model, the goodness-of-fit of the recovered model was usually only marginally higher 

relative to the goodness-of-fit of the true model. Among 100 assessments (i.e., the goodness-of-fit 
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of all five candidate models for each of the 20 selected pseudo-empirical data sets), 22 candidate 

models contained at least one test statistic estimate that was located below 0.05 or above 0.95. None 

of these 22 candidate models were recovered as the most probably model (Supplementary material 

Tables S3.A-D). We obtained comparable outcomes for both employing the same or different 

statistics to estimate the posterior distribution of the parameter values and the goodness-of-fit of the 

model, suggesting that the choice of test statistics employed to assess the goodness-of-fit might not 

be all crucial (Supplementary material Tables S3.A-H). However, this specific outcome might not 

apply to all demographic histories or and data sets.  

 

Discussion 

 

We evaluated the performance of the ABC approach implemented in the popular software 

package DIYABC (Cornuet et al., 2014) both, in terms of ability to recover the true demographic 

model and with regards to the error and accuracy of the parameter estimates. Our assessment focused 

on a few simple, single-population demographic models with one or two changes in population size 

in the relative distant past (i.e., the LGM), as the performance of DIYABC would likely decrease 

for more complex models (e.g. Geman et al., 1992; Briscoe & Feldman, 2011). The graphical user 

interface (GUI), necessary for all analysis except the generation of simulated data sets, employed to 

estimate the summary statistics, is likely one of the main reasons why DIYABC is a popular choice. 

However, the mandatory use of GUI for the last steps in model selection and parameter estimation 

also constitutes a severe limitation for simulation-based assessments of DIYABC. This was why we 

were forced to limit the number of replicated pseudo-empirical data sets to ten for each combination 

of genetic data set and demographic model. However, the total number of pseudo-empirical data 

sets (520) in our assessment is considerably larger to those employed in previous assessments of 

DIYABC (Cornuet et al., 2008; Cornuet et al., 2010). The earlier assessments of DIYABC were 

based upon a single replicate (either 10 autosomal microsatellite genotypes, 1,000 nucleotides of 

mitochondrial DNA sequences, five nuclear autosomal DNA sequences of 1,000 nucleotides each, 

and all combinations of two and three types of markers) per demographic model (for a total of seven 

assessments). Here, we evaluated ten replicate data sets per combination of genetic data set and 

demographic model, resulting in a total of 520 data sets (Fig. 2). Each pseudo-empirical data set was 

evaluated against five and three candidate models, representing a total of 1,040 assessments. In 

many instances, the differences among the aspects compared were such that ten replicates were 

sufficient. However, many comparisons were effectively conducted across multiple parameter 
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combinations and hence the actual number of pseudo-empirical data sets employed in an assessment 

was much larger.  Similar to most of such simulation-based assessments, the pseudo-empirical data 

was generated under assumptions that are identical, or very similar to the assumptions underlying 

the subsequent data analysis. In other words, the results presented here represent the best-case 

scenario. Consequently, it is safe to assume that the model selection and parameter value estimates 

obtained from empirical data sets likely will be subject to higher uncertainty and error compared to 

the assessment of the data analyzed in this study.  

In general, we found that DIYABC performs relatively poorly. In less than half of the 

assessments, DIYABC was able to recover the correct demographic model, and most demographic 

parameters were estimated with bias and with high error. Our findings are based upon sample sizes 

and data sets that closely resemble data sets in publications employing DIYABC (e.g., Fontaine et 

al., 2012; Besnard et al., 2014; Inoue et al., 2014; Kimura et al., 2014; Louis et al., 2014a).  

Our findings suggested that the ability to recover the correct demographic model, as well as 

the error and accuracy of the parameter estimates was influenced by multiple factors, such as the 

number of candidate models; which parameters are targeted; the informativeness of each molecular 

marker type, and the specific demographic history. Below we discuss some of these aspects in 

further detail and provide recommendations of how to remedy some of the potential caveats.  

 

Selection of the demographic models: complexity, similarity and number of candidate 

demographic models  

Model complexity 

The genetic make-up of contemporary populations is a product of the interaction of multiple, 

different underlying processes, which potentially may lead to similar outcomes. Acknowledging this 

underlying complexity encourages the inclusion of multiple and complex candidate models in the 

assessment of the demographic history. However, it was evident from our results that multiple 

changes of Ne was challenging to identify compared to demographic histories with only a single 

change of Ne. This general observation was consistent across all combinations of genetic data sets. 

Consequently, it is probably overly optimistic to expect a DIYABC-based analysis to capture every 

detail of the demographic history; a more efficient strategy might instead be to conduct an estimation 

that focuses on a few simple candidate demographic models that aim to capture that major 

difference(s) with the large effect size(s). 

Similarity of the candidate models  

Reassuringly our assessment revealed that in those cases when an incorrect model was 

recovered, the model deemed most probable was usually that most similar to the true model. For 
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example, in the case of data generated under the INC model, the models recovered most frequently 

(when the INC model was recovered), were those with increases in Ne as well (i.e., DECINC and 

INCDEC). As the similarity of the candidate models increased so did the failure to recover the true 

model. These trends were also evident in increased ability to recover the true model when increasing 

the dissimilarity among the candidate models. Similar results were reported in other ABC 

assessments where model selection was employed to make phylogeographic inferences (Pelletier & 

Carstens, 2014). In this case, the authors concluded that increasing the similarity among the 

candidate models decreased the probability of recovering the true model and the expected posterior 

probability of true model reduced. Consequently, at least in the initial analysis, it is probably most 

efficient to avoid the inclusion of similar candidate models. 

Number of candidate models  

In general, our results suggested that increasing the number of candidate models influences 

the rate of recovering the true demographic model. As noted by Pelletier and Carstens (2014), an 

increase in the number of candidate models typically increases the overall similarity among the 

candidate models, which, in turn, reduces the expected posterior probability of the true model. The 

obvious consequence is to recommend a reduction in the number of candidate models to the bare 

minimum. Although our study showed that reducing the number of candidate demographic models 

improved the probability of recovering the correct demographic model, such a reduction in the 

number of candidate demographic models harbors the inherent risk of excluding the true model from 

the analysis altogether.  

Previous authors have proposed to circumvent this potential caveat by conducting the model 

selection in a hierarchical manner, making an initial model selection among relatively simple models 

and subsequently add complexity to a second set of the models deemed most probable (Chan et al., 

2014; Turner & Van Zandt, 2014). Although we did not evaluate such a hierarchical approach, we 

found that limiting the number of candidate models to the least similar models appeared to increase 

the ability to recover the correct model, a finding that is consistent with the suggestion of conducting 

the model selection in a hierarchical manner. However, our simulations also revealed that models 

very similar to the true model are recovered sometimes, as the true model. Ideally, the posterior 

probabilities of similar candidate models that are close to the true model should yield similar 

posterior probabilities and hence result in an undefined outcome. However, this may not always be 

the case according to our results. Conducting the model selection in a hierarchical manner might 

also come with the risk of recovering a model, which is not, globally, the most probable model akin 

to some of the criticism directed towards nested clade analysis. Accordingly, we suggest that once 
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a model has been recovered using or not a hierarchical approach, the assessment should be repeated 

with a different range of candidate models, including the selected model. 

 

Estimates of Ne and T  

In general, we observed that estimates of T were more biased and subject to higher error than 

estimates of Ne. Biased and imprecise estimates of T appear to be a general feature of genetic 

estimates of T and hence not necessarily due the ABC approach (e.g., Girod et al., 2011; Nikolic & 

Chevalet, 2014). Cornuet et al. (2008)  suggested that the comparatively poor performance, in terms 

of estimating T, is caused by insufficient data. In other words increasing the sequence lengths and/or 

the number of loci might improve the accuracy and error of T (e.g., Abdo et al., 2004; Hoban et al., 

2013). However, we did not observe a substantial improvement in data sets comprised of 1,000 SNP 

genotypes or a combination of mitochondrial DNA sequences and microsatellite genotypes. 

Furthermore, while increasing the amount of genetic data might result in a higher precision, more 

data may not necessarily improve the accuracy (e.g., Peery et al., 2013). 

 

Unscaled versus scaled parameter estimation 

Most studies aimed at elucidating the demographic history of natural populations are 

interested in obtaining estimates of the unscaled parameters, i.e., Ne and T. However, the underlying 

coalescent-based simulations are based upon scaled parameter values (i.e., the product of Ne and µ 

or Ne and generation time) and converting the scaled estimates to their unscaled values comes at a 

cost. Our simulations did indeed confirm that unscaled parameters are estimated with a higher error 

and bias compared to scaled parameters. Additional uncertainty is introduced during the conversion 

of scaled parameter estimates to their unscaled components since their conversion require estimates 

of additional nuisance parameters, such as µ  or generation time, which are also subject to uncertainty 

which is often ignored (Girod et al., 2011). Bertorelle et al. (2010) suggested to employ scaled 

parameter estimates to the largest possible extent. Most aspects of interest to many studies may be 

informed from the relative differences in scaled parameter estimates (e.g., Fontaine et al., 2012). 

 

Molecular marker types and number of loci 

Our findings suggested that the error of the parameter estimates and model selection was 

improved either with the increasing amounts of data or by including multiple genetic data types. For 

example, data sets comprised of both microsatellite genotypes and mitochondrial DNA sequences 

or increasing the data to many hundreds of SNP genotypes, as opposed to relying only on 

mitochondrial DNA sequences or genotypes from a few microsatellite loci. While it may be that 
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additional loci or longer DNA sequences will improve precision and bias, increasing the amount of 

data did not always result in a corresponding improvement in accuracy or precision. For instance, 

in the case of the DEC model (Fig. 5), employing genotypes from 1,000 SNP genotypes greatly 

improved the error of Ne2, N1l2 andTT2 in comparison to data sets comprised only of mitochondrial 

DNA sequences or genotypes from 20 microsatellite loci. However, the accuracy of same estimates 

did not improve in a similar manner. The mode of the posterior probability distributions of Ne2, N1l2 

andTT2 based upon the 1,000 SNP data sets was upward bias in comparison to the posterior 

probability distributions obtained from data sets comprised solely of mitochondrial DNA sequences 

or microsatellite genotypes. 

This trade-off between error and bias was previously noted by Beaumont et al. (2002) who 

showed that an increase in the tolerance in the ABC estimation reduces error since the sample size 

from which the posterior distribution is estimated increases. However, the larger sample sizes may 

increase the bias due to uncorrected departures from additivity and linearity (Beaumont et al., 2002). 

Increasing data will also add variance and hence diminishing the return in terms of improving the 

error and bias (Robinson et al., 2014; Shafer et al., 2015). For example, Shafer et al. (2015) reported 

that 1,000 SNP genotypes performed equally well to 50,000 SNP genotypes in terms of parameter 

estimates such as time. An additional, unaccounted source of error, which increases with DNA 

sequence length, is recombination. Unfortunately, most implementations, including ABC-based, in 

population genetics ignore recombination. Simulations, as in this study, can be employed as an 

effective manner to identify the optimal balance between accuracy and error for each specific case. 

During our simulations we noted some consistently incorrect outcomes in some assessments 

based upon genetic data sets comprised of SNP loci (e.g., submodels D, F and K), which suggested 

a potential computational bug in the simulations conducted by DIYABC.  

The ability of all estimation approaches depends crucially upon the information content in 

the data that serves as the basis of estimation and, in the case of ABC-based approaches, the 

suitability of the specific summary statistics. Summary statistics differ in terms of the population 

genetic aspects they capture, the nature of the genetic data (e.g., nucleotide sequence or 

microsatellite loci) and the true population history. The primary aim of this study was not to evaluate 

the choice of individual summary statistics. Instead, we employed a suite of summary statistics that 

are common to past studies based on DIYABC. The very nature (and advantage in a ABC context) 

of summary statistics is to reduce the overall information content, which in turn introduces 

additional bias, particularly in complex models (Robert et al., 2011; Aeschbacher et al., 2012; 

Sunnaker et al., 2013). Given this fundamental feature of ABC-based estimations may make it seem 

appealing to increase the number of summary statistics, thereby presumably improving the precision 
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and bias of the parameter estimates. However, we observed bias across all four types of generic data 

sets, suggesting that the bias is not in order to improve the parameter estimates. However, we 

observed bias across all four kinds of genetic data sets, suggesting that the bias is not necessarily 

related to a particular set of summary statistics if one can assume that the same summary statistic 

results in different bias for different molecular data types. Additionally, the “curse of 

dimensionality” (Beaumont et al., 2002) also limits the benefits of increasing the number of 

summary statistics. Consequently, aiming for a few “optimal” summary statistics is likely a better 

strategy. 

 

Conclusions and suggested guidelines 

Genetic diversity in natural populations is a product of multiple interacting evolutionary 

processes, which makes it a challenging exercise to discern among those processes and to obtain 

estimates of unbiased parameters with low error. However, the development of specific 

parameterized hypotheses as demographic models will aid a study to focus on the key parameters. 

Our simulated-based evaluation of DIYABC demonstrated a low ability to recover the true 

demographic model and that some parameters were estimated with considerable error and bias. 

However, an ABC-based approach, such as that implemented in DIYABC is an effective manner by 

which to obtain a general (as opposed to very specific) insight into the past of contemporary 

populations.  

Our results suggested not to focus on capturing every detail and not to aim for an as complex 

and realistic model as possible. Instead, our findings suggest to focus on simple contrasting models 

that are likely to capture the key demographic events of large effect sizes. Our assessment also 

suggested that it might be counterproductive to include very similar candidate models in the 

estimation, which might increase the probability of recovering an incorrect model. Similarly, the 

number of candidate models in itself proved important in terms of recovering the true model. 

Accordingly, it is recommendable to reduce the number of candidate models (e.g., less than five 

candidate demographic models). Additional models could be included later in the assessment by 

conducting the model selection, for example, in a hierarchical manner. Finally, it is advisable to 

evaluate different combinations of candidate models in order to assure that the same candidate model 

is recovered consistently (akin to convergence in other Bayesian-based approaches). 

The apparent difficulty in obtaining accurate and precise estimates of some parameter values, 

such as T, may be circumvented, to some extent, by focusing on scaled parameters or the confidence 

interval of the estimate rather than a point estimate. Although, most studies aim to estimate unscaled 
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parameters, scaled parameters were estimated with comparatively less bias and lower error. 

Accordingly, it might prove beneficial to employ scaled parameter estimates when possible. 

The development of massively parallel sequencing technologies has enabled the generation 

of very large data sets in most species. Although, an increase in the amounts of genetic data seems 

a logical next step to improve the estimation, our simulations showed that “more is not always 

better”. Increasing the number of loci improved the error in the parameter estimates, but not 

necessarily the accuracy. The optimal number of samples and data is case-specific and depending 

upon aspects, such as, the objectives and the population history. Accordingly, applying generic rules 

may prove somewhat counter-productive. A reasonably and readily available approach is to employ 

a simulation framework, as in this study, to estimate the optimal amount and kind of data given the 

logistic and monetary constraints in each particular case (e.g., Hoban et al., 2012).  

The results reported here provide a general insight into key aspects of ABC-based 

approaches in terms of model recovery rates and the bias and precision of the parameter estimates. 

Our assessment showed that inferences drawn from ABC model comparisons may require additional 

simulations in order to assess if the results are robust and likely to recover the true demographic 

history and parameter estimates. Shafer et al. (2015) recommended to apply both ABC and 

likelihood approaches. However, consistent results between two different analytical approaches, 

which fundamentally utilize the same aspects of the data, should not be considered as two 

independent tests. We considered that assessing the “sensitivity” of ABC-based (and likelihood) 

approaches in each specific case using simulations harbors substantial potential to gain insights into 

the specific estimation and identify which aspects are likely captured reliably. Unfortunately, the 

study of natural populations comes with limited prior knowledge and hence a considerable degree 

of uncertainty. Hence, it is most efficient to focus upon a few demographic events with large effects 

sizes, as it is almost impossible, at this time, to represent and resolve the enormous complexity of 

nature in a single model with contemporary genetic data. 
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4		
The	pitfalls	of	mitogenomic	monophyly	as	

the	defining	criterion	for	intraspecific	

evolutionarily	distinct	units:	a	cautionary	

tale	of	fin	whale	“subspecies”	
 
 
 
Hoekendijk, J. P. A., Cabrera, A. A., Aguilar, A., Barco, S.G., Berrow, S., Bloch, D., Borrell, A., 
Cunha, H. A., Dias, C. P., Gauffier, P., Landry, S., Larsen, F., Martín, V., Mizroch, S., Øien, N., 
Pampoulie, C., Panigada, S., Prieto, R., Ramp, C.,  Robbins, J., Dalla Rosa, L., Ryan, C., Sears, 
R., Silva, M. A.,  Urbán, J., Vikingsson, G., Wenzel, F.W., Palsbøll, J. P. & Bérubé, M.  
 
 

The advent of massive parallel sequencing technologies has resulted in an 
increase of studies that revisit taxonomic status within and among species based 
upon complete mitochondrial genome DNA sequences. Spatially distinct 
monophyly, i.e., the sharing of a recent common ancestor, in mitogenomic 
genealogies is often taken as evidence for subspecies. Recently several studies in 
cetaceans have promoted intraspecific taxonomic revisions based upon the 
presence of spatially distinct monophyly in mitogenomic genealogies. We argue 
that employing intraspecific, spatially distinct monophyly at non-recombining, 
clonally inherited genomes is an ill-suited criterion for defining subspecies based 
upon theoretical (genetic drift) and practical (sampling effort) arguments. We 
illustrate our point in a re-analysis of a global mitogenomic assessment of fin 
whales, Balaenoptera physalus spp., by Archer et al. (2013). Archer et al. (2013) 
proposed to further subdivide the Northern Hemisphere fin whale subspecies, B. p. 
physalus, based upon the detection of spatially distinct, reciprocal monophyly of 
North Atlantic and North Pacific fin whale mitochondrial genome DNA sequences. 
Our extended analysis (1,588 mitochondrial control region and 162 complete 
mitochondrial genome DNA sequences) revealed that the monophyly North Atlantic 
fin whales reported by Archer et al. (2013) to be incorrect and due to a low sample 
size employed. In conclusion, defining evolutionarily distinct segments from 
monophyly (i.e., the absence of para- or polyphyly) can lead to erroneous 
conclusions due to relatively “trivial” aspects, such as sampling effort, as well as 
basic population genetic processes (i.e., genetic drift). 
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Introduction 

 

Genealogies estimated from mitochondrial DNA sequences have been employed for more 

than three decades towards resolving inter- and intraspecific taxonomic relationships (Avise, 1989; 

Ball & Avise, 1992; Burbrink et al., 2000; Tautz et al., 2003; Pons et al., 2006). Studies aimed 

below the species level usually focus upon the spatial distinctiveness of monophyletic clades in 

genealogies estimated from mitochondrial DNA sequences, i.e., phylogeographic distinction 

(Avise et al., 1979; Avise et al., 1987; Ball & Avise, 1992). The presence of spatially distinct 

monophyletic mitochondrial clades is typically inferred as evidence of reproductive isolation and 

consequently some degree of evolutionary distinctiveness. Evolutionary significant units serve as 

an illustrative example (Ryder, 1986; Bernatchez, 1995) and are generally viewed as distinct 

components of intraspecific genetic diversity (Ryder, 1986; Bernatchez, 1995). Moritz (1994) 

proposed that evolutionary significant units be defined by the presence of reciprocal monophyly 

for mitochondrial DNA sequences. If mitochondrial monophyly is employed as the defining 

criterion then a key question becomes whether spatial monophyly always equates to isolation and 

evolutionary distinctiveness, and consequently, if the absence of monophyly implies a recent 

common ancestry and evolutionary indistinctiveness. (Paetkau, 1999) pointed to the basic 

observation that the effective population size and time since the most recent common ancestor are 

positively correlated. The implication of this well-established and fundamental relationship means 

that populations with small effective population sizes will achieve monophyly at a faster rate 

compared to populations with larger effective population sizes, which has immediate ramifications 

for employing monophyly as a general, all-encompassing criterion.  

Another practical, but equally important aspect, is sample coverage, i.e., the need for 

sufficiently large sample sizes and spatial coverage to adequately capture the present genetic 

variation. Since monophyly essentially represents the failure to detect paraphyly, apparent 

monophyly can simply be due to insufficient sample coverage (Funk & Omland, 2003). Most 

intraspecific mitochondrial genealogies contain multiple well-supported clades. However, the 

relative proportions of such clades typically vary spatially. Consequently, an insufficient sampling 

scheme may result in failure to sample mitochondrial sequences belonging to uncommon clades, 

erroneously leading to the conclusion of monophyly for the population in question (Funk & 

Omland, 2003). 

Initially most phylogeographic studies were based solely upon genealogies inferred from 

mitochondrial DNA sequence variation (Avise, 1989; Ball & Avise, 1992; Burbrink et al., 2000; 
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Tautz et al., 2003; Pons et al., 2006). The mitochondrial genome was viewed as especially suitable 

for this kind of assessments due to its haploid, predominantly maternal and clonal inheritance, 

which alleviates potential issues arising from recombination and hence the need to phase 

substitutions (at diploid loci) to resolve haplotypes. However, several studies subsequently showed 

that basing conclusions of intraspecific isolation upon mitochondrial DNA alone could be 

misleading, ironically because of the maternal inheritance, which prevents detection of male 

mediated gene flow (Prager et al., 1993; Palumbi & Baker, 1994). Consequently many studies 

have since also included nuclear, biparentally-inherited DNA sequences in phylogeographic 

analyses aimed at detecting evolutionary distinctiveness, such as evolutionary significant units as 

originally proposed by Moritz (1994). 

The relatively recent development of massive parallel sequencing technologies (Funk et 

al., 2012) has led to a resurge of phylogeographic studies based solely on mitochondrial sequences, 

albeit of the complete mitochondrial genome as opposed to a few hundreds of base pairs (Morin 

et al., 2004; 2010; Archer et al., 2013; Meng et al., 2013). The sample sizes in complete 

mitochondrial genome-based studies in non-model species are still considerably lower than is the 

case for contemporary studies based upon Sanger (1981) DNA sequencing of smaller 

mitochondrial fragments and nuclear loci (Morin et al., 2004; Morin et al., 2010; Archer et al., 

2013; Meng et al., 2013). These two aspects, solely employing mitochondrial data (Zachos et al., 

2013) and lowered sample size, makes mitogenomic-based identification of evolutionary 

distinctiveness from the presence of spatial monophyly prone to the caveats that haunted similar 

studies in the past based upon genealogies estimated from short mitochondrial DNA sequences, 

such as the mitochondrial control region. Studies based upon complete mitochondrial genome 

sequences typically yield very high support for the fundamental nodes, leading to the impression 

of high accuracy. However, high accuracy of a single locus-specific genealogy does not necessarily 

reflect the population/subspecies history adequately as has been pointed out by numerous authors 

in the past (Pamilo & Nei, 1988; Maddison, 1997; Page & Charleston, 1997; Leaché, 2009). 

One case in point is Cetacea (whales, dolphins and porpoises), a group of highly derived 

mammals, which has recently been subject to several assessment of species/subspecies status based 

upon the estimation of intraspecific genealogies from complete mitochondrial genome sequences 

(Morin et al., 2010; Vilstrup et al., 2011; Archer et al., 2013).  The large body sizes, wide ranging 

movements and few available osteological specimens in most cetacean species makes it difficult 

to apply traditional, non-molecular approaches to define taxonomic units and explains the 

popularity of molecular-based assessment of species and subspecies status in cetaceans. 
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Most baleen whale species (Mysticeti) have global distributions and appear to migrate 

seasonally between low latitude winter breeding grounds and high latitude summer feeding 

grounds (Ingebrigtsen, 1929; Dawbin, 1966; Jonsgård, 1966; Katona & Whitehead, 1981). As a 

result, most baleen whale populations occupy large geographic ranges making it challenging to 

delineate intraspecific evolutionary distinct units. However, two aspects are generally viewed as 

likely restrictions to baleen whale distribution and gene flow. Their anti-tropical distribution 

effectively acts as a reproductive barrier despite the low latitude location of the winter breeding 

grounds because the breeding season for each Hemisphere is separated by approximately six 

months (Davis et al., 1998). In addition, most ocean basins are separated by continents which 

prevent dispersal as well. Consequently, it is generally assumed that gene flow between ocean 

basins is very limited (Valsecchi et al., 1997; Bérubé et al., 1998; Pastene et al., 2007; Morin et 

al., 2010; Jackson et al., 2014), and accordingly current recognized baleen whale species and 

subspecies designations typically correspond to ocean basins or hemispheres. For instance, the 

right whales are comprised of Eubalaena glacialis, in the North Atlantic, E. australis, in the 

southern Hemisphere, and E. japonica, in the North Pacific (Rice, 1998; Rosenbaum et al., 2000). 

Similarly Northern Hemisphere blue whales, Balaenoptera musculus, are classified as B. m. 

musculus whereas Southern Hemisphere blue whales are classified as B. m. intermedia, as well as 

the pygmy blue whale, B. m. brevicauda (Rice, 1998).  

The fin whale, Balaenoptera physalus spp. (Linnaeus, 1758), is a common and globally 

distributed baleen whale (Gambell, 1985). Currently, fin whales in the Northern Hemisphere are 

classified as belonging to the subspecies B. p. physalus, whereas fin whales in the Southern 

Hemisphere are classified as B. p. quoyi (Fischer, 1829). These subspecies designations were based 

upon differences in the vertebrate characteristics (Lönnberg, 1931) as well as traits correlated with 

body size (Tomilin 1946 cited by Rice, 1998). Employing this classification, North Pacific and 

North Atlantic fin whales are both of the same subspecies, despite the observation that gene flow 

between the two ocean basins is unlikely, at least since the rise of the Panama Isthmus three million 

years ago. 

Recently, Archer and colleagues (2013) employed complete mitochondrial genome 

sequences from North Atlantic, North Pacific and Southern Ocean fin whale specimens to assess 

the current subspecies status of Northern Hemisphere fin whales. Archer et al. (2013) concluded 

that North Atlantic and North Pacific fin whales constituted separate subspecies based upon the 

observation of three monophyletic clades solely comprised of mitochondrial genome DNA 

sequences originating from North Pacific specimens (Figure 1) as well as a single monophyletic 

clade comprised of all, and only, 14 North Atlantic specimens (denoted NA clade in Figure 1). The 
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results of Archer et al.’s (2013) mitogenomic analysis appeared to be at odds with previous 

phylogenetic assessments by (Bérubé et al., 1998; Bérubé et al., 2002).  Bérubé et al. (1998; 2002) 

based their assessment upon the highly variable mitochondrial control region, which revealed two 

mitochondrial control region haplotypes in North Atlantic specimens that clustered with North 

Pacific mitochondrial control region haplotypes. The result was interpreted by Bérubé and 

coworkers (1998; 2002) as evidence for recent gene flow between the North Atlantic and North 

Pacific.  

In order to resolve the discrepancy between the above-mentioned studies and support for 

the proposed taxonomical revision, we extended the sample size for North Atlantic Ocean 

(including the Mediterranean Sea) fin whales from the 34 mitochondrial control region DNA 

sequences analyzed by Archer et al. (2013) to a total of 786 mitochondrial control region DNA 

sequences. The mitochondrial genome was sequenced in a subset (n = 6) of those North Atlantic 

specimens with mitochondrial control region haplotypes that clustered with mitochondrial control 

region DNA sequences sampled outside the North Atlantic (n = 514). Our re-estimation of the 

genealogy based upon the complete mitochondrial genome sequences revealed that all ocean 

basins were polyphyletic. This result does not support the current or a further division into 

subspecies if mitochondrial genome monophyly is the sole defining criterion. The basal topology 

in the genealogy estimated from the entire mitochondrial genome was qualitatively similar with 

the genealogy estimated from the mitochondrial control region sequences. Our findings do not 

negate the possibility that fin whales from different ocean basins could potentially represent 

different subspecies  

On a general note, relying upon monophyly in genealogies estimated from DNA sequences 

of non-recombining genomes for subspecies classifications ignores fundamental population 

genetic processes as well as key practical issues. This makes the approach less valid than its current 

widespread use suggests. Although the caveats have been highlighted earlier concerning the 

application of uniparentally inherited loci to resolve intra-specific taxonomic classifications 

(Paetkau, 1999; Funk & Omland, 2003), the approach has nevertheless gained renewed momentum 

given the ease of applying massive parallel sequencing technologies to uniparentally inherited, 

non-recombining genomes, such as the mitochondrial genome of most vertebrate species. 
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Materials and methods 

 

Origin of tissue samples 

Most tissue samples were collected as skin biopsies from free-ranging fin whales as 

described by Palsbøll et al. (1991a). The tissue samples originating from Iceland and Spain were 

collected from whaling operations prior to the international moratorium on commercial whaling. 

Some samples collected in Greenland originate from local subsistence whaling and some samples 

collected in US waters originate from dead, naturally-stranded individuals. All samples were 

collected in agreement with national and international regulations. Samples were preserved in 5M 

NaCl with 20% DMSO and stored at -20 degrees Celsius (Amos & Hoelzel, 1991).  

 

Sources of published mitochondrial DNA sequences 

The complete data set of mitochondrial genome DNA sequences published by Archer et 

al. (2013).  All fin whale mitochondrial control region DNA sequences deposited in GenBank™ 

by Archer et al. (2013) were downloaded and included in the analyses.  

 

Experimental methods 

Total genomic DNA was extracted from tissue samples either by phenol/chloroform 

extraction as described by Sambrook and Russell (2001) or using DNeasy™ columns following 

the manufacturer’s instructions (QIAGEN Inc., Valencia, CA, USA).  

DNA sequencing of the mitochondrial control region was conducted either as described by 

(i) Palsbøll et al. (1995) but replacing the reverse primer with BP0016R (5’-

CCTCAGTTATGTTATGATCATGGGC-3’; Bérubé, unpublished); or (ii) Bérubé et al. (2002). 

A total of 35 nested primer pairs were employed (Supplementary material Table S1) to amplify 

and sequence the fin whale mitochondrial genome in partially overlapping ~500 base pair 

fragments. PCR (Mullis & Faloona, 1987a) reactions were performed under conditions identical 

to those described as for the mitochondrial control region by Bérubé et al. (2002) albeit with 

different annealing temperatures (Supplementary material Table S1). 

The genotype was determined at six cetacean microsatellite loci (TAA023, GATA028, 

GATA053, GATA098, GGAA520, and GT011) as described by Palsbøll et al. (1997b) and Bérubé 

et al. (2000).  
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Figure 1. Rooted genealogy estimated from 
the 143 mitochondrial genome haplotypes 
reported by Archer et al. (2013). Blue, 
green and red numbered haplotypes were 
detected in specimens collected in the 
Southern Hemisphere (denoted SHEM), the 
North Pacific (denoted NPAC) and the North 
Atlantic (denoted NATL), respectively. 
Haplotypes are named according to the 
sampling locality of the specimens from 
which the haplotypes were detected, and the 
ID of the mitochondrial control region 
haplotype (first 285 base pairs, Figure 2). 
Haplotypes with identical “prefixes” (e.g., 
NPAC_013, NPAC_013_02 and 
NPAC_013_03) have identical mitochondrial 
control region haplotype. Numbers at basic 
nodes denotes the posterior probability of the 
specific node (only the support for the basic 
nodes are reported). Branch length to root 
(Megaptera novaeangliae) is not to scale.  
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Data analysis 

Mitochondrial DNA sequences were aligned and assembled against the fin whale 

mitochondrial genome DNA sequence deposited in GenBank™ by Árnason and Gullberg (1993) 

as reference using SeqMan™ (ver. 5.05, DNASTAR Inc., Madison, WI, USA) with default 

parameters. 

The genealogy for the mitochondrial control region DNA sequences, the complete 

mitochondrial genome DNA sequences as well as divergence times of the basic nodes were 

estimated as described by Archer et al. (2013). The software Tracer ver. 1.5 (Rambaut & 

Drummond, 2009) was employed to evaluate convergence and mixing. The number of iterations 

in each estimation was set to achieve a minimum effective sample size at 500 for each parameter 

estimate. In contrast to Archer et al. (2013), we only included one copy of each haplotype from 

each ocean basin (both for entire mitochondrial genome DNA sequence data set and for the 

mitochondrial control region DNA sequences) in each estimation. Insertion and deletions were 

coded as a fifth character. In the case of the mitochondrial control region, we employed jModelTest 

(Posada & Crandall, 1998) to select the most probable mutation model.  

Genealogies were rooted with the homolog DNA sequence from humpback whale, Megaptera 

novaeangliae, using the alignment employed by Archer et al. (2013). 

 

Probability of multi-locus microsatellite genotypes 

The likelihood of each multi-locus microsatellite genotype given the observed allele 

frequencies in each putative population was estimated as described by Paetkau and Strobeck 

(1994) as implemented in GENECLASS (Piry et al., 2004) from the likelihood distribution 

estimated from 10,000 randomly generated genotypes.  

 

Results 

 

A total of 1,160 mitochondrial control region DNA sequences were obtained from fin 

whale specimens collected in the North Atlantic Ocean basis and the Mediterranean Sea 

(henceforth referred to collectively as the North Atlantic); the North Pacific Ocean basis and the 

Sea of Cortez (henceforth referred to collectively as the North Pacific) as well as the Southern 

Hemisphere between 1982 and 2014. Half of the mitochondrial control region DNA sequences 

from the North Pacific were from the Sea of Cortez, a population with a low diversity at 

mitochondrial DNA sequences (Bérubé et al., 2002). We combined these 1,160 mitochondrial 
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control region DNA sequences with the homolog DNA sequences among the data deposited by 

Archer et al. (2013) at Dryad data repository (http://dx.doi.org/10.5061/dryad.084g8), for a total 

of 1,588 mitochondrial control region DNA sequences from which we estimated the genealogy 

using the first (i.e., from the 3’end) 285 base pairs of the 160 mitochondrial control region 

haplotypes identified among these 1,588 DNA sequences (Table 1).  

For the mitochondrial control region DNA sequences, the HKY + I + G substitution model 

was the most probable according to the Bayesian Information Criterion. In order to estimate the 

genealogy it was necessary to conduct 2 ∗ 10� iterations to achieve convergence and effective 

sample sizes above 500. Every 1,000th genealogy was saved to estimate the posterior probabilities. 

Of the 20,000 saved genealogies, the first 2,000 were discarded and the remainder were employed 

to estimate the posterior probability distributions. 

In agreement with earlier studies by Bérubé and co-workers (1998; 2002), the genealogy 

estimated from the mitochondrial control region DNA sequences partitioned the North Atlantic 

specimens into two main clades. One clade was comprised solely of North Atlantic specimens 

(denoted NA clade in Figures 1 and 2). Two North Atlantic mitochondrial control region DNA 

sequence haplotypes, representing a total of 26 North Atlantic specimens, clustered outside the 

NA clade together with mitochondrial control region DNA sequence haplotypes obtained from 

North Pacific and Southern Hemisphere specimens (Figure 2).  

 

Table 1. Mitochondrial control region and complete genome DNA sequences and haplotypes 
per ocean basin 

 North Atlantic North Pacific 
Southern 

Hemisphere 
Total 

 SEQ HAP SEQ HAP SEQ HAP SEQ HAP 

Mitochondrial control region 

Archer et al.1 34 13 346 35 48 36 428 83 

This study 786 80 359 14 15 9 1160 102 

Combined data 820 80 705 39 63 42 1588 160 

Complete mitochondrial genome 

Archer et al.1 14 12 97 89 43 42 154 143 

This study 7 4 1 1 n/a n/a 8 5 

Combined data 21 16 98 89 43 42 162 147 
1The data was recreated from the sample information file 
(http://datadryad.org/bitstream/handle/10255/dryad.48318/Bphy%20sample%20info.csv?sequen
ce=1) deposited by Archer et al. (2013) in the Dryad data repository which contains GenBank 
accession numbers for each sample entry (either only a control region DNA sequence (n = 274), 
or the control region DNA sequence extracted from the complete mitochondrial genome DNA 
sequence (n = 154). SEQ: number of sequences, HAP: number of unique haplotypes. Archer et al. 
refers to Archer et al. (2013). 
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The complete mitochondrial genome was sequenced in six specimens randomly selected 

among the 26 North Atlantic specimens with one of the two mitochondrial control region 

haplotypes that clustered outside the NA clade. In addition, the entire mitochondrial genome was 

sequenced in two randomly selected specimens; one from the NA clade as well as one specimen 

from the North Pacific that clustered with Southern Hemisphere specimens. We detected three 

mitochondrial genome haplotypes among these six North Atlantic specimens that clustered outside 

the NA clade; two haplotypes were each represented by a single specimen and the third haplotype 

was common to the remaining four specimens.  

The genealogy estimated from the complete mitochondrial genome sequences reported by 

Archer et al. (2013) combined with the three additional mitochondrial genome haplotype 

sequences detected in this study was similar to the genealogy inferred from the mitochondrial 

control region sequences (Figures 2 and 3). Both genealogies differed from that reported by Archer 

et al. (2013) in that some North Atlantic haplotypes clustered with haplotypes obtained from 

specimens collected in the Southern Hemisphere and North Pacific.  

The divergence time of three mitochondrial genome haplotype sequences of North 

Atlantic-origin, detected in this study (which clustered outside the NA, Figure 3), was estimated 

at 0.096 million years and a 95% HPD (highest probability density) interval between 0.039 and 

0.17 million years. The time since the most recent common ancestor for all the mitochondrial 

genome sequence haplotypes detected in the North Atlantic was estimated at 0.98 million years 

and a 95% HPD between 0.53 and 1.4 million years (Table 2).  

 

Table 2. Estimates of time to most recent common ancestor and substitution rates obtained 
from the mitochondrial control region and complete genome DNA sequences. 

 North Atlantic North Pacific 
Southern 

Hemisphere 
All data 

Substitution rate 
 

 TMRCA 95% HPD TMRCA 
95% 
HPD 

TMRCA 95% HPD TMRCA 
95% 
HPD 

mean 95% HPD 

Mitochondrial control region 
Archer et 

al.1 1.9 0.59-3.3 3.2 1.4-5.2 2.9 1.2-5.0 3.6 1.6-5.8 0.0078 0.0033 - 
0.013 

Combined 
data 3.4 1.4-5.5 3.2 1.5-5.4 2.9 1.2 - 4.9 3.5 1.5-5.7 0.0080 0.0034 - 

0.014 
Complete mitochondrial genome 

Archer et 
al.1 0.45 0.25-0.67 1.9 1.1-2.8 0.86 0.48-1.2 1.9 1.1-2.8 0.0030 0.0018 - 

0.0044 
Combined 

data 0.98 0.53-1.4 1.9 1.1-2.8 0.86 0.44-1.2 1.9 1.1-2.8 0.0030 0.0017 - 
0.0045 

1Archer et al. refers to Archer et al. (2013). TMRCA: the time to the most recent common ancestor, 
95% HPD: 95%interval of the highest posterior density. Times are in million years, and the 
substitution rate is in substitution per site per million years. 
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Figure 2. Rooted genealogy estimated from the mitochondrial control region haplotypes 
detected among all available DNA sequences. Specimens were collected in the Southern 
Hemisphere (denoted SHEM in blue), the North Pacific (denoted NPAC in green) and the North 
Atlantic (denoted NATL in red). Numbers at basic nodes denotes the posterior probability of the 
specific node (only the support for the basic nodes reported). Branch length to root (Megaptera 
novaeangliae) is not to scale. 
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Figure 3. Rooted genealogy estimated from 

the 143 mitochondrial genome haplotypes 

reported by Archer et al. (2013) combined 

with the additional four mitochondrial 

genome haplotypes sequenced during this 

study. Specimens collected in the Southern 
Hemisphere (denoted SHEM in blue), the 
North Pacific (denoted NPAC in green) and 
the North Atlantic (denoted NATL in red). 
Numbers at basic nodes denotes the posterior 
probability of the specific node (only the 
support for the basic nodes reported). Branch 
length to root (Megaptera novaeangliae) is 
not to scale. Haplotypes with identical 
“prefixes” (e.g., NPAC_013, NPAC_013_02 
and NPAC_013_03) have identical 
mitochondrial control region haplotype (first 
285 base pairs, Figure 2). 
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The mitochondrial genome DNA sequences from the remaining two randomly selected 

samples (from the North Atlantic and North Pacific, respectively) clustered within the same clades 

in both genealogies (i.e., the genealogy estimated from the complete mitochondrial genome 

sequences as well as the genealogy estimated from the mitochondrial control region DNA 

sequences only).  

The time since the most recent common ancestor for all fin whale mitochondrial genome 

haplotypes in this study was estimated at 1.9 million years and a 95% HPD between 1.1 and 2.9 

million years (Table 2). 

Estimates of the likelihood of the multi-locus genotype for 22 (data were missing for the 

remaining four samples) of the 26 North Atlantic specimens clustering outside the NA clade were 

estimated from 4-6 microsatellite loci (Supplementary materials Table S2). The microsatellite loci 

genotyped were those analyzed previously by Bèrubè et al. (2002; 1998). Because of the limited 

number of samples from the eastern North Pacific the minimum allele frequency employed in the 

estimation (i.e., when an allele is not detected in the specific population) was set at 0.1 (program 

options were either 0.1 or 0.01). The multi-locus genotype probability for all 22 samples were 

estimated at < 0.01 in the Sea of Cortez. The multi-locus genotype probability was highest in the 

North Atlantic or Mediterranean Sea for all but one samples (denoted NA0022 in the 

Supplementary material Table S2) although the likelihood was in the same range in the North 

Atlantic and Mediterranean Sea. Since we did not have microsatellite genotypes from Southern 

Hemisphere fin whales, we were unable to estimate the multi-locus probability of these 22 samples 

in the Southern Hemisphere. However, presumably the observed genotype probabilities will be 

even lower in Southern Hemisphere if indeed the Southern Hemisphere fin whales belong to a 

different subspecies. 

 
 

Discussion 

 

The initial reason for conducting this study was the discrepancy between Archer et al. 

(2013) findings and the earlier work published by Bérubé et al. (1998; 2002)(2002; 1998). 

However, we also had a more general concern about the recent resurge in mitogenomic-based 

studies employing monophyly to delineate intraspecific evolutionary distinct units.  

In diploid recombining genomes, such as the nuclear genome, recombination ensures that 

the population-wide variation becomes incorporated into each haploid genome (Pamilo & Nei, 

1988). Accordingly, population-specific monophyly at recombining loci requires substantial 
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reproductive isolation for a considerable number of generations. The number of generations 

depends upon the effective population size and is subject to a large degree of stochasticity (see 

Hudson & Turelli, 2003). The situation is different for a uniparentally inherited, non-recombining 

genome, which is sensitive to sampling effects since each lineage contains only the variation of its 

own lineage rather than the population at large. 

It is this sampling effect which appears to be the cause for the monophyly in North Atlantic 

fin whales observed by Archer et al. (2013). Archer and colleagues (2013) included a total of 28 

North Atlantic fin whale specimens in their analysis. In our extended sample of 791 North Atlantic 

fin whale mitochondrial control region DNA sequences, we detected a total of 26 sequences (i.e., 

∼3 %) with haplotypes that clustered outside the main North Atlantic clade (NA clade in Figure 

1), i.e., with mitochondrial control region haplotypes obtained from fin whales sampled outside 

the North Atlantic Ocean. The scarcity of North Atlantic fin whales that carry such mitochondrial 

genomes clustering outside the North Atlantic could be interpreted as the result of a recent dispersal 

into the North Atlantic and consequently that those fin whales with such rare mitochondrial 

genomes represent recent immigrants that are not part of the North Atlantic gene pool. However, 

our analysis of the biparentally-inherited microsatellite loci suggests that these individuals are part 

of the North Atlantic gene pool and unlikely to originate from the North Pacific (both the Sea of 

Cortez and the eastern North Pacific). The probability of almost all these samples’ multi-locus 

genotypes was high in the North Atlantic and Mediterranean Sea given the estimated allele 

frequencies in the North Atlantic and Mediterranean Sea samples in the NA clade (Figure 1).   

The divergence times of the mitochondrial DNA sequences estimated in our analysis were, 

for some fundamental nodes, considerably longer compared to the divergence times reported by 

Archer et al. (2013) (Table 2).  The time to the most recent common ancestor for the mitochondrial 

DNA sequences obtained from North Atlantic specimens was longer due to the polyphyly of the 

North Atlantic haplotypes in the larger data set in this analysis. The polyphyly for all three ocean 

basins implies that the time to the most recent common ancestor within each ocean basin was more 

or less equal to the time to the most recent common ancestor estimated for all samples combined 

(Table 2). 

The comparatively low and spatially uneven sample sizes outside the North Atlantic may 

also lead to a further underestimation of the degree of polyphyly among fin whales, globally and 

within clades that in our study seemed to be comprised solely of specimens from one ocean basin, 

i.e., the North Atlantic, North Pacific or Southern Hemisphere (Figures 1 and 3). This general and 

basic sampling issue makes defining subspecies from mitogenomic data problematic and a moving 

target since the “distinctiveness” is likely to change with the sampling effort. Consequently, it 
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seems that these “higher level” intraspecific classifications should not be based solely on 

uniparentally inherited genomes, but, perhaps even more importantly, be founded upon measures 

of evolutionary distinctiveness that do not rely upon the “absence” of contradicting observations, 

e.g., the absence of poly- or paraphyly, which in turn is very sensitive to sampling effort and drift. 

Possible, and likely more robust, criteria would include the degree of gene flow, time since 

divergence, or a combination hereof (Hey & Nielsen, 2004b; Jackson et al., 2014), based upon 

data from biparentally-inherited, recombining genomes in conjunction with heritable, non-

molecular traits as well, as emphasized by Crandall and co-authors (2000). However, defining 

exact quantitative criteria for poorly defined entities, such as, subspecies and evolutionary 

significant units is no simple matter. 

The current-accepted classification places the fin whales from each hemisphere into their 

own subspecies. This implies that North Pacific and North Atlantic fin whales belong to the same 

subspecies, whereas the Southern Hemisphere fin whales belong to another subspecies. This 

taxonomic classification was based upon differences in the vertebrae as well as size differences. 

The basis of these differences has since been questioned by Perrin et al. (2009) who suggested that 

the different latitudinal origin of the holotypes might explain the size difference (Perrin et al., 

2009). However, this explanation is difficult to evaluate since the holotype that served as the basis 

for the differences in the vertebrae described by Lönnberg (1931) was not collected.  

Assuming that the only possible route of gene flow between fin whale population in the 

Northern Hemisphere is through the Southern Hemisphere (Alter et al., 2007), this could be the 

cause of the North Pacific and North Atlantic fin whale mitochondrial DNA sequence haplotypes 

clustering outside the North Atlantic-only (NA clade in Figure 1) and North Pacific-only (NP clade 

in Figure 1). Rare, but occasional, gene flow between baleen whale populations in different 

hemispheres is possible and appeared to have occurred in humpback whales (Jackson et al., 2014) 

and the Antarctic minke whale, Balaenptera bonaerensis (Glover et al., 2010).  

Alternatively, if the Northern Hemisphere populations were founded from the Southern 

Hemisphere the observed polyphyly could be due to incomplete lineage sorting (Avise et al., 1984) 

as suggested by Pastene et al. (2007) in the case of common minke whales, Balaenoptera 

acutorostrata. This appear to be the inference drawn by Archer et al. (2013), who emphasizes the 

three instances of monophyly of North Pacific specimens observed in their global genealogy 

estimated from the complete mitochondrial genome DNA sequences. In order to discern among 

the above possibilities population divergence times and rates of gene flow should be estimated and 

a subspecies definition formulated, which includes the extent of gene flow and divergence time. 
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Interestingly, we found no qualitative changes in the topology of the basal part of the 

mitochondrial genealogy when increasing the data from only 285 base pairs of mitochondrial 

control region DNA sequences to the entire mitochondrial genome.  The general support for 

individual nodes, especially the most recent nodes, increased with the amount of data per haplotype 

and hence was substantially greater for the genealogy estimated from the mitochondrial genomes. 

However, in most cases it is the most basal nodes that are the target of interest in nested analyses 

of intraspecific variation aimed at subspecies or evolutionary significant units. This observation, 

together with the obvious need for an increased sampling coverage, suggests that it might be 

worthwhile to first sequence a limited number of mitochondrial genomes from the extremities parts 

of the species’ distribution. The mitochondrial genome sequences can then serve as a backbone to 

identify and subsequently specifically target informative regions, which likely can be sequenced 

efficiently and at low costs using “standard” Sanger sequencing as proposed by Coulson et al. 

(2006). Such a strategy, as opposed to pyro-sequencing of the entire mitochondrial genome in all 

specimens, will facilitate large sample sizes presumably with minimal loss of phylogenetic signal 

for the most basic parts of the genealogy.  
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Supplementary material  

 
Table S1. Oligo-nucleotides employed to amplify and sequence the complete fin whale 
mitochondrial genome 

Oligo ID nucleotide sequence 
(5’ – 3’) 

Annealing 
temperature 

Bp_134F AGCTGGGCCTGGATGTATTTGT 58.2 
Bp_777R AACACTCTTTACGCCGTGCTTC 
Bp_396F ACATGAACGCCATCCCTATCCA 57.55 
Bp_1194R TAGCCCATTACTTCCCAACCCA 
Bp_781F CACGGCGTAAAGAGTGTTAAGG 55.6 
Bp_1531R GGGCTAGGGCTAGTTCAAGATA 
Bp_1388F GTTCGTTAACTCAGGCCAAGCA 57 
Bp_2075R GTTGTCGAGCTTGAACGCTT 
Bp_1776F TTACCCGAAACCAGACGAGCTA 56.95 
Bp_2500R CGTGTGGCCATTCATACAAGTC 
Bp_2206F CTCCTAGCACAAGCTTACACCA 56.3 
Bp_2874R CTGCACCATTAGGATGTCCTGA 
Bp_2684F AATTTCGGTTGGGGTGACCT 56.3 
Bp_3403R GGGCTAGTACTGGTGCAATGAT 
Bp_3166F GGTTCAAATCCTCTCCCCAACA 56.85 
Bp_3858R TTGGCGTATTCTGCCAGGAAG 
Bp_3575F TAATTGGAGCCCTACGAGCAGT 57.3 
Bp_4299R GTATGGGCCCGATAGCTTGTTT 
Bp_3914F TCCTAGGAACATTCCACAACCC 56.5 
Bp_4660R GGCTAATCCCAGTTTGATGGCT 
Bp_4508F GCCACAGAAGCTTCTACCAAGT 56.05 
Bp_5237R GTGCTGTGGAGTAAGTAAGACG 
Bp_4843F AATAGGAGGCTGAGGTGGACT 55.9 
Bp_5604R GCGGGAGAAGTAGATTGAAGC 
Bp_5412F ACCCAGACCAAGAGCCTTCAAA 58.65 
Bp_6191R TCAACTGAGGCTCCTGCATGTG 
Bp_5845F TTCGGTGCTTGAGCAGGAAT 56.65 
Bp_6605R AACCCAATGGACACCATAGCTC 
Bp_6388F GCAGCCGGAATTACAATGCTA 56.05 
Bp_7105R TTGTGTAGGCGTCTGGGTAATC 
Bp_6826F ACAGTAGGCGGTCTAACTGGTA 56.3 
Bp_7501R TGATGGGTGATGCTGCATCT 
Bp_7304F CAGCATTCGTCAACCCAAAGTG 57.7 
Bp_7989R TTAGGCGTCCTGGGATTGCAT 
Bp_7740F TCAATAACCCCTCCCTCACTGT 56.5 
Bp_8479R TTAGTCGATTTGGTGCAGGGAA 
Bp_8100F TCCTAGAACTAGTACCCCTAGA 51.25 
Bp_8829R CCGGTTGAATGAATAGACTG 
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Continue Table S1 
Bp_8689F AACGTAGGAATGGCTATCCC 53.7 
Bp_9398R GTCAACATCCGCCTAGTTCT 
Bp_9096F ATAGTAAACCCCAGCCCTTGAC 56.65 
Bp_9770R GTATCAAGCGGCACGTTCAAAG 
Bp_9571F CACTAGGCCTCTACTTCACCTT 54.75 
Bp_10300R TCACAGTCTAGTGGGTCGAA 
Bp_9971F CTCGTATTCATCGCCTTCTGAC 55.55 
Bp_10699R CTGTGGGCTGTGGAGTTAATTC 
Bp_10524F CCTCCTAGTTTTCGCAGCTTGT 57.05 
Bp_11301R CAAGGACTATGGAGCCTGCAAT 
Bp_10997F AGCCACACTAATCCCTACCCTT 56.15 
Bp_11634R ATGGTTCGGCTATGAATGCG 
Bp_11515F TCGTCATCGCAGCTATCCTC 56.45 
Bp_12328R GACTAGTGATGAAGGCGCAGAA 
Bp_11986F TCATCTTAGGCCCTCTCTACTG 55.15 
Bp_12732R GAGTCCAATGTCTCCGATACGA 
Bp_12526F TATATGCACTCCGACCCCTACA 57.2 
Bp_13294R TGGTGAATGGGAGGGCCTTAAA 
Bp_13029F AACAGTAACCCTCTGCTTAGGC 56.35 
Bp_13798R GGGGTAGGCGATGTATGATTGT 
Bp_13592F TCTTCGCTGGCTTCATCCTA 54.95 
Bp_14290R GAACAGTATCCTGAGGTTTGGG 
Bp_13983F CATCACCATCACCCTCAGCATA 55.65 
Bp_14746R GCTAGGAATAGGCCTGTTAGGA 
Bp_14546F CACATGGACTTCAACCATGACC 56.4 
Bp_15239R TCTATGTCGGATGGGATGCCT 
Bp_15031F TCTGAGGCGCAACTGTAATCAC 56.8 
Bp_15854R GTAGAACTTCAGCTTTGGGTGC 
Bp_15534F CACACATCCAATCAACGAAGCA 56.3 
Bp_16193R GTGATCTAATGGAGCGGCCATA 
Bp_16009F GCGTCTTTCCATGGGTATGAAC 56.7 
Bp_16714R ATCTAGGGACGAGCCTGTCT 

The number after “Bp_” denotes the position of the 3’ end of the oligo in the fin whale genome 
deposited by Árnason and Gullberg (1993) in GenBank™. The suffix, F or R, denotes a forward 
or reverse oriented oligo, respectively. 
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Table S2. Six-locus microsatellite genotype probabilities per putative population 

Sample 
ID 

Multi-locus probability 
# 

loci 
Missing 

loci (of 6) 
North 

Atlantic 
Mediterranea

n Sea 
Sea of 
Cortez 

Eastern 
North 
Pacific 

NA0001 0.03 0.16 <0.01 <0.01 5 GGAA520 
NA0002 0.33 0.31 <0.01 <0.01 6  

NA0003 0.48 0.26 <0.01 0.01 6  

NA0004 0.48 0.26 <0.01 0.01 6  

NA0005 0.03 0.12 <0.01 0.02 6  

NA0006 0.23 0.4 <0.01 0.02 6  

NA0007 0.66 0.8 <0.01 0.02 6  

NA0008 0.6 0.64 <0.01 0.06 6  

NA0009 0.65 0.51 <0.01 0.06 6  

NA0010 0.52 0.48 <0.01 0.08 6  

NA0011 0.63 0.7 <0.01 0.1 6  

NA0012 0.04 0.11 <0.01 0.11 6  

NA0013 0.51 0.61 <0.01 0.11 6  

NA0014 0.4 0.56 <0.01 0.15 6  

NA0015 0.29 0.51 <0.01 0.15 4 GATA053, 
GT011 

NA0016 0.43 0.66 <0.01 0.16 6  

NA0017 0.01 0.56 <0.01 0.18 6  

NA0018 0.28 0.49 <0.01 0.18 6  

NA0019 0.69 0.62 0.03 0.2 5 GGAA520 
NA0020 0.33 0.5 <0.01 0.22 5 GGAA520 
NA0021 0.59 0.58 <0.01 0.36 6  

NA0022 0.46 0.5 <0.01 0.6 6  
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Currently, three stocks of sei whales (Balaenoptera borealis) are defined in 
the North Atlantic, mainly based upon historical catch and sighting data. We 
analyzed mitochondrial control region DNA (mtDNA) sequences and genotypes from 
7–11 microsatellite loci in 87 samples from three sites in the North Atlantic: Iceland, 
the Gulf of Maine and the Azores, and compared against the North Pacific using 489 
previously published samples. No statistically significant deviations from 
homogeneity were detected among the North Atlantic samples at mtDNA or 
microsatellite loci. The genealogy estimated from the mtDNA sequences revealed a 
clear division of the haplotypes into a North Atlantic and a North Pacific clade, with 
the exception of one North Atlantic sample from the Azores. The degree of population 
genetic divergence between the North Atlantic and North Pacific Oceans was 
significant and large (mtDNA ΦST = 0.72, microsatellite ϴ = 0.20; p < 0.001). The 
divergence time of the North Atlantic and North Pacific populations was estimated 
at 163,000 years ago. However, inference was limited by an absence of samples from 
the Southern Hemisphere and uncertainty of the values for mutation rates and 
generation times. Very low migration rates were found between the two ocean basins 
(0.007 migrants per generation from the North Atlantic into the North Pacific and 
0.248 vice versa). Although our estimates of low levels of population genetic 
differentiation among the North Atlantic samples are consistent with the extensive 
range of movement observed in satellite tagged sei whales, the uncertainty of our 
estimates was too great to reject the possibility of multiple stocks. 
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Introduction 
 

The pelagic sei whale (Balaenoptera borealis) has a cosmopolitan distribution and 

undertakes seasonal migrations between high-latitude summer foraging grounds and low-latitude 

winter breeding grounds (Mizroch et al., 1984). Sei whales were commercially hunted from the 

1950s to 1980s after populations of the larger baleen whales were depleted by whaling (Prieto et al., 

2012). Although the International Whaling Commission (IWC) placed a moratorium on commercial 

whaling in 1986, sei whales are still occasionally targeted under special permits for scientific 

whaling and aboriginal subsistence hunting1. 

In 1977, the IWC divided the global sei whale population into distinct ‘stocks’ for 

management purposes. The stock divisions were based upon the distribution of catches and sightings 

as well as mark-recapture data, which was the nature of the data available at the time (Donovan, 

1991). The Southern Hemisphere was divided into six stocks, following IWC management practice 

for other baleen whale species. Initially, three distinct stocks were proposed in the North Pacific, 

but these were subsequently combined into a single stock, due to absence of conclusive evidence 

for a three-stock hypothesis. 

In the North Atlantic, sei whales were caught and sighted in eight main areas. However, the 

IWC did not presume these areas to represent different stocks and instead divided the North Atlantic 

sei whales into three stocks: the Nova Scotian, Iceland-Denmark Strait and Eastern North Atlantic 

stocks (Fig. 1). The possible presence of a fourth stock off Labrador north of the Nova Scotian stock 

boundary (Donovan, 1991) was acknowledged, but this stock was never designated. After the 

cessation of commercial sei whaling, the overall research effort aimed specifically at sei whales was 

reduced and most efforts were directed towards the larger mysticetes (Prieto et al., 2012). As a 

result, the original stock boundaries for sei whales in the North Atlantic have remained unchanged, 

even though it is unclear whether they reflect an underlying ‘biological’ population structure 

(Donovan, 1991). 

As is the case for other cosmopolitan mysticete species, such as fin (Balaenoptera physalus) 

and humpback whales (Megaptera novaeangliae), each major ocean basin (i.e. the Southern, the 

Pacific and the Atlantic Ocean) likely represents a distinct stock (e.g. Archer et al., 2013; Jackson 

et al., 2014). Perhaps even different species in the case of right whales (Eubalaena spp.; Rosenbaum 

et al., 2000). The sei whale’s annual migration cycle between low and high latitudes is similar to 

the annual migration pattern assumed for many mysticetes resulting in an anti-tropical temporal 

                                                      
1 Information available at https://iwc.int/total-catches. Accessed 6 January, 2017. 
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separation between populations in different hemispheres (Mizroch et al., 1984). In addition, the 

populations in the Atlantic and the Pacific are geographically separated by continental land masses. 

Genetic analysis of sei whale materials began with an allozyme study by Wada and Numachi 

(1991) who compared the allozyme variation at 45 loci in sei whales sampled in the Southern Ocean 

and the North Pacific. The authors reported statistically significant differences in allele frequencies 

between the two hemispheres. A more recent study compared mitochondrial DNA (mtDNA) control 

region sequence variation in samples collected from sei whales in the two aforementioned ocean 

basins and the North Atlantic (Baker et al., 2004). The study revealed that North Atlantic sei whales 

were genetically distinct from their North Pacific and Southern Hemisphere conspecifics. In contrast 

to earlier findings by Wada and Numachi (1991), Baker and co-workers (2004) failed to detect a 

clear differentiation between the Southern Ocean and the North Pacific. 

The population genetic structure of sei whales within each ocean basin remains poorly 

understood as well. No data or analyses of the sei whale population genetic structure within the 

Southern Ocean have been presented so far. In the cases of the North Pacific and North Atlantic 

populations, limited analyses and data have been presented. Kanda et al. (2006) failed to detect any 

spatial or temporal heterogeneity in the genetic variation at both microsatellite loci and later mtDNA 

sequences (Kanda et al., 2009) ) in North Pacific sei whales. Similarly, Daníelsdóttir et al. (1991) 

did not detect any temporal heterogeneity at 40 allozyme loci genotyped in sei whales off Iceland. 

Population genetic structure across the North Atlantic basin has yet to be assessed. 

Recent satellite tagging studies (Olsen et al., 2009; Prieto et al., 2014) have shed some light 

on possible sei whale migratory routes in the North Atlantic. Olsen et al. (2009) deployed a satellite 

radio transmitter on a sei whale off the Azores, which was tracked to the Labrador Sea, revealing 

that sei whales possibly traverse the entire North Atlantic during their spring migration. Prieto et al. 

(2014) later deployed satellite radio transmitters on seven sei whales off the Azores during their 

spring migration, which were all tracked to summer foraging grounds in the Labrador Sea. Signals 

from two transmitters were lost when the tagged whales were moving toward the Iceland-Denmark 

Strait. The trajectory of these two tagged whales suggests that sei whales can move among different 

high-latitude summer foraging grounds, but whether different sei whale breeding populations also 

utilize the same foraging grounds, remains unknown. 

Given the documented long seasonal migrations of sei whales in the North Atlantic (Olsen 

et al., 2009; Prieto et al., 2014) and wide summer ranges, it is plausible that the genetic heterogeneity 

among North Atlantic sei whale summer and winter grounds is low as in the case of the North Pacific 

sei whale (Kanda et al., 2006; 2009). Here, we present the results of the first assessment of the 

population genetic structure of sei whales in three different locations in the North Atlantic; off 
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Iceland, in the Gulf of Maine and in the Azores. Furthermore, we estimate the effective population 

size, divergence time and migration rates of sei whales in two different ocean basins: the North 

Atlantic and North Pacific Oceans. To this end, the genetic data on North Atlantic sei whales from 

the present study were combined with previously published genetic data collected from North 

Pacific sei whales (Kanda et al., 2006; Kanda et al., 2009). 

 

Materials and methods 

 

Sample collection 

The genetic data from the North Atlantic were obtained from tissue samples collected from 

sei whales caught during special-permit whaling operations off Iceland (1986–1988; n = 43), and as 

skin biopsies collected from free-ranging whales using a crossbow and biopsy tips (Palsbøll et al., 

1991a) in the Gulf of Maine (1999, 2002–2004; n = 18) and the Azores (2005, 2008–2010; n = 26; 

Fig. 1). The laboratory methods described below pertain to the North Atlantic samples. 

 

 

Figure 1. Map with sampling locations in the North Atlantic and the current IWC stock 
boundaries. From left to right: the Nova Scotian stock, the Iceland-Denmark Strait stock and the 
Eastern North Atlantic stock. 
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Data from previous studies 

The genetic data from the North Pacific (collected 2002–2007) were obtained from 

previously published studies (n = 489; Kanda et al., 2006; 2009; Tamura et al., 2009). A single 

additional Antarctic sei whale mtDNA control region sequence was obtained from GenBank™ 

(accession number NC_006929.1; Sasaki et al., 2005). 

 

DNA extraction and sexing 

Total-cell DNA was extracted using the Qiagen DNeasy™ Blood and Tissue Kit (Qiagen 

Inc.) according to the manufacturer’s instructions. The extracted DNA was re-suspended in 1x TE 

buffer (10mM Tris-HCl, 1mM EDTA, pH 8.0). Samples were sexed using the ZFY/ZFX 

multiplexing system as described by Bérubé and Palsbøll (1996b); Bérubé and Palsbøll (1996a). 

 

Genotyping microsatellite loci 

Eleven microsatellite loci were genotyped using the Polymerase Chain Reaction (PCR; 

Mullis & Faloona, 1987a). The specific loci genotyped were: EV094 and EV037 (Valsecchi & 

Amos, 1996), GATA028, GATA053, GATA098, (Palsbøll et al., 1997b), GT011 (Bérubé et al., 

1998), GT023 and GT211 (Bérubé et al., 2000) as well as loci AC082, CA232 and GT541 (Bérubé 

et al., 2005). 

PCR amplifications of the above microsatellite loci were performed in 10µL reaction 

volumes containing 1x Taq buffer (Fermentas Inc.), 3.2mM dNTPs, 0.4 units Taq DNA polymerase 

(Fermentas Inc.) and 1ng extracted DNA. The concentration of each PCR primer pair differed 

among loci. The concentrations were: 0.25µM for locus EV094, GATA028, GATA053 and 

GATA098, and 0.50µM for locus AC082, CA232, EV037, GT011, GT023, GT211 and GT541. The 

PCR amplifications were conducted using a MJ Research PTC-100™ (MJ Research Inc.) in the case 

of locus GATA028 and GT023, a MJ Research Dyad™ thermocycler (MJ Research Inc.) for locus 

AC082, CA232, EV037, EV094, GATA053, GATA098, GT011 and GT541, and a Stratagene 

Robocycler™ (Stratagene Inc.) for locus GT211. PCR cycling profiles were as described in the 

original publications of each locus.  

The experimental conditions employed for the data generation of the North Pacific samples 

were described by Kanda et al. (2006); (2009). The microsatellite genotypes from the two data sets 

(the North Pacific and North Atlantic) were calibrated by genotyping a selection of North Pacific 

samples using the above primer pairs. 
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Sequencing the mtDNA control region 

The first 487 base pairs of the 3’ end of the mtDNA control region were amplified and the 

nucleotides sequenced. The fragment corresponds to positions 15,476–15,963 in the published sei 

whale mitochondrial genome (Árnason et al., 1993; Sasaki et al., 2005). The PCR primers used for 

the amplification were MT4F  (Árnason et al., 1993) and Mn312-R  (Palsbøll et al., 1995), as well 

as BP16071R (Drouot et al., 2004). 

For the North Atlantic samples, PCR amplification was performed in a final volume at 15µL 

containing: 1µM of each PCR primer, 1x Taq DNA polymerase buffer (Fermentas Inc.), 3.2mM 

dNTPs, 0.09 units Taq DNA polymerase (Fermentas Inc.), and 1ng of extracted DNA. The PCR 

amplifications were conducted using an MJ Research PTC-100™ thermocycler (MJ Research Inc.) 

and occurred in 25 reaction cycles, each consisting of a denaturing step of 30 seconds (s) at 94°C, a 

30s annealing step at 54°C and a 120s extension step at 72°C. These 25 cycles were preceded by a 

single 120s denaturing step at 94°C. 

Unincorporated ddNTPs and PCR primers were removed using the Shrimp Alkaline 

Phosphate/Exo-I protocol described by Werle et al. (1994). Cycle-sequencing of the PCR products 

obtained by the above described amplifications was performed using the BigDye Terminator™ ver. 

3.1 Cycle Sequencing Kit (Applied Biosystems Inc.) following the manufacturer’s instructions, 

using the same primers as used for the initial PCR amplification. The cycle-sequencing products 

were purified by ethanol/sodium acetate precipitation (Sambrook & Russell, 2001). The order of 

labeled sequencing fragments was resolved by capillary electrophoresis on an ABI 3730 DNA 

Genetic Analyzer™ (Applied Biosystems Inc.). 

 

Analysis of microsatellite genotypes 

 

Levels of polymorphisms 

Microsatellite alleles were visually checked and sized using GeneMapper™ (ver. 4.0, 

Applied Biosystems Inc.). We estimated the number of alleles (A), the expected (HE) the observed 

heterozygosity (HO), and the probability of identity (I; Paetkau et al., 1995). HE and HO were 

estimated using Arlequin (ver. 3.5.2.2, Excoffier & Lischer, 2010) and I was estimated using 

GenAlEx (ver. 6.5, Peakall & Smouse, 2006, 2012). The 95% confidence interval for the mean HE 

and HO was estimated by bootstrapping over loci (10,000 replicates) using the R package PopGenKit 

(Paquette, 2012) in R (ver. 3.2.5, R-Development-Core-Team, 2016). 
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Controlling procedure for multiple comparisons 

The false discovery rate correction developed by Benjamini and Hochberg (FDR; Benjamini 

& Hochberg, 1995) was applied in all instances when multiple simultaneous tests were conducted, 

using a critical alpha-value at 0.05. 

 

Assessing deviations from Hardy-Weinberg expectations and linkage disequilibria 

Deviations from the expected Hardy-Weinberg genotype proportions and linkage 

disequilibrium were assessed using Fisher’s exact test (Fisher, 1935) implemented in Genepop (ver. 

4.1.4, Raymond & Rousset, 1995; Rousset, 2008) using the default analysis parameters and a 

complete enumeration whenever possible. 

 

Homogeneity tests and genetic divergence 

The degree of genetic differentiation was estimated as ϴ (Weir & Cockerham, 1984). The 

probability of the observed value of ϴ in a homogeneous population as well as the 95% confidence 

intervals of the observed ϴ values were estimated from 10,000 permutations resp. bootstrap 

replicates using Arlequin (ver. 3.5.2.2, Excoffier & Lischer, 2010). 

 

Bayesian clustering 

The software Structure (ver. 2.3.4, Pritchard et al., 2000; Falush et al., 2007) was employed 

to assess possible cryptic population genetic structure. We followed the recommendation by Wang 

(2017). In each assessment, we employed the admixture and the ‘F’ model, the sample location as a 

prior, and 100,000 burn-in Markov chains, followed by 200,000 Markov chains. Fifteen replicates 

were conducted per value of K, ranging from one to five. Lambda was inferred per ‘population’. 

The remaining estimation parameters were the software default values. The output was summarized 

using the program CLUMPAK (Kopelman et al., 2015). 

 

Analysis of mtDNA control region sequences 

 

Levels of polymorphism 

The final chromatograms of the mtDNA control region sequences were visually checked 

using Chromas™ (ver. 2.13, Technelysium Inc.). The final DNA sequences were aligned using 

ClustalW (ver. 1, Thompson et al., 1994) with default parameter settings implemented in MEGA 

(ver. 6.06, Tamura et al., 2013) and then visually checked for minor inconsistencies. DnaSP (ver. 
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5.10, Librado & Rozas, 2009) was employed to estimate the haplotype (HD) and nucleotide diversity 

(π; Nei, 1987). Coalescent simulations (Hudson, 1990, implemented in DnaSP) were employed to 

estimate the 95% confidence interval for both HD and π from 10,000 replicates. 

 

Estimation of mtDNA haplotype sequence genealogy 

Nucleotide positions subject to alignment gaps were deleted from the entire data set. The 

genetic distances among the haplotypes were estimated and visualized using MEGA (ver. 6.06, 

Tamura et al., 2013). Genetic distances were estimated using Kimura’s 2-parameter model (Kimura, 

1980) using an unbiased transition-transversion ratio of 0.5. 

The mtDNA genealogy was estimated using the neighbor-joining method (Saitou & Nei, 

1987; Tamura et al., 2004) from the genetic distances estimated as described above. The consensus 

genealogy and support for each node was inferred from 10,000 bootstrap (over nucleotide positions) 

replicates (Felsenstein, 1985). The genealogy was rooted with the homologous mtDNA control 

region sequences from a North Atlantic fin whale, Balaenoptera physalus, (GenBank™ accession 

number NC_001321.1; Árnason et al., 1991b) and a North Pacific Bryde’s whale, B. brydei 

(GenBank™ accession number NC_006928.1; Sasaki et al., 2005). 

 

Homogeneity tests and genetic divergence 

The degree of differentiation was estimated as ΦST (Excoffier et al., 1992) using Arlequin 

3.5.2.2 (ver. 3.5.2.2, Excoffier & Lischer, 2010). The probability of the observed value of ΦST in a 

homogeneous population as well as the 95% confidence intervals of the observed ΦST values were 

estimated from 10,000 permutations resp. bootstrap replicates using Arlequin. 

 

Estimation of population size, divergence time and migration rates 

Effective population size, population divergence time and migration rates were estimated 

employing the coalescent approach implemented in the software IMa2p (ver. 1.0, Sethuraman & 

Hey, 2016), which applies the Isolation with Migration model to genetic data. We employed the 

HKY model of sequence evolution (Hasegawa et al., 1985) and an annual, per-site mutation rate at 

5.3 x 10-8 (Alter & Palumbi, 2009) with a prior range from 1.0 x 10-8 to 1.0 x 10-7. The generation 

time was assumed to be 26.19 years; i.e. the average of 29.08 years (Pacifici et al., 2013) and 23.30 

years (Taylor et al., 2007). The inheritance scalar was set at 0.25 to account for the fourfold smaller 

effective population size of the mtDNA compared to the nuclear DNA. 

The optimal parameter priors were identified by conducting several runs of IMa2p (see Table 

S1 and Figure S1, Supplementary material) with varying prior parameter values for theta (θ = 4Neµ, 
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where Ne denotes the effective population size and µ the generational mutation rate), migration (m 

= Nm/µ, where Nm denotes the number of migrants per generation) and divergence time (t = Tdivµ, 

where Tdiv denotes the time since splitting in generations) parameters. The final Markov Chain 

Monte Carlo (MCMC) sampling comprised 1.0 x 108 steps, with samples drawn from the posterior 

every 100 steps and a preliminary burn-in at 1.0 x 106 steps. The optimal prior parameter values 

were set at θ = 250, m = 1.5 and t = 10 for the upper bound and zero for the lower bound for all 

parameters. The Metropolis-Coupled Markov Chain Monte Carlo (MC3) was applied to improve the 

mixing. Convergence to stationary in parameter estimates and good mixing was considered when 

no perceivable trends were observed in the plot trend and an effective sample size (ESS) > 500 was 

obtained for all values. In addition, six independent runs, i.e. with different random number seeds, 

were examined for consistency in parameter estimates. The final parameter estimates of Ne, t and 

number of migrants per generation (2Nm) were obtained from the average value of the six replicates 

(Table S2, Supplementary material). 

 

Tests of mutation-drift equilibrium 

Estimates of Tajima’s D (Tajima, 1989) and Fu and Li’s F* (Fu & Li, 1993) and their 

statistical significance were computed using DnaSP (ver. 5.10, Librado & Rozas, 2009) to assess 

possible deviations from neutral evolution. Coalescent simulations (Hudson, 1990, implemented in 

DnaSP) were employed to estimate 95% confidence intervals for D and F* from 10,000 replicates. 

 

Results 

 

Data analysis of microsatellite genotypes 

Duplicate samples and missing data 

The probability of identity (I) was estimated at 5.0 x 10-9 for the North Atlantic specimens 

(a total of 11 loci; Table 1a and 1b) and at 1.1 x 10-5 for the North Pacific samples (a total of 7 loci; 

Table 1a). Consequently, the expected number of pairs of unrelated individuals matching at all loci 

was at 4.2 x 10-7 in the North Atlantic and at 5.3 x 10-3 in the North Pacific. No matching pairs of 

multi-locus genotypes were observed among the North Pacific samples. A total of three pairs of 

matching multi-locus genotypes were detected among the North Atlantic samples; two sample pairs 

from the Gulf of Maine and one pair from the Azores. Also considering the samples’ corresponding 

sex and mtDNA haplotype, these were inferred as duplicate samples from the same individuals. 

Accordingly, only data from one sample of each identical pair was retained in the final data set. The 
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calibration with the North Atlantic dataset failed for four North Pacific samples. After removal of 

duplicate and failed genotypes, the microsatellite data set was comprised of 569 unique multi-locus 

genotypes; n = 485 for the North Pacific, n = 43 for Iceland, n = 16 for the Gulf of Maine and n = 

25 for the Azores. In total, 0.2% genotypes were missing among all genotypes for the seven loci 

genotyped in both the North Pacific and North Atlantic samples. Data were missing for 6% of the 

four additional microsatellite loci genotyped in the North Atlantic samples. 

 

Table 1a Microsatellite diversity indices in North Pacific and North Atlantic samples 
  Microsatellite loci  

Sample EV094 GATA 
028 

GATA 
053 

GATA 
098 

GT011 GT023 GT211 All 7 loci 

Total A 12 11 3 9 4 13 7 59 
n = 569 HO 0.69 0.76 0.38 0.71 0.44 0.62 0.28 0.55 (0.43, 0.68) 

 HE 0.75 0.81 0.43 0.77 0.49 0.70 0.29 0.61 (0.47, 0.73) 
 I 0.097 0.062 0.37 0.086 0.31 0.12 0.52 3.6 x 10-6 

North A 6 11 3 7 4 12 6 49 
Pacific HO 0.68 0.77 0.45 0.72 0.44 0.57 0.30 0.56 (0.44, 0.68) 
n = 485 HE 0.68 0.81 0.48 0.73 0.44 0.60 0.31 0.58 (0.46, 0.70) 

 I 0.14 0.061 0.32 0.12 0.35 0.20 0.50 1.1 x 10-5 
North A 11 7 1 6 2 7 4 38 

Atlantic HO 0.69 0.74 -- 0.64 0.48 0.88 0.17 0.60 (0.28, 0.72) 
n = 87 HE 0.75 0.75 -- 0.66 0.47 0.76 0.19 0.60 (0.28, 0.70) 

 I 0.10 0.10 1.0 0.15 0.40 0.10 0.67 4.4 x 10-5 
Gulf of A 6 6 1 5 2 6 3 29 
Maine HO 0.81 0.94 -- 0.56 0.44 0.81 0.19 0.63 (0.29, 0.76) 
n = 16 HE 0.71 0.79 -- 0.77 0.50 0.79 0.18 0.62 (0.29, 0.71) 

 I 0.14 0.09 1.0 0.09 0.38 0.09 0.69 2.7 x 10-5 
Iceland A 9 6 1 5 2 6 4 33 
n = 43 HO 0.72 0.70 -- 0.70 0.46 0.95 0.16 0.62 (0.28, 0.74) 

 HE 0.76 0.72 -- 0.63 0.48 0.76 0.21 0.59 (0.29, 0.69) 
 I 0.10 0.13 1.0 0.18 0.39 0.11 0.64 6.5 x 10-5 

Azores A 8 7 1 6 2 4 3 31 
n = 25 HO 0.56 0.70 -- 0.58 0.52 0.80 0.16 0.55 (0.27, 0.66) 

 HE 0.73 0.77 -- 0.60 0.43 0.75 0.15 0.57 (0.26, 0.67) 
 I 0.11 0.096 1.0 0.21 0.43 0.12 0.73 8.2 x 10-5 

Notes: n: sample size after removal of duplicates and failed genotypes, A: number of different alleles, HO: 
observed heterozygosity, HE: expected heterozygosity, I: probability of identity. I was used to detect 
duplicate samples in our dataset, thus the original sample sizes were used for estimation of the values shown 
for I. Parenthesis denotes the 95% confidence interval. 
 
 
Diversity estimates 

Tables 1a and 1b list the diversity estimates observed for the microsatellite loci. The number 

of alleles ranged from 3 (GATA053) to 13 (GT023). The mean number of alleles was at 8.4. Private 

alleles were detected in both ocean basins, as well as in each of the three North Atlantic sampling 

locations. 
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Mean HE for all seven microsatellite loci was similar in each ocean basin (Table 1a); HE was 

estimated at 0.60 in the North Atlantic (ranging from 0.19 to 0.76) and at 0.58 in the North Pacific 

(ranging from 0.31 to 0.81). The mean HO was also estimated at 0.60 in the North Atlantic (ranging 

from 0.17 to 0.88) and at 0.56 in the North Pacific (ranging from 0.30 to 0.77). The estimates of the 

mean HE and HO at each North Atlantic sampling location were in the same range as the estimates 

obtained from the pooled samples in both ocean basins. The mean HE and HO for all 11 loci estimated 

from the North Atlantic samples were also similar (Table 1b). 

 

Table 1b Measures of diversity for four microsatellite loci analysed only in the North 

Atlantic samples 

  Microsatellite loci  

Sampling area AC082 CA232 EV037 GT541 All 11 loci 

North A 6 3 10 11 68 
Atlantic HO 0.62 0.56 0.82 0.87 0.65 (0.42, 0.74) 
n = 84 HE 0.68 0.47 0.86 0.84 0.64 (0.41, 0.72) 

 I 0.16 0.39 0.04 0.05 5.0 x 10-9 
Gulf of A 6 2 8 7 52 
Maine HO 0.69 0.69 0.80 0.88 0.68 (0.44, 0.77) 
n = 16 HE 0.73 0.50 0.84 0.81 0.66 (0.42, 0.72) 

 I 0.13 0.38 0.06 0.08 7.9 x 10-9 
Iceland A 5 3 10 11 62 
n = 43 HO 0.67 0.51 0.84 0.86 0.66 (0.42, 0.75) 

 HE 0.67 0.49 0.85 0.85 0.64 (0.41, 0.71) 
 I 0.18 0.37 0.05 0.05 9.4 x 10-9 

Azores A 5 2 9 9 56 
n = 25 HO 0.48 0.56 0.82 0.88 0.61 (0.39, 0.69) 

 HE 0.66 0.44 0.90 0.85 0.63 (0.39, 0.71) 
 I 0.18 0.41 0.03 0.05 8.5 x 10-9 

Notes: n: sample size after removal of duplicates and failed genotypes, A: number of different alleles, HO: 
observed heterozygosity, HE: expected heterozygosity, I: probability of identity. I was used to detect duplicate 
samples in our database, thus the original sample sizes were used for estimation of the values shown for I. 
Parenthesis denotes the 95% confidence intervals. 
 
 

Equilibrium 

In the total sample (i.e. the combined North Atlantic and North Pacific data set), significant 

deviations from the Hardy-Weinberg genotype frequencies were detected at five (EV094, 

GATA053, GATA098, GT011 and GT023) of the seven loci after FDR correction (p-values < 

0.0036). No significant deviations from the expected Hardy-Weinberg genotype frequencies were 

detected among the North Atlantic genotypes after applying FDR correction. Several instances of 

statistically significant linkage disequilibrium were detected among the seven loci after applying the 

FDR procedure (p-values < 0.0047) in the combined North Atlantic and North Pacific data set. In 



EVOLUTIONARY ECOLOGY OF MARINE MAMMALS 

92 

 

contrast, no statistically significant degree of linkage disequilibrium was detected among samples 

from each ocean basin after applying FDR correction. 

 

Homogeneity tests and genetic divergence 

Pairwise estimates of ϴ ranged from 0.18 to 0.21 (Table 2). Homogeneity was rejected for 

all loci separately and combined (p-values < 0.0001) between the North Atlantic and North Pacific 

ocean basins. In contrast, no significant deviations from homogeneity were detected within the 

North Atlantic Ocean. 

 
Table 2 Pairwise estimates of genetic divergence between sample locations  

Between oceans North Pacific North Atlantic    

North Pacific  0.72*    
 (0.70–0.73)    

North Atlantic 0.20*     
 (0.19–0.22)    

In the North 
Atlantic 

  Gulf of 
Maine 

Iceland Azores 

Gulf of Maine    0.003 0 
   (0–0.14) (0–0.08) 

Iceland   0.013  0 
   (0–0.050) (0–0.08) 

Azores   0.005 0.003  
   (0–0.047) (0–0.03) 

Notes: Estimates of divergence based upon microsatellite genotypes below the shaded area and upon 
mtDNA sequences above the diagonal. *P < 0.05. Parenthesis denotes the 95% confidence interval. 

 
Bayesian clustering 

The most probable value of K in the combined data set (i.e. both North Pacific and North 

Atlantic) was estimated at 2 from the posterior mean likelihood vales (P(K = 2|D) = ~1.0, Table S3, 

Supplementary material). All samples from the same ocean basin were allocated to the same cluster 

(data not shown) at admixture probabilities of 100%. K = 1 was the most probable estimate for the 

combined North Atlantic data set (P(K = 1|D) = ~1.0, Table S3, Supplementary material). 

 

Data analysis of the mtDNA control region nucleotide sequences 

Levels of polymorphism 

The final data set of mtDNA control region DNA sequences was comprised of the first 487 

nucleotides of the mtDNA control region in 572 samples (n = 488 for the North Pacific due to one 

failed mtDNA sequence and n = 84 for the North Atlantic; each sample representing a unique multi-

locus microsatellite genotype). In total, 41 segregating sites which defined 65 different mtDNA 
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sequence haplotypes were identified (Fig. 2), with none shared between ocean basins. Among the 

41 segregating sites, three were segregating for three nucleotides, resulting in a total of 44 observed 

substitutions; one inferred insertion-deletion event, 38 transitions and five transversions. There were 

seven mtDNA haplotypes detected among the North Atlantic samples and 57 among the North 

Pacific samples. The mean haplotype and nucleotide diversity for each sampling location separately 

and for all samples together are listed in Table 3. The haplotype and nucleotide diversity were 

significantly higher in the North Pacific samples than in the North Atlantic samples (Table 3). 

 

  

Figure 2. Frequency of mtDNA control region haplotypes per sampling location  
 

 

MtDNA genealogy 

The final alignment of sei, Bryde’s and fin whale mtDNA control region sequences yielded a 

consensus sequence of 491 nucleotides (including alignment gaps). The genealogy (Fig. 3) estimated 

from the aligned sequences was comprised of two clades with sei whale mtDNA sequences by a 

bootstrap value at 93%; one clade contained all the mtDNA haplotypes detected in the North Pacific, 

the only Antarctic mtDNA haplotype as well as one North Atlantic mtDNA haplotype. The other 

clade contained the remainder six mtDNA haplotypes detected among the North Atlantic samples.  
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Figure 3 Neighbour-joining genealogy of mtDNA control region haplotypes. Only bootstrap 
values above 60% are shown. The tree is drawn to scale, with branch lengths in the evolutionary 
distance units of number of base substitutions per site. 
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Homogeneity tests and estimates of genetic divergence 

Homogeneity was rejected (ΦST = 0.72, p < 0.001) between the North Atlantic and North 

Pacific Ocean. However, no significant deviations from homogeneity were detected among the three 

North Atlantic sampling locations. 

 

Estimation of population sizes, divergence time and migration rates 

The parameter �, which can be viewed as a proxy for long-term historic effective population 

sizes, was estimated at 6.2 (95% credible interval: 2.2–14) and 53 (95% credible interval: 39–73) 

for the North Atlantic and North Pacific samples, respectively; a difference of almost one order of 

magnitude (Table 4). The divergence time between the North Atlantic and North Pacific populations 

was estimated at ~163 thousand years ago (kya, 95% credible interval: 57–386 kya; Table 4). The 

migration rate 2mNe from the North Pacific population into the North Atlantic population was 

estimated at 0.248 (95% credible interval: 0–1.97, Table 4) and at 0.007 from the North Atlantic 

population into the North Pacific population (95% credible interval: 0–1.47, Table 4). 

 

Tests of neutrality 

The observed estimates of Tajima’s D and Fu and Li’s F* for the separate and pooled sampling 

locations were all negative (Table 3), suggestive of population expansion. However, F* was only 

statistically significant for the Azores’ sample (p < 0.05) and for the pooled North Atlantic sample 

(p < 0.02) and D was only significant for the Azores’ sample (p < 0.05). 

 

Table 3. Measures of diversity and neutrality estimated from the mtDNA control region 
sequences.  

Sampling location HD π Tajima’s D 
Fu and Li’s 

F* 

Total 0.85 
(0.66, 0.93) 

5.5 
(1.7, 13) 

-0.29 
(-1.6, 2.0) 

-0.11 
(-2.0, 1.9) 

North Pacific 0.79 
(0.55, 0.90) 

3.8 
(1.0, 9.1) 

-0.67 
(-1.6, 2.0) 

-0.35 
(-2.0, 1.8) 

North Atlantic 0.52 
(0.047, 0.81) 

1.1 
(0.070, 3.1) 

-1.7 
(-1.6, 2.0) 

-3.3* 
(-2.3, 1.6) 

Gulf of Maine 0.48 
(0.0, 0.82) 

0.95 
(0.0, 2.9) 

-0.68 
(-1.7, 1.9) 

-0.74 
(-2.3, 1.5) 

Iceland 0.48 
(0.0, 0.79) 

0.91 
(0.0, 2.7) 

-0.52 
(-1.6, 2.0) 

-0.05 
(-2.5, 1.5) 

Azores 0.61 
(0.15, 0.86) 

1.6 
(0.15, 4.3) 

-1.9* 
(-1.7, 1.9) 

-2.8* 
(-2.3, 1.6) 

Notes: HD: haplotype diversity, π: nucleotide diversity. *P < 0.05. Parenthesis denotes the 
95% confidence interval. 
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Table 4. Estimates of relative effective population sizes, divergence times and migration rates  

θNA θNP θA 2mNe (NP→ NA) 2mNe (NA→ NP) TDIV (kya) 

6.2 53 14 0.248 0.007 163 

(2.2–14) (39–73) (0–220) (0–1.97) (0–1.47) (57–387) 

Notes: NA: North Atlantic, NP: North Pacific, A: ancestral population, θ: 4Neµ, where Ne denotes 
the equivalent effective population size for a diploid autosomal locus, and µ the generational 
mutation rate per locus. 2mNe: migration rate in number of migrants per generation. → denotes the 
direction of migration. TDIV is the population divergence time in thousands of years ago (kya). 
Parenthesis denotes the 95% credible interval. 
 

 

Discussion 

 

Our results are consistent with the notion of a single panmictic population of sei whales in 

the North Atlantic. Our results also support the inference drawn by Baker et al. (2004) that sei 

whales in the North Atlantic and North Pacific Ocean are genetically distinct. The previous results 

were based solely on mtDNA sequences, and this study augments the conclusion with nuclear 

microsatellite genotypes. 

 

Differentiation within the North Atlantic 

We failed to detect significant genetic heterogeneity among the three distinct sampling 

locations in the North Atlantic (the Gulf of Maine, off Iceland and the Azores) at nuclear or mtDNA 

loci. These findings suggest an absence of genetic population structure within the North Atlantic. 

Pairwise estimates of ΦST and ϴ at mtDNA and nuclear loci were low, most close to zero (Table 2). 

The program Structure also failed to identify significant levels of genetic structure among the North 

Atlantic (and North Pacific) samples. In other words, our analyses did not yield any results 

supporting the current designation of sei whale management units in the North Atlantic by the IWC. 

However, low levels of genetic differentiation do not necessarily imply a single stock of sei whales 

in the North Atlantic but could have other causes. 

Firstly, it is important to consider the uncertainty of the divergence estimates as well as the 

assumptions underlying equating divergence estimates with contemporary connectivity. The upper 

bounds of 95% confidence intervals estimated for the point estimates of FST among the North 

Atlantic sampling locations ranged from 0.08 to 0.14 and from 0.03 to 0.05 for mtDNA and 

microsatellite data, respectively. Applying Wright’s drift-migration equilibrium, the relation 

between FST and Nm, i.e. FST = 1 / (4Nm +1), implies that these upper bounds would correspond to 
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between 3–8 migrants per generation (females for mtDNA). The failure of the program Structure to 

detect more than a single cluster among the North Atlantic samples should similarly be interpreted 

with caution. Several in silico assessments (e.g., Latch et al., 2006; Waples & Gaggiotti, 2006) of 

the program have shown that Structure fails to detect more than one cluster when the degree of 

population genetic divergence is below 0.05–0.025, which corresponds to 5–10 migrants per 

generation assuming drift-migration equilibrium. In other words, the 95% confidence intervals of 

our divergence estimates included levels of divergence that both support a single stock (i.e. FST ~0) 

and multiple stocks (i.e. 3–8 migrants per generation). Along the same vein, the failure of Structure 

to detect more than one cluster in the North Atlantic does not negate the presence of multiple stocks 

given the relatively low migration rates possible given the observed outcome. 

The degree of population genetic divergence estimated as FST does not necessarily reflect 

contemporary gene flow (i.e. migration) but is heavily influenced by population history. Both 

observed estimates of Tajima’s D as well as Fu and Li’s F* based upon the mtDNA in the North 

Atlantic sample deviated significantly from the expectations under drift-migration equilibrium 

(Table 3). The negative values are indicative of a historic population expansion, which makes sense 

given the geological history of the North Atlantic Ocean. The Gulf of Maine and the seas off Iceland 

were inaccessible to baleen whales during the Last Glacial Maximum (LGM, 26.5–19 kya; Clark et 

al., 2009). The ice caps and summer sea ice extent have since retreated making the current summer 

feeding areas, such as the Gulf of Maine and the waters off Iceland, accessible to sei whales. Our 

results suggest an expansion of the North Atlantic sei whale population(s) after the LGM during the 

retreat of the summer sea ice as previously reported in case of the North Atlantic fin whale 

(Balaenoptera physalus; Bérubé et al., 1998) and minke whale (B. acutorostrata; Pastene et al., 

2007; Anderwald et al., 2011). Population expansion reduces the rate of genetic drift and hence the 

rate of population divergence compared to constant-sized populations. The effect (i.e. the rate of 

population genetic divergence) would be even lower if the ‘new’ populations were founded from 

the same historical population. In other words, the recent (in genetic terms) population history and 

expansion of sei whales in the North Atlantic may have contributed to the low levels of spatial 

population genetic divergence observed in our study. 

Among the seven mtDNA haplotypes detected in the North Atlantic, six differed from each 

other by a single substitution, suggesting a recent coalescence of these lineages consistent with the 

recent population expansion. The seventh mtDNA haplotype was detected in a single sample taken 

in the Azores. The haplotype differed from the remaining six North Atlantic mtDNA haplotypes by 

seven substitutions and was placed as a sister group to the North Pacific haplotypes in the genealogy 

estimated in our study (Fig. 3). Although anecdotal at this point, the seventh divergent mtDNA 
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haplotype might represent a recent immigrant maternal lineage, e.g. from the South Atlantic, or 

represent a rare North Atlantic mtDNA lineage. More data and samples are required to discern 

between these two possibilities. 

 

Timing and level of gene flow between the North Atlantic and North Pacific Oceans 

We detected high and significant degrees of genetic divergence between the samples from 

the North Atlantic and North Pacific oceans (Table 2). Unsurprisingly, the estimates of haplotype 

and nucleotide diversity in North Pacific sei whales were similar to the estimates reported for the 

same samples by Kanda et al. (2009). Haplotype diversity was high for the North Pacific and 

intermediate for the North Atlantic. The estimates of nucleotide diversity were low but within the 

range reported for other rorquals (e.g., Bérubé et al., 1998; Anderwald et al., 2011). The global 

haplotype genealogy revealed a clear separation of the North Atlantic and North Pacific haplotypes 

(Fig. 3). The single Antarctic mtDNA haplotype included in our analysis clustered together with the 

North Pacific mtDNA haplotypes, which was consistent with previous findings by Baker et al. 

(2004). 

The estimates of inter-oceanic migration rates pointed to very low migration rates (~1 

migrant per four generations or less; Table 4). Divergence time estimates suggested that the North 

Atlantic and North Pacific sei whale populations separated ~163 kya during the penultimate 

Pleistocene glaciation; the Illinoian glaciation (140–350 kya; Lisiecki & Raymo, 2005b; Lisiecki & 

Raymo, 2005a). This is known to be one of the coldest glacial periods over the last million years 

(Colleoni et al., 2016). The extent of sea ice during colder conditions might have facilitated the 

population divergence between the North Atlantic and North Pacific sei whales, as has been 

suggested for other species and populations during the Pleistocene glaciations (e.g., Hewitt, 2000, 

2004). 

The estimates of �, a proxy for effective population size, indicated that the median effective 

population size of the North Pacific sei whale was much larger (approximately nine times) compared 

to the North Atlantic population (Table 4). Although the estimates of � can be converted into 

estimates of effective female population sizes, we refrained from doing so given that the 

interpretation of such an estimate is far from straightforward (as reviewed by Palsbøll et al., 2013). 

Similarly, the inferred population divergence time should not be taken too literally. Direct gene flow 

between the North Atlantic and North Pacific after the rise of the Panama Isthmus (~3.5 million 

years ago; Coates et al., 1992) has only been possible through the Northwest Passage during a few 

brief periods with elevated temperatures. Our divergence time estimate is likely heavily influenced 

by past periods of gene flow between the hemispheres, as well as the mtDNA mutation rate and 



Population structure of sei whales 

99 

 

generation time employed in our estimation. The inclusion of samples from the Southern 

Hemisphere would likely result in very different estimates. 

 

Concluding remarks 

In conclusion, while our results do not seem to support the current division by the IWC of 

North Atlantic sei whales into three different stocks, the uncertainty in our estimates is sufficiently 

high that we cannot rule out the presence of multiple stocks either. The available satellite tagging 

data suggests that sei whales travel across wide latitudinal and longitudinal ranges, which might 

explain the low levels of genetic divergence estimated in this study. In order to aid further efforts in 

the management and conservation of sei whales, we propose additional sampling across the species’ 

entire range as well as an increase in sample sizes. The low levels of variation in the North Atlantic 

sei whale suggests that increasing the number of loci may also enhance the precision of estimates of 

divergence and gene flow (e.g. single nucleotide polymorphism, or SNP, genotypes from 

genotyping-by-sequencing approaches). 
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Supplementary material  

 
Table S1. Command line employed as input parameters for each replicated run in IMa2p* 

Replicate Command line IMa2p 

A Command line string :  -i IMa_mtDNA_input_2pops.txt -o IMa_mtDNA_2pops_OUT20170522A.out 
-q 250 -m 1.5 -t 10 -u 26.19 -b 1000000 -L 1000000 -p 2357 -s 1478612289  

B Command line string :  -i IMa_mtDNA_input_2pops.txt -o IMa_mtDNA_2pops_OUT20170522B.out 
-q 250 -m 1.5 -t 10 -u 26.19 -b 1000000 -L 1000000 -p 2357 -s 9754689125  

C Command line string :  -i IMa_mtDNA_input_2pops.txt -o IMa_mtDNA_2pops_OUT20170522C.out 
-q 250 -m 1.5 -t 10 -u 26.19 -b 1000000 -L 1000000 -p 2357 -s 6687764563  

D Command line string :  -i IMa_mtDNA_input_2pops.txt -o IMa_mtDNA_2pops_OUT20170522D.out 
-q 250 -m 1.5 -t 10 -u 26.19 -b 1000000 -L 1000000 -p 2357 -s 7852786375  

E Command line string :  -i IMa_mtDNA_input_2pops.txt -o IMa_mtDNA_2pops_OUT20170522E.out 
-q 250 -m 1.5 -t 10 -u 26.19 -b 1000000 -L 1000000 -p 2357 -s 2934856253  

F Command line string :  -i IMa_mtDNA_input_2pops.txt -o IMa_mtDNA_2pops_OUT20170522F.out 
-q 250 -m 1.5 -t 10 -u 26.19 -b 1000000 -L 1000000 -p 2357 -s 2057236262  

*For the input data file the following parameters were employed:  
 
Line 1:  Sei_whales 
Line 2:   2 
Line 3:  North_Atlantic North_Pacific 
Line 4:  (0,1):2 
Line 5:  1 
Line 6:  mtDNA_control_region 84 488 487 H 0.25 0.000025811 (0.00000487,0.0000487) 
 
where line 1 is the name of the species, line 2- the number of populations, line 3 – the populations name, line 
4 – the topology of the tree including an ancestral population, line 5 – the number of loci, line 6 – the name 
of the loci, the sample sizes for each population, the length of the sequence, the mutation model (H: HKY), 
the inheritance scalar and the mutation rate per year per locus with the lowest and highest value in parenthesis.  
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Table S2. Maximum-likelihood estimates of IMa2p model parameters with their respective 
demographic conversions for the North Atlantic and North Pacific sei whale populations 

Replicate 
  Model parameters 

  Parameter value MLE Lower 95% CI Upper 95% CI 

A  θ NA 6.375 2.125 14.38 
B  θ NA 6.125 2.125 14.12 
C  θ NA 6.375 2.375 14.62 
D  θ NA 6.375 2.375 14.62 
E  θ NA 5.375 1.875 14.12 
F  θ NA 6.625 2.125 14.38 

Average   θ NA 6.21 2.17 14.37 
A  θ NP 53.38 38.62 72.88 
B  θ NP 53.62 38.88 73.12 
C  θ NP 53.12 38.38 72.62 
D  θ NP 53.12 38.38 72.62 
E  θ NP 53.88 38.62 73.62 
F  θ NP 53.38 38.62 72.88 

Average   θ NP 53.42 38.58 72.96 
A  θA 13.38 0 215.9 
B  θA 14.12 0 215.9 
C  θA 14.38 0 215.9 
D  θA 13.88 0 215.9 
E  θA 15.12 0 216.1 
F  θA 14.12 0 215.9 

Average   θA 14.17 0 215.93 
A  m (NP→NA) 0.038 0 0.649 
B  m (NP→NA) 0.043 0 0.656 
C  m (NP→NA) 0.037 0 0.608 
D  m (NP→NA) 0.038 0 0.613 
E  m (NP→NA) 0.040 0 0.665 
F  m (NP→NA) 0.041 0 0.632 

Average   m (NP→NA) 0.040 0 0.637 
A  m (NA→  NP) 0.00075 0 0.05475 
B  m (NA→  NP) 0.00075 0 0.05475 
C  m (NA→  NP) 0.00075 0 0.05475 
D  m (NA→  NP) 0.00075 0 0.05475 
E  m (NA→  NP) 0.00075 0 0.05325 
F  m (NA→  NP) 0.00075 0 0.05475 

Average   m (NA→  NP) 0.00075 0 0.05450 
A  t 4.205 1.455 9.995 
B  t 4.045 1.495 9.985 
C  t 4.345 1.465 9.985 
D  t 4.205 1.485 9.955 
E  t 4.175 1.465 9.995 
F  t 4.245 1.465 9.945 

Average   t 4.203 1.472 9.977 
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    Demographic conversions 
Replicate   Parameter value MLE Lower 95% CI Upper 95% CI 

A  2Nm (NP→ NA) 0.245 0 1.976 

B  2Nm (NP→ NA) 0.254 0 1.961 

C  2Nm (NP→ NA) 0.245 0 1.989 

D  2Nm (NP→ NA) 0.241 0 1.978 

E  2Nm (NP→ NA) 0.254 0 1.935 

F  2Nm (NP→ NA) 0.248 0 1.964 

Average  2Nm (NP→ NA) 0.248 0 1.9672 

A  2Nm (NA→  NP) 0.0063 0 1.474 

B  2Nm (NA→  NP) 0.0063 0 1.487 

C  2Nm (NA→  NP) 0.0066 0 1.461 

D  2Nm (NA→  NP) 0.0066 0 1.461 

E  2Nm (NA→  NP) 0.0069 0 1.468 

F  2Nm (NA→  NP) 0.0069 0 1.468 

Average  2Nm (NA→  NP) 0.0066 0 1.4698 
A  TDIV 162,915 56,371 387,238 
B  TDIV 156,716 57,921 386,851 
C  TDIV 168,339 56,759 386,851 
D  TDIV 162,915 57,534 385,688 
E  TDIV 161,753 56,759 387,238 
F  TDIV 164,465 56,759 385,301 

Average   TDIV 162,851 57,017 386,528 
Notes: Maximum likelihood estimates (MLE) and 95% credible interval for the lower (Lower 95% CI) and 
upper (Upper 95% CI) bound for each of the model and demographic parameter values. NA: North Atlantic, 
NP: North Pacific, A: ancestral population. θ: 4Neµ, where Ne denotes the effective population size, and µ 
the generational mutation rate per locus; m is the mutation scaled migration rate from the NP into the NA 
(m (NP →NA)) and from the NA into the NP (m (NA →NP)) forward in time; t is the mutation scaled divergence 
time. 2Nem is the effective number of migrant gene copies per generation, TDIV is the divergence time in 
years. Demographic conversions are based on a mutation rate of 2.58 x 10-5 per year (for the entire locus; 
i.e. 487 sites) and a generation time of 26.19 years. The parameter values are the average of six replicated 
runs according to Supplementary material Table S1. 
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Figure S1. Marginal posterior probability densities for theta (�), mutation rate times divergence time 
(t), mutation scaled migration rate (m) between North Atlantic and North Pacific populations. (a) 
Estimated theta (�), (b) divergence time times mutation rate between North Atlantic and North Pacific 
populations (t), estimated mutation scaled migration rate (m) from (c) the North Pacific into the North 
Atlantic (m(NP →NA)) and from (d) the North Atlantic into the North Pacific (m(NA →NP)) forward in time. µ is 
the mutation rate per year per locus. Results are from six replicates employing the coalescent approach in 
IMa2p and mtDNA. 
 
 
Table S3. Likelihoods of different values of K estimated with Structure 

Number of clusters (K) 
 

Likelihood of (K) 
 

Standard deviation 
of likelihood (K) 

North Atlantic and North Pacific 

1 -10254.4 0.3 

2* -9332.4 3.1 

3 -9503.8 202.2 

4 -9659.0 212.4 

5 -9644.7 203.7 

North Atlantic 

1* -2138.0 0.5 

2 -2142.9 3.3 

3 -2149.7 12.1 

4 -2145.2 3.7 

5 -2144.3 3.6 
*K = 2 was estimated as the most likely number of clusters for the North Atlantic and North Pacific 
samples combined. K = 1 was estimated as the most likely number of clusters for the North Atlantic. 
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H., Dalla Rosa, L., Dias, C., Findlay, K.P,, Haug, T., Heide-Jørgensen, M.P., Kovacs, K., Larsen, 
F., Lopes, X. M., Lydersen, C., Matila, D., Oosting, T., Pace, R.M., Papetti, C., Paspati, A., Pastene, 
L.A., Prieto, R. Ramp, C., Robbins, J., Ryan, C., Sears, R., Secchi, E.R., Silva, M. A., Vikingsson, 
G., Wiig, Ø., Øien, N., Palsbøll, P.J.   
  
 

Global warming during the Late Quaternary (~14 – 9 thousand years ago, 
kya) had significant and lasting impacts on the distribution, population 
dynamics and trophic interactions of fauna and flora (Hewitt, 1996, 2000, 
2004). The effects were most dramatic at high latitudes and have been the 
subject of numerous terrestrial studies. In contrast, knowledge of the effects 
of this warming period on marine ecosystems remains sparse. This study 
infers temporal trends in abundance and migration rates during the Late 
Quaternary from DNA sequence variation within eight baleen whale species 
and seven fish and invertebrate species; these latter species represent baleen 
whale prey in the context of this study. Except for one baleen whale 
population, the analysis revealed increases in abundance during the Late 
Quaternary in both the North Atlantic Ocean and in the Southern 
Hemisphere. These increases in abundance were correlated with an increase 
in temperature, prey species’ abundance and sea ice declines. In the Southern 
Hemisphere, temporal trends in abundance in both baleen whales and 
invertebrate prey species were highly synchronized. In the North Atlantic 
Ocean, the initial increases in whale abundance were followed by subsequent 
decreases in three species some 6-8 kya. This study shows that the impacts of 
past global warming were long-lasting and spanned the entire marine 
ecosystem. Furthermore, the findings suggest that baleen whale abundance 
can be subject to bottom-up control (White, 1978; Power, 1992) at least 
during the initial part of a warming phase. However, the results also reveal 
that long-term trends in whale (and prey) abundance are highly context 
dependent and hence difficult to predict. 
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Main Text 

 

Ongoing global warming is affecting the population dynamics and trophic interactions across 

a wide range of ecosystems and habitats (Parmesan, 2006; Post et al., 2009). Translating the 

observed short-term effects into their long-term consequences remains a challenge. The Pleistocene-

Holocene transition (~11.7 kya) during the Late Quaternary, was characterized by rapid and dramatic 

increases in temperatures and concomitant changes in environmental conditions (Abrantes, 2000; 

Clark et al., 2009; Figure 1). An exploration of the Pleistocene-Holocene transition provides an 

opportunity to gain insights into long-term responses of natural populations to a period of global 

warming in the past. The effects of the Pleistocene-Holocene transition upon species’ ranges and 

extinction rates (Hewitt, 1996, 2000), have been the subject of several studies of terrestrial 

megafauna, which have revealed substantial spatio-temporal variation in species’ responses 

(Lorenzen et al., 2011). Less is known about the responses of marine megafauna to the Pleistocene-

Holocene transition. Baleen whales are a group of globally distributed marine mammal megafauna 

that prey on invertebrates and fishes. Most baleen whale species undertake extensive seasonal 

migrations between low-latitude breeding grounds and high latitude feeding areas (Berta et al., 

2006). Consequently, baleen whales are subjected to the environmental and ecological changes 

across entire ocean basins. 

In this study, we employed the coalescent-based Bayesian statistical framework 

implemented in the software MIGRATE-N (Beerli & Felsenstein, 2001) to infer temporal trends in 

regional genetic  diversity (�) and inter-regional gene flow (�). The parameter (�), which is the 

regional effective population size scaled with the generational mutation rate (�), was employed as 

proxy for local abundance. Similarly, �, which is the immigration rate scaled with �, was employed 

as proxy for inter-regional connectivity. The analyses focused on baleen whales as well as pelagic 

fish and invertebrate species that are known to be preyed on by baleen whales or representing the 

trophic level of baleen whale prey species. In total, 4,761 and 2,271 mitochondrial DNA (mtDNA) 

sequences were analyzed obtained from eight different baleen whale species and seven fish and 

invertebrate species in the North Atlantic Ocean and the Southern Hemisphere, respectively 

(Extended Data Table 1). For three baleen whales, the results obtained from the mtDNA sequences 

were corroborated with estimates of � based on genome-wide data (Extended Data Tables 3-4, 

Extended Data Figure 3).  

The genetic estimates of the temporal trends in baleen whale abundance during the 

Pleistocene-Holocene transition revealed substantial differences between the North Atlantic and the 
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Southern Hemisphere (Moline et al., 2008). The marine environment in the Southern Hemisphere is 

governed by the stable Antarctic Circumpolar Current (Tynan, 1998; Figure 1a) and a pelagic food 

web dominated by Antarctic krill (Euphausia superba; Hopkins, 1985), resulting in a comparatively 

homogenous ocean basin where a large biomass of krill supports most baleen whale species. The 

North Atlantic is a smaller ocean influenced by several current systems, continental run-off and 

cyclical climate oscillations (Rossby, 1996; O'Hare et al., 2005; Figure 1b). As a result, the 

distribution and abundance of whale prey in the North Atlantic Ocean varies considerably across 

time and space (Pershing et al., 2005). The two oceans also differ in terms of the relative change in 

sea ice cover during the Pleistocene-Holocene transition. The North Atlantic was subjected to a more 

extensive reduction in sea ice cover compared to the Southern Hemisphere (Figure 1c-f).  

The results of this study suggest large, exponential and highly synchronous increases in 

abundance in all baleen whale species in the Southern Hemisphere, with the exception of the 

common minke whale (Balaenoptera acutorostrata, Figure 2a). The temporal increases in baleen 

whale abundances tracked similar increases in the abundances of Antarctic krill and copepods 

(Figure 2b). The largest increases in abundances were estimated after the Pleistocene-Holocene 

transition, which was a period characterized by a steep rise in temperatures; in turn, accelerated 

deglaciation rates, reduced sea ice cover and increased sea levels (Abrantes, 2000; Clark et al., 

2009). The result was an expansion of marine habitats, large-scale changes in ocean circulation 

patterns and an increase in primary productivity (Abrantes, 2000; Clark et al., 2009; Tornqvist & 

Hijma, 2012; Figure 1). The one notable exception from the general trend in the Southern 

Hemisphere, the common minke whale appeared to decline in abundance during the Late 

Quaternary. This species’ distribution is at lower latitudes compared to other Southern Ocean baleen 

whales. The Southern Hemisphere common minke whale feeds predominantly on myctophid fishes 

(Kato & Fujise, 2000), whereas the other whales feed predominantly on krill.  

In contrast to the Southern Hemisphere, the estimated temporal trends in abundance among 

the North Atlantic baleen whales did not display the same level of synchronicity (Figure 2d). 

Although all baleen whale species underwent an initial expansion during the Later Quaternary, the 

subsequent trends in abundance varied considerably among species. The blue whale, B. musculus, 

the humpback whale, Megaptera novaeangliae, and the North Atlantic right whale, Eubalaena 

glacialis, all underwent subsequent declines in abundance, in some cases resulting in an overall net 

decrease in abundance during the Late Quaternary. The temporal trends in the abundance of 

Northern krill (Meganyctiphanes norvegica), copepods (Calanus helgolandicus, Centropages 

typicus, Pleuromamma abdominalis), herring (Clupea harengus) and capelin (Mallotus villosus) 

varied among species as well, though most prey species increased in abundance (Figure 2e).   
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Figure 1. Major ocean currents and summer sea ice conditions during the Late Quaternary (a-
b) Simplified configuration of major surface ocean currents in the Southern Ocean and North 
Atlantic Ocean. (c-d) Summer sea ice and ice sheets current condition. (e-f) Summer sea ice and ice 
sheets conditions during the LGM. 
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The increase in the abundances of Northern krill and copepods was estimated to have begun 

immediately after the Last Glacial Maximum (~19kya; Clark et al., 2009), whereas the increases in 

abundance of capelin and herring were estimated to take place approximately 6-8 kya.  

The relative change in baleen whale abundance during the Late Quaternary (i.e., from 21 – 

1 kya) in the Southern Hemisphere was on average 13x. In contrast, the average increase in 

abundance among North Atlantic baleen whales during the same period was only 2x (Figure 3a). A 

similar, albeit less pronounced, difference in relative abundance was observed between the two 

regions in the fishes and invertebrate species (Figure 3b).  

Estimated temporal trends in immigration rates were associated with high levels of 

uncertainty (Extended Data Figure 2). A general increase in baleen whale immigration rates was 

observed during the Holocene when baleen whale regional abundance increased. However, baleen 

whale immigration rates were also elevated during the Last Glacial Maximum, despite lower 

abundances. The increased connectivity could simply be due to contracted species’ ranges towards 

the Equator, limited by the increased extent of sea ice at higher latitudes (Figure 1c-f), creating 

greater proximity among populations.  

Our study estimated a substantial increase in the biomass of baleen whales during the Late 

Quaternary, which appeared to be facilitated by a preceding and synchronous increase in biomass at 

lower trophic levels (Figure 2g). The observation that the baleen whale abundances tracked increases 

in abundance in key invertebrates (i.e., krill and copepods) suggests an initial bottom-up enrichment 

of the oceans during the Late Quaternary (White, 1978; Power, 1992). The concerted increase was 

particularly evident in the Southern Hemisphere where the trends in abundance of between baleen 

whales (excluding the common minke whale) and Antarctic krill (Kawamura, 1980) were strongly 

correlated (r=0.88-1.00, p<0.005, Extended Data Figure 1). The results are consistent with previous 

paleo-oceanographic reconstructions, which suggested an increase in primary productivity during 

the Late Quaternary (Radi & de Vernal, 2008; Tsandev et al., 2008). There was a notable shift in the 

marine environment at 12-15 kya coinciding with a shift in composition of phytoplankton from 

perennial pelagic to seasonal sea-ice-associated species, which are indicative of a high primary 

productivity (Caissie et al., 2010; Harland et al., 2016). The initial bottom-up regulated increase in 

baleen whale biomass may have facilitated further increases in primary production via the so-called 

whale pump (Roman & McCarthy, 2010) resulting in a positive “loop”.  
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Figure 2. Temporal changes in effective population size estimated for baleen whales and prey species during the Late Quaternary. (a, d) 

Baleen whales, (b, e) prey species. Note the different scales of the values on the vertical axis in �. (c, f) Historical surface air temperature 

relative to present temperature (SATRTP) in degrees Celsius (°C). Horizontal axis denotes the time in kya. NE-NA: Northeastern North Atlantic 

(NA), SE-NA: Southeastern NA and W-NA: the Western NA. (g) General model of demographic responses to the Late Quaternary climate 

change in marine species proposed in this study. The red- and blue-shaded areas represent the Holocene and Pleistocene period, 

respectively. The dark blue-shaded area indicates the LGM. 
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Figure 3. Relative increase in baleen whale and prey abundance during the Late Holocene 
relative to the Late Pleistocene. a) Baleen whales and b) prey species. Circles represent the median 
point estimates of � for each species. The dotted lines indicate the average estimate of theta 
(estimated from all point estimates). The numbers indicate the average relative increase in theta at 
one kya relative to 21 kya for the Southern Hemisphere and the North Atlantic Ocean. 
 

 

The demographic responses to the global warming during the Late Quaternary were 

heterogeneous in the North Atlantic. The temporal trends in abundance inferred in this study for 

most baleen whales, fish and some copepods species showed a marked change in trajectories around 

6-8 kya which did not correlate well with long-term ambient temperatures (Figure 2, Extended Data 

Figure 1). One possible cause is the 8.2 kya event, when global ocean water temperatures dropped 

precipitously, particularly in the North Atlantic (Alley et al., 1997; Barber et al., 1999). The source 

of the 8.2 kya event was likely a massive discharge of glacial melt water into the western North 

Atlantic Ocean basin from proglacial lakes due to the collapse of an ice dam that had previously 

isolated Hudson Bay (Barber et al., 1999). This period was also characterized by a shift in the 

phytoplankton composition from species associated with seasonal sea ice to species associated with 

open water (Caissie et al., 2010; Harland et al., 2016)   

The growing concerns regarding the effects of current global warming have spurred 

numerous studies and reviews attempting to predict the effects of the current climate change on 

marine mammal populations (Moore & Huntington, 2008). Current, short-term, observations 

suggest that baleen whale species, such as humpback, fin (B. physalus) and blue whales arrive earlier 

and at increasingly higher latitudes as the extent of summer sea ice decreases, infringing upon 



EVOLUTIONARY ECOLOGY OF MARINE MAMMALS 

112 

 

resident Arctic species, such as the bowhead whale (Balaena mysticetus; Moore, 2016). These 

contemporary observations suggest that some baleen whales benefit at present from the current 

global warming. However, the results reported here suggest that the relationship between increasing 

temperatures and baleen whale abundance goes beyond short-term observations. The initial increase 

in temperatures during the Late Quaternary had wide ranging and long-lasting effects on 

oceanographic conditions as well as on primary productivity and prey abundance. Indeed, the 

regional oceanographic conditions, including the prey base, appears to have been the main driver of 

the long-term response in baleen whales to past global warming.  

The abundance of prey and baleen whales continued to increase in the Southern Hemisphere 

for several thousand years after the ambient temperatures stabilized during the early Holocene. 

These observations suggest that the long-term effects of global warming with respect to baleen whale 

abundance are predictable as long as the main oceanographic and geological features (e.g., sea ice) 

persist and temperatures remain within ranges that allow optimal prey production. However, the 

changes in abundances 6-8 kya observed in this study in the North Atlantic suggested that 

unpredictable changes in oceanographic conditions can have dramatic effects on baleen whale 

abundance.  

 

Methods 

 

Taxon selection  

This study focused on eight baleen whale species as well as seven pelagic fish and invertebrate 

species (Extended Data Table 1). The baleen whales included four species with global distributions 

(Extended Data Figure 4): the common minke whale (B. acutorostrata), the blue whale (B. 

musculus), the fin whale (B. physalus), and the humpback whale (M. novaeangliae). The right whale 

included two nominal species, the southern right whale (E. australis) and the North Atlantic right 

whale (E. glacialis). The right whales were treated as regional populations from a single “species” 

due to the low degree of genetic divergence between the two nominal species (Sasaki et al., 2005). 

The remaining two baleen whales have more restricted distributions; the bowhead whale (B. 

mysticetus) is restricted to the Arctic, and the Antarctic minke whale (B. bonaerensis) to the Southern 

Ocean (with a few notable exceptions in the North Atlantic during recent years (Glover et al., 2010; 

Rosel et al., 2016)).  

The pelagic fish and invertebrate species included two krill species, three copepod species 

and two small schooling fish species. These species are either known baleen whale prey species (i.e., 
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Antarctic krill (E. superba), northern krill (M. norvegica), North Atlantic herring (C. harengus) and 

capelin (M. villosus)) or at the same trophic level as potential baleen whale prey species (i.e., three 

copepod species (C. typicus, C. helgolandicus, P. abdominalis; Extended Data Table 1). The 

Antarctic krill is distributed exclusively in the Southern Ocean. The Northern krill, two of the 

copepod species (C. typicus, C. helgolandicus), the North Atlantic herring and the capelin are 

exclusive to the Northern Hemisphere. The copepod (P. abdominalis) has a global distribution 

(Extended Data Figure 4). 

 

Sample collection 

Tissue samples from baleen whales (Extended Data Table 1) were collected either as: 1) skin 

biopsies from free-ranging individuals using remote biopsy sampling approaches (Palsbøll et al., 

1991a), 2) stranded or by-caught whales or 3) whales killed during commercial whaling operations 

prior to the current moratorium on commercial whaling or during aboriginal subsistence whaling 

(permitted under the agreements of the International Whaling Commission). All tissue samples were 

stored in saturated sodium chloride and 20% dimethyl sulfoxide and archived at -20/-80 degrees 

Celsius (C). Total-cell DNA was extracted from the tissue samples using either standard 

phenol/chloroform extraction procedures (Sambrook et al., 1989) as described previously (Palsbøll 

et al., 1995) or using DNeasy™ columns (Qiagen Inc.) following the manufacturer’s instructions.   

Multi-locus microsatellites genotypes (data not shown) were employed to remove duplicate 

samples of the same individual as well as mother and calf pairs sampled during the same sighting 

events (i.e., non-independent samples). Related individuals sampled at random (i.e., during different 

sightings) were not excluded from the analysis (Waples & Anderson, 2017).  

 

Mitochondrial DNA data 

In total, 4,761 baleen whale mtDNA control region sequences and 2,271 mtDNA sequences 

from pelagic fish and invertebrate species were included in this study. The latter DNA sequences 

were from either; cytochrome c oxidase, subunit I (COI), NADH dehydrogenase, subunit 1 (ND1), 

cytochrome b (CYTB) or 16S ribosomal DNA (16S rDNA; Extended Data Table 1). DNA sequence 

data were either generated during this study or obtained from previously published sources (Malik 

et al., 1999; Zane et al., 2000; Papetti et al., 2005; LeDuc et al., 2007; Pastene et al., 2007; 

Valenzuela et al., 2009; Goodall-Copestake et al., 2010; Colbeck et al., 2011; Yebra et al., 2011; 

Castellani et al., 2012; Sremba et al., 2012; Teacher et al., 2012; Archer et al., 2013; Jackson et al., 

2014; Hirai et al., 2015). The experimental conditions for published data are described in the relevant 
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publications (Extended Data Table 1). In case of previously unpublished data the sample collection 

and experimental procedures are described above and below, respectively. 

Laboratory methods: The first ~400 base pairs (bp) of the 5’ end of the mtDNA control 

region were amplified, using the primers MT4F (Árnason & Gullberg, 1993) and BP16071R (Drouot 

et al., 2004). The initial symmetric PCR amplification was performed in a 20 µL reaction volume 

consisting of 0.2 µM of each dNTP, 67 mM Tris-HCl (pH 8.8), 2 mM MgCl2, 17 mM NH3SO4, 10 

mM �-mercaptoethanol, 0.1 µM of each PCR primer, 0.4 units of Taq DNA polymerase (Fermentas 

Inc.) and ~10 - 20 ng of extracted DNA. The thermo-cycling conditions were: 2’ (minutes) at 94° C, 

followed by 25 cycles consisting of 15’’ (seconds) at 94° C, 30’’ at 54° C and 120’’ at 72° C. 

Unincorporated nucleotides and excess primers were removed using shrimp alkaline phosphatase 

and exonuclease I (Werle et al., 1994). Cycle sequencing was conducted according to the 

manufacturer’s instructions (only 1/16th the recommended amount of Big Dye™ v3.1 Terminator 

Ready Reaction Mix was used (Life Technologies Inc.), using the primers MT4F or BP16071R. 

Excess nucleotides were removed by ethanol/EDTA precipitation (Sambrook & Russell, 2001) and 

the cycle-sequencing products re-suspended in 10 µL deionized formamide (Calbiochem Inc.). The 

order of cycle-sequencing products was resolved by capillary electrophoresis (Applied Biosystems 

ABI Prism™ 3730, Life Technologies Inc.). The DNA sequence chromatograms were inspected by 

eye with either Chromas® (ver. 2.13, Technelysium Pty Ltd.) or Sequencher® (ver. 5.1, Gene Codes 

Corporation).  

Data processing and sequence alignment: DNA sequence alignment was performed using 

the ClustalW algorithm (Thompson et al., 1994) and default parameter settings as implemented in 

MEGA (ver. 6.0; Tamura et al., 2013) followed by visual inspection of the alignment. All sequences 

were trimmed to equal length (Extended Data Table 1).  

Estimation of temporal trends of genetic diversity and immigration rates from single-locus 

DNA sequences: The software MIGRATE-N (ver. 3.6.6; Beerli & Felsenstein, 1999, 2001) was 

employed to estimate temporal skyline plots of regional genetic diversity (�) and migration rates 

(M). The software jModelTest  (ver. 2; Darriba et al., 2012) was employed to select the most 

probable nucleotide mutation model and associated parameter values (e.g., the 

transition/transversion ratio,  Extended Data Table 2). The prior ranges of � and M, in MIGRATE-

N, were determined from preliminary estimations with reduced sample sizes and short Monte Carlo 

Markov chains (MCMC) using the estimates of the FST –based method as starting values. The prior 

ranges were subsequently adjusted according to the outcomes of these preliminary estimations. The 

specific analysis parameter values employed during the final estimations are listed in Extended Data 

Table 2. For data sets with more than 250 DNA sequences, random sub-sampling (without 
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replacement) was employed at sample sizes of 250 DNA sequences per sample partition. Final 

estimates were based upon three independent estimations, all initiated with a different random seed. 

Each run comprised 100 replicates, each consisting of a single long MCMC of eight million burn-in 

steps followed by an additional eight million steps, sampled at every 200th step. A static heating 

scheme of four chains at temperatures 1.0, 1.5, 3.0, and 1,000,000, respectively, was employed. 

Convergence was assessed employing the R-CRAN package CODA (Plummer et al., 2006). 

Consistency among the three independent estimations, smooth and unimodal distribution within the 

prior range and an effective sample size above 10,000 for all estimates were also considered as signs 

of convergence. The final estimates of � and M represented the median and standard deviation of 

the pooled values of the three independent estimations. The pooled median was estimated as 	�� =
∑ ������ ��/∑ ������ , where �� denotes the number of observations in estimate �, � denotes the total 

number of estimates (i.e., three estimations), and	�� denotes the median value in estimate �. The 

pooled standard deviation was estimated as �� = �∑  �� − 1"��	���� / #∑ ������ $ − �", where �� 
denotes the standard deviation of estimate �. The credible interval of the final estimations was 

approximated to ��	± 1.96 ��, where �� denotes the median and �� the standard deviation. 

The conversion of time scaled mutation rate to years required estimates of generational 

mutation rates. A range of mutation rates from recent studies undertaken in closely related species 

or the species targeted in this study was explored. Similar generational mutation rates among species 

at the same marker but different generational mutation rates between the control region and the 

coding genes of the mtDNA were assumed (i.e., COI, ND1, CYTB and 16S rDNA). A generational 

mutation rate at 1.125 x 10-6 per bp in case of the mtDNA control region sequences was employed, 

which is within the range of previously estimated values (from 2 x 10-7 to 2 x 10-5 bp, see 

supplementary material S1).  The generational mutation rate was obtained from the annual mutation 

rate at 5.3 x 10-8 per bp reported by Alter and Palumbi (2009) and a generation time at 21.2 years, 

(the average of values estimated by Pacifici et al. (2013) and Taylor et al. (2007) for minke whales). 

For the mtDNA coding genes, a generational mutation rate at 3.4 x 10-7 per bp was employed. The 

generational mutation rate used is within the range of previously estimated values of generational 

mutation rate of mtDNA coding regions and the entire mtDNA genome (2 x 10-8 to 1 x 10-6 per bp, 

see supplementary material S1). This value was obtained from the estimate of the annual mutation 

rate at 1.7 x 10-8 for the coding regions of the human mtDNA genome reported by Ingman et al. 

(2000) and a human generation time of 20 years. This generational mutation rate was also similar to 

the direct estimates of the generational mutation rate of the entire mtDNA genome of invertebrate 

model species (Denver et al., 2000; see suplementary material S1; Xu et al., 2012).  
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The estimation period was limited to the period from 30 to 1 kya, in order to include the Last 

Glacial Maximum, while excluding possible recent anthropogenic effects, such as whaling.  

In order to assess the consistency of the results obtained from different mtDNA genes, 

estimates of temporal trends obtained from different mtDNA genes in the same species were 

compared (Extended Data Figure 3). The temporal trends estimated from mtDNA sequences were 

also compared to similar estimates based on genome-wide SNPs (single nucleotide polymorphisms) 

generated by next generation sequencing in a few select species as described below.  

 

Nuclear DNA data 

 Laboratory methods: In order to obtain estimates of temporal trends of � from nuclear DNA, 

genome-wide SNP genotypes were generated from double digested restriction-associated (ddRAD; 

Peterson et al., 2012) and quadRAD libraries (Franchini et al., 2017).  Common minke whale and 

Southern right whale libraries were generated from ddRAD libraries as described by Peterson et al. 

(2012). Fin whale libraries were generated from quaddRAD libraries following Franchini et al. 

(2017). All libraries were made from genomic DNA digested with HindIII and MspI and insert sizes 

between 300 and 400 bp. Libraries were sequenced on an Illumina HiSeq™ 2500 platform (ver. 4) 

as 100 (ddRAD) and 125 (quaddRAD) bp, paired-end sequencing with 10% PhiX spike-in.  

 Data processing: In the case of the quaddRAD library, PCR clones were removed using the 

clone_filter script implemented in the software suite STACKS (ver. 1.47; Catchen et al., 2013). 

Illumina HiSeq sequence data were de-multiplexed with process_radtags (STACKS, ver. 1.47) 

using default settings. The filtered reads were aligned to a reference genome using BOWTIE2 (ver. 

2.2.8; Langmead & Salzberg, 2012) as “end to end” alignment employing the setting very_sensitive 

(i.e., D 20 -R 3 -N 0 -L 20 -i S,1,0.50). Maximum fragment length for paired-end alignments were 

set at 600 bp disallowing discordant alignments. In the case of the common minke whale and fin 

whale data, the common minke whale genome (Yim et al., 2014) was employed as a reference, and 

the bowhead whale genome (Keane et al., 2015) was used as the reference in the case of the southern 

right whale. 

 The folded site frequency spectrum (SFS; Nielsen et al., 2012) was estimated with ANGSD 

(Korneliussen et al., 2014) for those samples from which more than three million reads were 

obtained. SNPs with a base quality score below 20 and a minimum mapping quality at less than 10 

were discarded. Only SNPs typed in minimum 80% of the individuals at a minimum coverage of 

x10 per individual were retained for the final analyses. SNP genotype frequencies were estimated 

using likelihood procedure implemented in GATK (McKenna et al., 2010). 
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 Estimation of temporal trends of genetic diversity from genome-wide SNP genotypes: The 

method implemented in the software STAIRWAY PLOT (ver. 2.0 beta; Liu & Fu, 2015) was 

employed to infer the temporal changes in � from the SFS estimated from the genome-wide SNP 

data. Two thirds of the data were employed as training data and #�%�&$ − 2 4,⁄  #�%�&$ − 2 2,⁄  

3  �%�& − 2" 4,⁄  and �%�& − 2 , where �%�& is two times the sample size, as the number of random 

breakpoints. The optimal number of random breakpoints was chosen based upon the results from 

the training data. In order to convert the time scaled mutation rate estimates in years, we employed 

an annual mutation rate at 1.07x10-9 per bp (Yim et al., 2014) for the whole-genome, in all baleen 

whale species. For generation time, the average values estimated by Taylor et al. (2007) and Pacifici 

et al. (2013) were used, resulting in 21.22 years for the common minke whale, 32.47 years for the 

fin whale and 27.57 years for the southern right whale. Similar to the mtDNA data, we limited the 

estimation period from one to 30 kya. 

 

Temperature data  

Surface air temperature (SAT) estimates for the Southern Hemisphere were inferred from 

deuterium measurements collected from the Antarctic EPICA Dome C Ice Core (Jouzel et al., 2007). 

For the Northern Hemisphere, continental atmospheric temperatures between 40 and 80° N 

calibrated with oxygen isotope records from 57 sediment cores were obtained from Bintanja et al. 

(2005).  

 

Maps of ocean circulation and sea ice reconstructions 

Maps were created using ArcGIS® software (ver. 10.3, Esri® Inc.). Ocean current data were 

compiled from the NOAA National Weather Service 

(http://www.srh.noaa.gov/jetstream/ocean/currents_max.htm). Contemporary and LGM permafrost 

and ground ice data were obtained from Brown et al. (2002) and Lindgren et al. (2016), respectively. 

Average sea ice conditions during March and September 2016 (obtained from the National Snow 

and Ice Data Center (Fetterer et al., 2017)) were employed to represent contemporary summer sea 

ice conditions in the Antarctic and the Arctic, respectively. Contemporary ice sheet and glacial 

projections were obtained from Natural Earth (Natural_Earth, 2017). The data for the Antarctic 

summer sea ice, ice sheet cover and extension of the glaciers during the LGM were obtained from 

Gersonde et al. (2005) and CLIMAP 1981 (Climap, 1981). The data for the Arctic summer sea ice, 

ice sheet and extension of the glaciers from the LGM were from GLAMAP 2000 (Pflaumann et al., 

2003) and Ehlers et al. (2011). Maps are displayed using South Pole or North Pole Lambert 
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Azimuthal Equal Area projections with World Geodetic System 1984 with map datum at a scale of 

1:65,000,000. 

 

Correlation among baleen whales, prey and climate 

Pearson’s correlation coefficients were estimated using R (ver. 3.2.5; R-Development-Core-

Team, 2016). Estimates of � and SAT were fitted to 1,000 year intervals by linear interpolation as 

implemented in R (ver. 3.2.5; R-Development-Core-Team, 2016). 
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Extended Data Table 1. Species list and sample collection for the North Atlantic and Southern 
Hemisphere  

Species Common name 
Sample 
region 

n 
Sequence 

length 
Marker Source 

North Atlantic 

Baleen whales       

Balaenoptera acutorostrata 
Common minke 

whale NA 931 322 CR This study 

Balaenoptera musculus Blue whale NA 325 404 CR This study 

Balaenoptera physalus Fin whale WNA 280 391 CR This study, Archer 
et al. (2013) 

Megaptera novaeangliae Humpback whale WI 1086 396 CR This study 

Eubalaena glacialis 
Northern right 

whales WNA 269 381 CR Malik et al. (1999) 

Balaena mysticetus Bowhead whale WNA 395 454 CR This study 

Prey species       

Meganyctiphanes norvegica  Northern krill NA 834* 155 ND1 Zane et al. (2000); 
Papetti et al. (2005) 

Calanus helgolandicus  Copepod ENA 218 408 16S Yebra et al. (2011) 

Centropages typicus Copepod NA 79 560 COI Castellani et al. 
(2012) 

Pleuromamma abdominalis Copepod NA 130 441 COI Hirai et al. (2015) 

Clupea harengus Atlantic herring ENA 98 1551 COI Teacher et al. 
(2012) 

Mallotus villosus Capelin WNA 41 572 CYTB Colbeck et al. 
(2011) 

Southern Hemisphere  

Baleen whales       

Balaenoptera acutorostrata 
Common minke 

whale 
WSA, 

SO 23 322 CR Pastene et al. (2007) 

Balaenoptera musculus Blue whale SO 230 404 CR LeDuc et al. (2008); 
Sremba et al. (2012) 

Balaenoptera physalus Fin whale SO 61 391 CR This study, Archer 
et al. (2013) 

Megaptera novaeangliae Humpback whale SA 500 396 CR Jackson et al. 
(2014) 

Eubalaena australis 
Southern right 

whale SA 481 381 CR 
This study, 

Valenzuela et al. 
(2009) 

Balaenoptera bonaerensis 
Antarctic minke 

whale 
WSA, 

SO 180 337 CR Pastene et al. (2007) 

Prey species       

Euphausia superba  Antarctic krill SO 640 593 COI 
Goodall-Copestake 

et al. (2010); 
Deagle et al. (2015) 

Pleuromamma abdominalis Copepod SA, 
WIO 231 441 COI Hirai et al. (2015) 

List of species analyzed, molecular marker, number of samples (n), sequence length in number of 
base pairs, sampling region and source. CR: control region, COI: cytochrome c oxidase, subunit 1, 
ND1: NADH dehydrogenase, subunit 1, CYTB: cytochrome b and 16S: 16S rDNA of the 
mitochondrial DNA. NA: North Atlantic (NA), ENA: Eastern NA, WNA: Western NA, WI: West 
Indies, SA: South Atlantic (SA), WSA: Western SA, SO: Southern Ocean, WIO: Western Indian 
Ocean.  *Includes 654 sequences from the Northeastern NA (NE-NA), 146 from the Southeastern 
NA (SE-NA) and 34 from the Western NA (W-NA).  
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Extended Data Table 2. Demographic parameters and prior distributions employed to infer 
the demographic history of baleen whales and prey species in Migrate-N  

Species Marker ti/tv 

Parameter � Parameter M 

Priors Starting parameters Priors Starting 
parameters 

Maximum Delta �+  �,  Maximum Delta MN>S MS>N 

B. acutorostrata CR 7.7 0.1 0.01 0.01 0.03 200 20 50 1 
B. musculus CR 19.7 0.1 0.01 0.06 0.01 300 30 95 1 
B. physalus CR 19.8 0.2 0.02 0.09 0.02 100 10 0 20 

M. novaeangliae CR 25.4 0.15 0.015 0.07 0.007 250 25 60 20 

E. glacialis CR 119.5 0.1 0.01 0.04 0.003 300 30 1 25 
B. mysticetus CR 9.6 0.1 0.01  0.035     

B. borealis CR 25.2 0.4 0.04 0.22      

E. superba COI 8.2 0.5 0.05 0.19      

M. norvegica ND1 5 0.1 0.01  
0.02 (NE-NA) 

0.017 (SE-
NA) 0.012 
(W-NA) 

    

C. helgolandicus 16S 6.5 0.1 0.01  0.02     

C. typicus COI 39.2 0.5 0.05  0.2     

P. abdominalis COI 6.8 0.2 0.02 0.12 0.12 500 50 83 83 

C. harengus COI 12.3 0.2 0.02  0.036     

M. villosus CYTB 7.4 0.05 0.005   0.02         

CR: control region, COI: cytochrome c oxidase, subunit 1, ND1: NADH dehydrogenase, subunit 1, 
CYTB: cytochrome b and 16S: 16S rDNA of the mitochondrial DNA. The transition/transversion 
rate (ti/tv). The prior parameters and the starting parameter values are shown for � and	�. A uniform 
distribution and a minimum prior of zero were employed for all priors. �,: � Northern Hemisphere 
population, �+: � Southern Hemisphere population, �,-+: immigration rate from North to South 
and �+-,: immigration rate from South to North. See Extended Data Table 1 for the definition of 
the abbreviations: NE-NA, SE-NA and W-NA. 
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Extended Data Table 3. Species list and sample selection for the comparison of the 
demographic history employing different mitochondrial genes and multi-locus data  

Species Common name Sample 
region Marker n  

Sequence 
length/Single 

nucleotide genotypes 
Source 

C. harengus Atlantic herring ENA COI 98 1,551 Teacher et al. (2012) 
C. harengus Atlantic herring ENA CR 98 1,055 Teacher et al. (2012) 
C. harengus Atlantic herring ENA ND1 98 975 Teacher et al. (2012) 

C. harengus Atlantic herring ENA Mitogen
ome 98 15,653 Teacher et al. (2012) 

E. superba Antarctic krill SO COI 640 593 
Goodall-Copestake et 
al. (2010); Deagle et 

al. (2015) 
E.superba Antarctic krill SO NDI 139 494 Deagle et al. (2015) 

B. acutorostrata 
Common minke 

whale NA CR 867 322 This study 

B. acutorostrata 
Common minke 

whale NA SNPs 27 14,304 This study 

E. australis 
Southern right 

whale SA CR 481 381 
This study, 

Valenzuela et al. 
(2009) 

E. australis 
Southern right 

whale ESA SNPs 45 31,482  This study 

B. physalus Fin whale WNA CR 280 391 This study 

B. physalus Fin whale NA SNPs 28 29,544 This study 

Species, molecular marker, sample size (n), sequence length in number of base pairs or number of 
estimated single nucleotide polymorphisms genotypes (i.e., number of inferred polymorphic sites 
from the site frequency spectrum) for each baleen whale and prey species. CR: control region, COI: 
the cytochrome c oxidase, subunit 1, ND1: the NADH dehydrogenase, subunit 1 of the mitochondrial 
DNA, Mitogenome: entire mitochondrial genome excluding the control region, SNPs: single 
nucleotide polymorphism genotypes. See Extended Data Table 1 for the definition of the 
abbreviations: NA, ENA, WNA, SA, SO and ESA. 
 
 

Extended Data Table 4. Demographic parameters and prior distributions employed to infer 
the demographic history of additional data sets in MIGRATE-N 

Species Marker ti/tv 
Parameter � 

Priors Starting parameters 
Maximum Delta �+: �,  

C. harengus CR 5.6 0.4 0.04  0.16 

C. harengus ND1 12.3 0.2 0.02  0.04 

C. harengus Mitogenome 11.3 0.2 0.02  0.08 

E. superba ND1 7.7 0.3 0.03 0.15   

CR: control region, ND1: NADH dehydrogenase, subunit 1 of the mitochondrial DNA and 
Mitogenome: entire mitochondrial genome excluding the control region. The transition/transversion 
rate (ti/tv). A uniform distribution and a minimum prior of zero were employed for all priors. �,: � 
Northern Hemisphere population, �+: � Southern Hemisphere population. 
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Extended Data Figure 1. Pairwise Pearson’s correlations among baleen whale and prey effective population size changes, temperature 

changes and time.  a) Southern Hemisphere, b) North Atlantic. Blue: positive correlation, red: negative correlation. *, **, *** denotes p-values 
estimated at less than 0.05, 0.01, 0.001, respectively. 
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Extended Data Figure 2. Temporal changes in immigration rate between the Northern and the 
Southern Hemisphere baleen whale populations. a) Immigration rate from North to South (�,-+) 
and b) immigration rate from South to North (�+-,). M = m/µ, where m denotes the probability that 
a gene copy is an immigrant and µ is the mutation rate per bp per generation). All values on the 
horizontal axis denotes the time in kya. Note the different scales for the vertical axis in �. (c-d) 
Historical surface air temperature relative to present temperature (SATRTP) in degrees Celsius (°C) 
for (c) the Northern and (d) Southern Hemisphere. 
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Extended Data Figure 3. Comparison of demographic history estimated employing genetic 
data based on different mitochondrial genes and genome-wide SNP genotypes. (a) Estimated 
demographic history employing mitochondrial genes and nuclear multi-locus data in common minke 
whale, right whale and fin whale, (b) estimated demographic history employing different 
mitochondrial genes in North Atlantic herring and Antarctic krill. Values on the horizontal axis 
denote the time in kya and on the vertical axis θ. Note the different scales of the vertical axis. CR: 
control region, COI: cytochrome c oxidase, subunit 1, ND1: NADH dehydrogenase, subunit 1 of the 
mitochondrial DNA, Mitogenome: entire mitochondrial genome, SNPs: single nucleotide 
polymorphisms genotypes. The red- and blue-shaded areas represent the Holocene and Pleistocene 
period, respectively. The dark blue-shaded area indicates the LGM. 
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Extended Data Figure 4. Sampling locations and estimated parameters for the North Atlantic 
and the Southern Hemisphere baleen whales and prey species. Approximate species range and 
sampling location for (a-f) baleen whales and (g-l) prey species. Estimated parameters were theta, � 
(� N: theta from the North Atlantic populations and � S: theta from the Southern Hemisphere 
populations) and migration rate, M (MNS: migration rate from North Atlantic to Southern 
Hemisphere populations, MSN: migration rate from Southern to Northern Hemisphere populations). 
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Supplementary material S1 

 

Notes on mutation rate  

The mutation rates employed in our estimations were obtained from previously published 

rates of mitochondrial DNA (mtDNA) sequences in relevant taxonomic groups. Since our analyses 

were based on both coding and non-coding regions of the mtDNA, we applied different mutation 

rates for each of these mtDNA regions (Aquadro & Greenberg, 1983). 

In the case of the baleen whales, several estimates of the annual mutation rate for the mtDNA 

control region have been published from different baleen whale species (Table S1.1). In order to 

convert the published annual mutation rates to generational mutation rates the average of the 

generation time estimates reported by Pacifici et al. (2013) and Taylor et al. (2007) was used.  

In the case of the coding mtDNA regions (i.e., cytochrome c oxidase, subunit I, NADH 

dehydrogenase, subunit 1, cytochrome b and 16S ribosomal DNA), only a very limited number of 

estimates of mutation rates have been published in the targeted species. Consequently, we obtained 

mutation rates from a wider range of species, either, for the particular coding mtDNA gene, coding 

mtDNA regions in general, or the entire mitochondrial genome. The estimates were from species 

invertebrate and vertebrate model and non-model species (Table S1.2). Most published mutation 

rates were annual mutation rates which we converted to a generational mutation rates. However, the 

data available for generation times are very limited, and often imprecise, data in many species 

(particularly invertebrates), restricting the number of species that we were able to include in the 

estimation. Consequently, we assessed mutation rates in species from which estimates of generation 

time were available, or in which generational mutation rates was reported. Commonly used annual 

mutation rate for fishes and invertebrates have used the rise of Central American Isthmus as 

calibration time point (Lessios, 2008). However, due to the recent findings suggesting that the timing 

of the closure of the Central American Isthmus possibly is incorrect (e.g., Bacon et al., 2015; Montes 

et al., 2015), we chose not to include mtDNA mutation rate estimates based upon this specific event.    

 The reported generational mutation rates for the baleen whale mtDNA control region ranged 

from 2 x 10-7 to 2 x 10-5 per base pair (bp, Table S1.2, Figure S1.1a), with a median value at 1.24 x 

10-6 per bp. The two studies reporting estimates of generation times in baleen whales agreed well in 

case of the minke whale (Balaenoptera acutorostrata); with estimates of 20 to 22.3 years (i.e., less 

than three years). In contrast, the estimates in compared baleen whales, such as humpback whale 

(Megaptera novaeangliae) differed more (i.e., from 21.5 to 32.2 years). Using the annual mutation 

rate estimated for the minke whale (i.e., 5.3 x 10-8 per bp; Alter & Palumbi, 2009) and the generation 
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time of minke the whale (i.e., 21.2 years) we arrived at a generational mutation rate at 1.12x10-6 per 

bp. Assuming that the generational mutation rates for the same locus probably is similar among 

baleen whales, we applied this rate to all baleen whale estimations based upon mtDNA control region 

sequences. 

 

Table S1.1 Summary of mutation rate estimated for the mitochondrial DNA control region 
sequence  

Marker Species 
bp/year  

(95 % CI) 
Ref. 

Generation 
length 

bp/generation  
(95 % CI) 

CR Eschrichtius 
robustus 

5.40x10-08  
(4.96x10-08 - 6.16x10-08) 

(Alter & 
Palumbi, 2009) 25.76 1.39x10-06  

(1.28x10-06 - 1.59x10-06) 

CR Eschrichtius 
robustus 

4.80x10-08  
(4.32x10-08 - 5.36x10-08) 

(Alter & 
Palumbi, 2009) 25.76 1.24x10-06  

(1.11x10-06 - 1.38x10-06) 

CR Balaenoptera 
acutorostrata 

5.00x10-08  
(4.70x10-08 - 5.39x10-08) 

(Alter & 
Palumbi, 2009) 21.22 1.06x10-06  

(9.97x10-07 - 1.14x10-06) 

CR Balaenoptera 
acutorostrata 

5.30x10-08  
(4.94x10-08 - 5.66x10-08) 

(Alter & 
Palumbi, 2009) 21.22 1.12x10-06  

(1.05x10-06 - 1.20x10-06) 

CR Balaenoptera 
acutorostrata 

4.40x10-08  
(4.00x10-08 - 4.69x10-08) 

(Alter & 
Palumbi, 2009) 21.22 9.34x10-07  

(8.49x10-07 - 9.95x10-07) 

CR Megaptera 
novaeangliae 

4.60x10-08  
(3.59x10-08 - 5.50x10-08) 

(Alter & 
Palumbi, 2009) 26.87 1.24x10-06  

(9.65x10-07 - 1.48x10-06) 

CR Megaptera 
novaeangliae 

5.20x10-08 
 (4.12x10-08 - 6.32x10-08) 

(Alter & 
Palumbi, 2009) 26.87 1.40x10-06  

(1.11x10-06 - 1.70x10-06) 

CR Megaptera 
novaeangliae 

8.50x10-09  
(7x10-09 - 1x10-08) 

(Baker et al., 
1993) 26.87 2.28x10-07  

(1.88x10-07 - 2.69x10-07) 

CR Balaena 
mysticetus 

1.50x10-07  
(n/a) (Ho et al., 2007) 52.67 7.90x10-06  

(n/a) 

CR Balaena 
mysticetus 

2.10x10-07  
(1.22x10-07 - 3.03x10-07) (Ho et al., 2007) 52.67 1.11x10-05  

(6.43x10-06 - 1.60x10-05) 

CR Balaena 
mysticetus 

2.00x10-08  
(1.20x10-08 - 3.70x10-08) 

(Rooney et al., 
2001) 52.67 1.05x10-06  

(6.32x10-07 - 1.95x10-06) 

CR Balaena 
mysticetus 

4.11x10-07  
(2.07x10-07 - 6.49x10-07) 

(Foote et al., 
2013) 52.67 2.16x10-05  

(1.09x10-05 - 3.42x10-05) 
Mutation rates per base per year (bp/year) and per generation (bp/generation). CR: mtDNA control 
region. Numbers in parenthesis denotes the 95% confidence interval of the mutation rate estimate. 
Ref.: published source of estimates. n/a: not available. 

 

The published generational mutation rates for coding mtDNA regions (including the entire 

mitochondrial genome as a proxy for coding regions) among vertebrate and invertebrate species 

overlapped to a large extent ranging from 1.6 x 10-8 to 1.2 x 10-6 per bp in vertebrate species, and 

from 2.5 x 10-8 to 1.7 x 10-7 per bp in invertebrate species (Table S1.1-2, Figure S1.1b), with an 

overall median value at 1.6 x 10-7. Accordingly, we applied a single mutation rate for all coding 

mtDNA sequences to all species in the range of observed estimates. The mutation rate we settled 

upon was at 3.4 x 10-7 per bp (Ingman et al., 2000; Figure S1.1). 

 

  



EVOLUTIONARY ECOLOGY OF MARINE MAMMALS 

128 

 

Table S1.2 Summary of mutation rate estimated for the coding genes of the mitochondrial 
DNA and for the entire mitochondrial genome.  

Marker Species 
bp/year 

(95 % CI) 
Ref. 

Generation 
time 

Ref. 
bp/generation 

(95 % CI) 
Ref. 

Vertebrates        

CYTB Eschrichtius 
robustus 

4.00x10-09 
(3.87x10-09 - 
4.13x10-09) 

(Alter & 
Palumbi, 

2009) 
25.76 

(Taylor et 
al., 2007; 
Pacifici 
et al., 
2013) 

1.03x10-07 
(9.97x10-08 - 
1.06x10-07) 

 

CYTB Balaenoptera 
borealis 

7.00x10-09 
(3.00x10-09 - 
1.20x10-08) 

(Nabholz 
et al., 
2008) 

22.05 

(Taylor et 
al., 2007; 
Pacifici 
et al., 
2013) 

1.54x10-07 
(6.62x10-08 - 

2.65x10-07) 
 

CYTB Megaptera 
novaeangliae 

8.00x10-09 
(5.00x10-09 - 
2.00x10-08) 

(Nabholz 
et al., 
2008) 

26.87 

(Taylor et 
al., 2007; 
Pacifici 
et al., 
2013) 

2.15x10-07 
(1.34x10-07 - 
5.37x10-07) 

 

Mitogenome Ursus 
maritimus 

1.12x10-08 
(8.96x10-09 - 
1.50x10-08) 

(Krause 
et al., 
2008) 

15 
(Pacifici 

et al., 
2013) 

1.68x10-07 
(1.34x10-07 - 
2.25x10-07) 

 

Mitogenome Orcinus orca 
2.60x10-09 

(1.50x10-09 - 
3.83x10-09) 

(Morin et 
al., 2010) 31.8 

(Taylor et 
al., 2007; 
Pacifici 
et al., 
2013) 

8.27x10-08 
(4.77x10-08 - 
1.22x10-07) 

 

Coding region Homo sapiens 
1.70x10-08 

(n/a) 

(Ingman 
et al., 
2000) 

20 
(Ingman 

et al., 
2000) 

3.40x10-07 
(n/a)  

Coding region Homo sapiens 
1.26x10-08 

(1.18x10-08 - 
1.34x10-08) 

(Mishmar 
et al., 
2003) 

20 
(Ingman 

et al., 
2000) 

2.52x10-07 
(2.36x10-07 - 
2.68x10-07) 

 

Coding region Homo sapiens 
6.09 x10-08 

(n/a) 

(Howell 
et al., 
2003) 

20 
(Ingman 

et al., 
2000) 

1.22 x10-06 
(n/a) 

 

CYTB Anisotremus 
spp. 

    
1.60x10-08 

(1.50x10-08 - 
1.70x10-08) 

(Bernardi 
& Lape, 
2005) 

Mitogenome Clupea 
harengus 

4.70x10-09 
(3.50x10-09 - 
6.00x10-09) 

(Teacher 
et al., 
2012) 

6.5 
(Lorance 

et al., 
2015) 

3.06x10-08 
(2.28x10-08 - 
3.90x10-08) 

 

Invertebrates        

CYTB Paralithodes 
camtschaticus 

5.00x10-09 
(n/a) 

(Grant & 
Cheng, 
2012) 

5 
(Grant & 
Cheng, 
2012) 

2.50x10-08 
(n/a)  

Mitogenome Daphnia pulex     1.37x10-07 
(n/a) 

(Xu et al., 
2012) 

Mitogenome Daphnia pulex     1.73x10-07 
(n/a) 

(Xu et al., 
2012) 

Mitogenome Caenorhabditis 
elegans 

    
1.60x10-07 

(1.29x10-07 - 
1.91x10-07) 

(Denver et 
al., 2000) 

Mitogenome Drosophila 
melanogaster 

    
6.20x10-08 

(3.00x10-08 - 
1.14x10-07) 

(Haag-
Liautard et 
al., 2008) 

Estimates are in mutations per base pair per year (bp/year) and mutations per base pair per generation 
(bp/generation). CYTB: cytochrome b of the mtDNA, Coding region: coding regions of the entire 
mtDNA genome (i.e., excluding non-coding region). Mitogenome: entire mtDNA genome. The 
numbers in the parentheses denote the 95% confidence interval of the estimated mutation rate. Ref.: 
publication from which estimates were obtained. Generation length: average generation length 
estimate. n/a: not available. 
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We conducted subsequent comparisons of the temporal trends in genetic diversity for non-

coding and coding mtDNA regions in North Atlantic herring where mtDNA sequence data were 

available for different mtDNA regions (see Method section and Extended Data Table 2-3). As all 

mtDNA regions are linked and thus have the same underlying genealogy, the estimated trends and 

time points of change in the trends in the same species should agree, which was the case (Figure 

S1.2). 

 

 

 
Figure S1.1. Generational mutation rate for the coding and non-coding regions of the mtDNA 
a) control region, b) coding region (including entire genome) for vertebrates and invertebrates.  The 
color curve describes the shape of the distribution of the mutation rates in Table S1.1-2. The y axis 
is the probability of the data based on a Kernel density estimation. The red vertical line and inserted 
number represent the selected mutation rate value.  
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Figure S1.2. Comparison of time of change in 
demographic trends estimated employing genetic 
data based on coding and non-coding 
mitochondrial genes. Estimated demographic 
history employing different mitochondrial genes in 
North Atlantic herring (Clupea harengus). Values on 
the horizontal axis denote the time in kya and on the 
vertical axis θ. Note the different scales of the 
vertical axis. CR: control region, COI: cytochrome c 
oxidase, subunit 1, ND1: NADH dehydrogenase, 
subunit 1 of the mitochondrial DNA, and Coding 
regions: entire mitochondrial genome excluding 
non-coding region. The number insert is the 
generational mutation rate (µ) employed. The red- 
and blue-shaded areas represent the Holocene and 
Pleistocene period, respectively. The dark blue-
shaded area indicates the LGM. 
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7		
Synthesis	
 
 
 
Cabrera, A. A. 
 
 
 

This thesis aimed to investigate different ecological and evolutionary questions 

employing marine mammals as experimental system. Throughout the different chapters, I 

provided insights into the link between ecology and evolution. I described evolution in terms 

of genetic changes that occur within populations and that can lead to the formation of new 

species. Ecology was described as the study of relations of organisms to the environment, 

including all the conditions of existence. I mainly focused on the high latitude regions of both 

the Northern and the Southern Hemisphere and the environmental changes that took place 

during the glacial-interglacial transitions during the Late Quaternary.  

 

Three different sections were included in this thesis: a theoretical (Chapter 2), a 

methodological (Chapter 3 and 4) and an experimental section (Chapter 5 and 6). The 

theoretical section provided a critical overview of the current application of 

genetics/genomics to the study of marine mammals. The methodological section illustrated 

two key issues in any evolutionary and ecological study, the reliability of the methodological 

approach and the effect of the sampling effort. The experimental section illustrated the 

intimate relationship between ecology and evolution by assessing two fundamental 

questions: how many populations are there? and how do species respond to environmental 

changes?  

 

In this chapter, I describe the main findings, conclusions and final remarks for this 

thesis. 
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Genetics provides key insights into the study of ecology and evolution of marine mammals 

 

There has been rapid growth in marine mammals’ genetics (Box 1, Chapter 1), driven by 

concurrent improvements in sequencing technologies and data analysis. The application of genetics, 

including genomics, has led to a greatly increased understanding of the ecology and evolution of 

marine mammals (Chapter 1, 2). The sex of individuals can be identified by targeting specific DNA 

sequences and amplifying the target sequences using PCR (Bérubé & Palsbøll, 1996b). The age of 

individuals can be correlated with the degree of methylation at epigenetic markers (e.g., Polanowski 

et al., 2014a). Individual identification using genetic tagging can be used to estimate abundance 

(e.g., Palsbøll et al., 1997a). New insights into mating strategies and pod structure have been 

possible through the application of genetic tagging to identify close related individuals (e.g., Amos 

et al., 1991). Genetic variation from contemporary and/or ancient population genetic data can be 

employed to infer population structure, population sizes and immigration rates (e.g., Roman & 

Palumbi, 2003). Next-generation sequencing facilitates the study of alleles and genes that are 

involved in selection and adaptation. The studies of convergent evolution among killer whale 

ecotypes (Foote et al., 2016), among marine mammal lineages (e.g., Foote et al., 2015; Chikina et 

al., 2016) and between bats and odontocetes (Parker et al., 2013; Thomas & Hahn, 2015), described 

in Chapter 2, are some examples of new application of genomics. 

There is no doubt that a new phase of discovery has begun. Genetics and particularly the 

area of genomics have brought several new and exciting hypotheses forward in terms of ecology 

and evolution of marine mammals. Nonetheless, new discoveries not only come with new 

opportunities but with new challenges as well. One of the challenges of genomics will be to balance 

the vast amounts of available data with the degree to which biological meaning can be drawn from 

it (Tautz et al., 2010). The ideal method and technology applied often depends on the question that 

is assessed. Priority should be given to the method best suited to answer certain research question 

and the experimental design, rather than prioritize techniques’ novelty and popularity (e.g., Chapter 

3, 4). Finally, caution should be taken when interpreting the results of a particular analysis. Most 

study’s conclusions are hypothesis of maybe several possible explanations that are consistent with 

the findings.  
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DIYABC-based assessments are poorly suited to capture a detailed demographic history, but 

can be efficient at capturing simple, major demographic changes 

 

A simulation-based evaluation of the Approximate Bayesian Computation (ABC) approach 

implemented in the software DIYABC (Do It Yourself ABC, Chapter 3) revealed that the overall 

ability of DIYABC to recover the correct demographic model was low and most demographic 

parameters were estimated with bias and high error. The selection of the demographic candidate 

models, in terms of complexity, similarity and number of candidate models, heavily influenced the 

ability to recover the correct demographic model. Simple models were recovered correctly at higher 

rate than complex models. Reducing the number of candidate models improved the probability of 

recovering the correct demographic model. Candidate models similar to the “correct” model were 

incorrectly recovered with higher rate than the dissimilar candidate models. Among the 

demographic parameters, the estimates of time were more biased and subjected to higher error than 

estimates of effective population size. Scaled parameters (e.g., Neµ , where Ne is the effective 

population size and µ  is the mutation rate) were more accurate and with less error than unscaled 

parameters (e.g., Ne and µ), mainly due to the additional uncertainty introduced by the mutation rate 

in the conversion of scaled parameters estimates to their unscaled components. 

Genetic diversity in natural populations is the product of multiple interacting ecological and 

evolutionary processes. Discerning among those ecological and evolutionary processes and 

obtaining estimates of unbiased parameters with low error is challenging. Models are developed to 

help us understand the complexity of evolutionary processes. A good model should capture the 

essential feature of a process while remaining compact and interpretable (Box, 1976; 1987). 

Consistent with Box statement, our findings suggested focusing on simple contrasting models that 

are likely to capture the key demographic events of large effect sizes (Figure 1).  
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Figure 1. Simple vs complex models cartoon. Simplified illustration that highlight the importance of 
considering contrasting and simple models that are able to capture the main demographic events. 

 

 

Low sampling effort can lead to erroneous conclusions when defining evolutionary distinct 

units from spatial monophyly in mitogenomic genealogies 

 

 An extended Bayesian phylogenetic estimate of the fin whales from three ocean basins, 

North Atlantic, North Pacific and Southern Ocean (Chapter 4) revealed that the monophyly of the 

North Atlantic fin whales, previously reported by Archer et al. (2013), was misled due to the small 

and spatially uneven sample size. Our results revealed that all three-ocean basins were polyphyletic 

(Figure 2). The genealogies based upon complete mitochondrial genome sequences and the 

genealogies based upon mitochondrial control region sequences were almost identical. Although, 

employing complete mitochondrial genomes, as opposed to the mitochondrial control region 

sequences, improved the statistical support of the estimated genealogy, polyphyly was detected only 

when increasing the sample size. Sampling is clearly important. The more haplotypes sampled, the 

greater the likelihood of detecting polyphyly (Funk & Omland, 2003). This observation is more 

important in cases when the alleles that cause polyphyly are rare, such as in the case of the North 

Atlantic fin whale (Chapter 4) for which, high proportion of sampling is required to detect 

polyphyly.  Additionally, mitochondrial DNA is sensitive to sampling effects due to its uniparental 

inherited and non-recombining genome. In mitochondrial genomes, each linage will contain only 
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the variation of its own lineage rather than the entire population. In diploid, nuclear genomes, 

recombination incorporated the variation contained in the population into each individuals genome 

(Pamilo & Nei, 1988). Consequently, reciprocal monophyletic between two populations will only 

occur if there is a substantial reproductive isolation between the two populations through many 

generation. How many generations will take before reciprocal monophyletic occurs, will depend on 

the effective population size as well. Diploid genomes have a larger effective population size than 

haploid genomes. Accordingly, stochastic changes of the genetic properties will occur slower in the 

diploid, nuclear genome than in the haploid mitochondrial genome (Wright, 1931) 

Depending on the cause of polyphyly, the inference of evolutionary divergence time may be 

considerably inflated or deflated when alleles are sampled from polyphyletic species (Melnick et 

al., 1993; Funk, 1999). Not surprisingly, our estimates showed that the time to the most recent 

common ancestor for the polyphyletic North Atlantic fin whale (Chapter 4) was estimated about two 

times older than for the “monophyletic” North Atlantic fin whale and at a time similar to the other 

ocean basins.  An undetected polyphyly compromises not only the evolutionary inferences based on 

the gene tree but it might have conservation and management implications. Based on the 

monophyletic pattern of the North Atlantic fin whale (Archer et al., 2013), the authors suggested an 

intraspecific taxonomic revision of the fin whale sub-species. Defining new or merging subspecies 

or evolutionary significant units may lead to changes in management policies. Additionally, 

taxonomical revisions should be based not only on a single gene but also on different diploid, nuclear 

genes combined with morphological and behavioral traits. 

Appropriate sampling and accurate interpretation of genealogies across genes and taxa will 

improve our understanding of systematics and population genetics, particularly on ecological and 

evolutionary studies, which rely on genealogies and estimates of interspecific variation. Chapter 5 

and 6 provided examples in which estimates of interspecific variation and genealogies were 

employed to assess population structure and demographic history. 
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Figure 2. Bayesian genealogy from North Atlantic, North Pacific and Southern Hemisphere fin whales. 
Genealogies were estimated from a) 83 and b) 160 mitochondrial control region haplotypes. Similar 
genealogical patterns were estimated from the entire mitochondrial genome based on:  a) 143 and b) 147 
mitochondrial genome haplotypes. Colors represent the three ocean basins: North Atlantic (red), North 
Pacific (blue) and Southern Hemisphere (green). CR: mitochondrial control region, MG: mitochondrial 
genome, seq: number of mitochondrial DNA sequences, hap: number of haplotypes.  
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Inferences of population genetic structure in the North Atlantic sei whale are consistent with 

the notion of a single panmictic population that is genetically distinct from the North Pacific  

 

An assessment of the population genetic structure of sei whales in three different locations 

in the North Atlantic and the North Pacific (Chapter 5), employing mitochondrial and nuclear 

microsatellite genotypes, supported the notion that the sei whales from the North Atlantic represent 

a single panmictic population that is genetically distinct from the North Pacific. The divergence time 

of North Atlantic and North Pacific was estimated at approximately 163 kya, i.e., during the Illinoian 

glaciation (140–350 kya; Lisiecki and Raymo (2005b)). The estimates of historical interoceanic 

immigration rate, between the North Atlantic and North Pacific, were very low. Our results 

evidenced a historical population expansion in the North Atlantic sei whales and historical levels of 

population size about nine times smaller in the North Atlantic than in the North Pacific sei whales 

(Figure 3).  

The failure to detect significant population genetic structure among the three distinct 

sampling locations in the North Atlantic (i.e., Iceland, Gulf of Maine and Azores) suggested low 

genetic differentiation in the North Atlantic. However, the failure to detect population genetic 

structure does not necessary reflect the current levels of gene flow. Population structure is the result 

of contemporary and historical processes (Hewitt & Butlin, 1997). The relatively recent historical 

population expansion might have contributed to the low levels of genetic differentiation found in 

this study, as genetic drift occurs slower in larger populations (Kimura & Ohta, 1969). Other aspects 

that should be considered when interpreting the results are the high levels of uncertainty of the 

estimated values of genetic divergence and the ability of the clustering methods to detect the true 

number of populations under specific conditions. Waples and Gaggiotti (2006), for example, 

suggested that methods that cluster individuals might have a low power to detect the true number of 

populations under low gene flow.  

The correct identification of “stocks” can be crucial for conservation and management 

policies. The “stock” represents the fundamental and legal population unit of conservation efforts 

(Dizon et al., 1992). Although, we could not find evidence that support the current definition of 

three stocks in the North Atlantic (Donovan, 1991), we could not exclude the presence of stocks.  
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Figure 3. Population structure, population size and immigration rate from the North Atlantic and 
North Pacific sei whales. Sampling locations from the North Atlantic include Iceland (IC), Gulf of Maine 
(GM) and Azores (AZ). Color circles represent the two distinct populations identified, North Pacific (blue) 
and North Atlantic (red). Arrows represent the direction of the immigration rate in effective number of 
migrant gene copies per generation (2Nem). The size of the circles represents the population size (not in 
scaled) in theta (θ: 4Neµ, where Ne denotes the effective population size and µ the generational mutation rate 
per locus). 
 

 

The population genetic structure and demographic history of sei whales can be 

explained by historical changes in environmental conditions 

 

The estimated divergence time of the North Atlantic and the North Pacific sei whale 

populations, at ~ 163 kya (Chapter 5), was consistent with the hypothesis that the extent of sea ice 

during the glaciations facilitated the divergence of species by contracting the populations, reducing 

gene flow and promoting genetic differentiation (Hewitt, 1996, 2000; Rogers, 2007). Similarly, the 

estimated historical expansion of the North Atlantic sei whale (Chapter 5) suggested that the retreat 

of the sea ice after the Last Glacial Maximum could have facilitated the population expansion in the 

North Atlantic by providing access to areas that were previously inaccessible and/or by increasing 

primary productivity. The effect of the glacial-interglacial transition on the demographic history of 

baleen whales was assessed in more detailed in Chapter 6.   
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  The Holocene was characterized by a global increase in baleen whale abundance associated 

with changes in prey and climate conditions 

 

Chapter 6 focused on the inference of past changes in effective population size and migration 

rate from genetic data collected from multiple baleen whales in the North Atlantic and Southern 

Hemisphere. The results revealed large increases in abundance across multiple species of baleen 

whales in both Hemispheres during the period after the Last Glacial Maximum (LGM; Clark et al., 

2009), particularly after the Holocene. The demographic responses of baleen whales in the Northern 

Atlantic were more heterogeneous than in the Southern Hemisphere. The increases in abundance in 

the Southern Hemisphere baleen whales (excluding the common minke whale) were highly 

synchronous, tracking similar preceding increases in temperature and prey during and after the 

Pleistocene-Holocene transition. All baleen whales in the North Atlantic showed a postglacial 

increase. However,  the temporal trends in abundance inferred in several baleen whale, fish, and 

some copepods in the North Atlantic showed a marked change in the trajectory around 6-8 kya. This 

change in trajectory does not correlate with the general trend in ambient temperature. Instead, the 

change in trajectory could be associated with what has been termed the 8.2 kya event (Alley et al., 

1997; Barber et al., 1999). In general, baleen whale immigration rates increased during the Late 

Holocene, when the regional abundance was high. Migration rates were also higher during the LGM, 

despite low abundances. The increased connectivity during the LGM might be a function of the 

contracted species’ ranges towards the Equator due to an increased extent of sea ice at the higher 

latitudes. The observation that the increases in baleen whale abundance tracked preceding increases 

in abundance in key invertebrates (i.e., krill and copepods) suggested a bottom-up enrichment of the 

oceans (White, 1978; Power, 1992). Our results provided evidence for significant, long-term impacts 

of past large-scale global warming across the entire marine ecosystem (Figure 4).  

An important caveat to this study is the uncertainty of the time parameter estimates 

particularly due to the uncertainty of the mutation rate. Coalescent-derived estimates of effective 

population size and time depend linearly on the mutation rate used for the loci under investigation 

(Hudson, 1990). Mutation rates have been found to vary across the genome (Hodgkinson & Eyre-

Walker, 2011), among species (Nabholz et al., 2009) and the estimates of mutation rates have 

differed by more than one order of magnitude among methodological approaches (e.g., Rooney et 

al., 2001; Howell et al., 2003; Ho et al., 2007). Consequently, errors due to mutation rates 

unavoidably attribute uncertainty to the estimates of the population changes. Since we were 

interested in the general trend of the demographic change and we were aware of the confounding 

effects of mutation rate, we focused our interpretation on the relative change of theta (� = 4���,) 
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rather than on the effective population size (Ne). In order to transform the mutation scaled estimate 

of time (.�) into years, we employed mutation rates that agreed well with the estimated rate of other 

studies, but we could not rule out the possibility that the demographic events occurred earlier or 

later in time.   

 

 
Figure 4. General model of demographic responses to the Late Quaternary climate change of marine 
species. The red- and blue-shaded areas represent the Holocene and Pleistocene period, respectively. The 
dark blue-shaded area indicates the LGM. The arrows indicate the direction of the trophic levels.  
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Population structure as well as the presence of unsampled populations may affect the 

estimation of population sizes and immigration rates of the population under investigation (Beerli 

2004; Slatkin 2005). Population structure can mimic population bottlenecks in a population of 

constant population size if disregarded (Heller et al. 2013). We did assess the effects of population 

genetic structure on the general trend of the demographic changes. Population genetic structure 

within the populations under investigation seemed to have little effect upon the trends.  

There are many causes of demographic changes, including changes in distribution, local 

population decline or expansions, as well as colonization, changes in habitat or resource availability 

and competition. Although, the underlying causes for the observed temporal and spatial trends 

warrant further studies, the strength of our study is the sampling design with an extensive taxonomic 

coverage and high levels of population sampling which is akin to multiple replicate evolutionary 

experiments. The observed consistency of the observed trends across multiple taxa and trophic levels 

suggested that our analysis captured fundamental and global drivers of change.  
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Summary 
 

Since the origin of life, habitats and climate have changed at different temporal and spatial scales. 

Habitat and climate changes can have profound effects on both ecological and evolutionary processes. The 

high latitudes, including the Arctic and Antarctic, represent some of the Earth’s most extreme environments. 

Species inhabiting high latitudes display unique adaptations to the extreme climate and unique physical 

features. The glacial-interglacial transitions during the last millions of years had tremendous effects upon the 

thickness and extent of glaciers and ice sheets as well as the sea level and ocean circulation. These 

environmental changes affected the ecological conditions (e.g., habitat availability and prey) not only at high 

latitudes but also in the remaining parts of the world, and hence were responsible for driving the evolution of 

many species. 

In this thesis, different ecological and evolutionary questions were investigated employing marine 

mammals as an experimental system. Simulated genetic data, genetic data collected from marine mammals, 

and historical environmental data were employed. The first part includes a critical overview of the current 

application of genetics (including genomics as a subarea of genetics) to the study of marine mammals. The 

second part presents the assessment of two methodological questions: the reliability of the methodological 

approach and the effect of the sampling effort. The third part provides two examples in which my 

collaborators and I investigated two fundamental ecological and evolutionary questions: how many 

populations are there and how species respond to environmental changes. The final part includes a synthesis 

of the thesis.  

Chapter 2 reviews the application of genetics and genomics to the study of marine mammals. This 

chapter is focused on aspects that provide key insights into the ecology and evolution of marine mammals. 

The aspects reviewed include the identification of sex and age of individuals, the identification of individuals 

and their close relatives, the estimation of past and current population abundance, the genetic structure of the 

population, selection and adaptation, and convergence evolution among different lineages of marine 

mammals. The chapter illustrates how the improvements in sequencing technologies and data analysis have 

driven a rapid growth in marine mammals’ genetic studies. 

Chapter 3 presents an evaluation of one of the most popular Approximate Bayesian Computational 

(ABC) software packages employed to infer past demographic changes from contemporary population 

genetic data, DIYABC (Do It Yourself ABC). Common types of population genetic data sets (mitochondrial 

DNA sequences, microsatellite genotypes, and single nucleotide polymorphisms) under five different simple, 

single-population demographic models were simulated to assess the demographic model recovery rates as 

well as the bias and error of the demographic parameter estimates. Results revealed that the overall ability of 

DIYABC to recover the correct demographic model was low and most demographic parameter estimates 

were biased and had large error. The selection of the demographic candidate models in terms of complexity, 

similarity, and number of candidate models influenced the ability to recover the correct demographic model. 
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We concluded that DIYABC-based assessments are better suited to capture simple, major demographic 

changes. 

Chapter 4 illustrates the effect of sample size when employing uniparental inherited and non-

recombining mitochondrial genomes to define evolutionary distinct units based on reciprocal monophyly.  

An extended Bayesian phylogenetic reconstruction of the fin whales from three ocean basins was performed. 

Results revealed that the monophyly of the North Atlantic fin whales, previously reported by Archer et al. 

(2013), was incorrectly inferred due to the small and spatially unbalanced sample size. The genealogy 

estimated from the complete mitochondrial genome was identical to the genealogy inferred from the 

mitochondrial control region sequences. Although employing complete mitochondrial genomes, as opposed 

to the mitochondrial control region sequences, improved the statistical support of the estimated genealogy, 

polyphyly was detected only when increasing the sample size. The uniparental inherited and non-recombining 

mitochondrial DNA genome is more sensitive to sampling effects than the nuclear DNA. We suggested that 

taxonomical revisions should be based not only on a single gene but also on different diploid, nuclear genes 

combined with morphological and behavioral traits. 

Chapter 5 describes an analysis of the population structure of the North Atlantic and North Pacific 

sei whales employing mitochondrial DNA sequences and nuclear microsatellite genotypes. Results were 

consistent with the notion that the sei whales in the North Atlantic represent a single panmictic population 

that is genetically distinct from the North Pacific sei whale population. The divergence time between the 

North Atlantic and the North Pacific sei whale populations was estimated during the penultimate glaciation 

(i.e., Illinoian glacial stage), at ~163 thousands of years ago. The estimated divergence time was consistent 

with the hypothesis that the extent of sea ice during the glaciations facilitated the divergence of species. The 

migration rates between the North Atlantic and the North Pacific sei whale populations were very low. A 

deviation from mutation-drift equilibrium in the North Atlantic population that was consistent with an 

historical post-glacial population expansion was detected. Historical levels of population size were about 

nine times smaller in the North Atlantic than in the North Pacific sei whale populations. The failure to detect 

significant levels of genetic structure among sampling locations should be taken with caution. The large 

uncertainty of the parameter estimates, the low power to detect structure under low gene flow and historical 

events such as the population expansion, could reduce the likelihood of detecting population genetic structure. 

We could not find evidence that support the current definition of three stocks in the North Atlantic but we 

were also unable to exclude the presence of stocks. 

Chapter 6 describes how large-scale climate fluctuations during the Late Quaternary affected the 

population dynamics of baleen whales and their prey.  Past changes in effective population sizes and 

immigration rates were inferred from genetic data collected from eight baleen whale species and seven prey 

species in the North Atlantic and the Southern Hemisphere. Results revealed large increases in abundance 

across multiple species of baleen whales in both hemispheres during the period after the Last Glacial 

Maximum. The inferred increases in abundance were highly synchronous, tracking similar increases in 

temperature and prey species during the Pleistocene-Holocene transition. The demographic responses in the 
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North Atlantic were more dynamic than in the Southern Hemisphere, likely due to a greater heterogeneity in 

oceanographic features.  Our results suggested substantial and long-lasting impacts of past large-scale global 

warming across the entire marine ecosystem and a bottom-up control of baleen whale abundance. 
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Nederlandse samenvatting 
 

Sinds het ontstaan van leven zijn leefgebieden en het klimaat veranderd op verschillende temporele 

en ruimtelijke schalen. Habitat- en klimaatveranderingen kunnen ingrijpende gevolgen hebben voor zowel 

ecologische als evolutionaire processen. De hoge breedtegraden, inclusief de Noordpool en Antarctica, 

vertegenwoordigen enkele van de meest extreme omgevingen van de aarde. Soorten die de hoge 

breedtegraden bewonen, vertonen unieke aanpassingen aan het extreme klimaat en hebben unieke fysieke 

kenmerken. De glaciaal-interglaciale overgangen gedurende de afgelopen miljoenen jaren hadden een 

enorme invloed op de dikte en omvang van gletsjers en ijskappen, evenals de zeespiegel en de 

oceaancirculatie. Deze veranderingen in het milieu beïnvloedden niet alleen de ecologische omstandigheden 

(bijv. de beschikbaarheid van leefgebieden en prooidieren) op hoge breedtegraden maar ook in de overige 

delen van de wereld, en heeft daarmee de evolutie van vele soorten aangestuurd. 

In dit proefschrift zijn verschillende ecologische en evolutionaire vragen met behulp van 

zeezoogdieren onderzocht. Hiervoor zijn gesimuleerde genetische data, genetische data verzameld van 

zeezoogdieren en historische milieudata gebruikt. Het eerste deel bevat een kritisch overzicht van de huidige 

toepassing van genetica (inclusief genomica als deelgebied van de genetica) voor de studie van 

zeezoogdieren. Het tweede deel presenteert de beoordeling van twee methodologische vragen, de 

betrouwbaarheid van de methodologische benadering en het effect van de bemonsteringsinspanning. Het 

derde deel biedt twee voorbeelden waarin ik en mijn mede-onderzoekers twee fundamentele ecologische en 

evolutionaire vragen hebben onderzocht, hoeveel populaties er zijn en hoe soorten reageren op veranderingen 

in het milieu. Het laatste deel bevat een synthese van het proefschrift. 

Hoofdstuk 2 behandelt de toepassing van genetica en genomica voor de studie van zeezoogdieren. 

Het hoofdstuk is gericht op aspecten die belangrijke inzichten verschaffen in de ecologie en evolutie van 

zeezoogdieren. De bekeken aspecten omvatten de identificatie van het geslacht en de leeftijd van individuen, 

de identificatie van individuen en hun naaste verwanten, de schatting van historische en huidige 

populatieaantallen, de genetische structuur van de populatie, selectie en adaptatie, en convergente evolutie 

bij verschillende soorten zeezoogdieren. Het hoofdstuk illustreert hoe verbeteringen in sequencing 

technologieën en data-analyse een snelle groei in de genetica van zeezoogdieren hebben veroorzaakt. 

Hoofdstuk 3 bevat een evaluatie van één van de meest populaire Approximate Bayesian 

Computational (ABC) softwarepakketten, DIYABC (Do It Yourself ABC), die wordt gebruikt om historische 

demografische veranderingen af te leiden van hedendaagse genetische data. Verschillende gangbare soorten 

genetische populatie datasets (mitochondriale DNA-sequenties, microsatelliet-genotypen en single-

nucleotide polymorfismen) werden gesimuleerd onder vijf verschillende eenvoudige demografische 

modellen met een enkele populatie om het herstelpercentage van het demografisch model te beoordelen, 

evenals de bias en fouten van de schattingen van de demografische parameters. De resultaten toonden aan 
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dat het algehele vermogen van DIYABC om het juiste demografische model te herstellen laag was en de 

meeste demografische parameterramingen waren vertekend en met grote fouten. De selectie van de 

demografische kandidaatmodellen in termen van complexiteit, gelijkenis en aantal kandidaatmodellen 

beïnvloedde de mogelijkheid om het juiste demografische model te reconstrueren. We concludeerden dat op 

DIYABC gebaseerde beoordelingen beter geschikt zijn om eenvoudige, belangrijke demografische 

veranderingen vast te leggen. 

Hoofdstuk 4 illustreert het effect van de steekproefomvang bij het gebruik van uniparentale erfelijke 

en niet-recombinante mitochondriale genomen om evolutionaire onderscheidbare eenheden te definiëren op 

basis van wederkerige monofylie. Een uitgebreide Bayesiaanse fylogenetische reconstructie van de vinvissen 

uit drie oceaanbekkens werd uitgevoerd. Uit de resultaten bleek dat de monofylie van de Noord-Atlantische 

vinvissen, eerder gerapporteerd door Archer et al. (2013), ten onrechte werd afgeleid door de kleine en in de 

ruimte onevenwichtige steekproefomvang. De genealogie geschat uit het complete mitochondriale genoom 

was identiek aan de genealogie afgeleid van de sequenties van het mitochondriale controlegebied. Hoewel 

het gebruik van complete mitochondriale genomen, in tegenstelling tot de sequenties van het mitochondriale 

controlegebied, de statistische ondersteuning van de geschatte genealogie verbeterde, werd polyfylie alleen 

gedetecteerd wanneer de steekproefomvang toenam. Het uniparentale overerfelijke en niet-recombinante 

mitochondriale DNA-genoom is gevoeliger voor samplingeffecten dan het nucleaire DNA. We stelden voor 

dat taxonomische herzieningen niet alleen op een enkel gen gebaseerd zouden moeten zijn, maar ook op 

verschillende diploïde, nucleaire genen in combinatie met morfologische en gedragskenmerken. 

Hoofdstuk 5 beschrijft een analyse van de populatiestructuur van de Noord-Atlantische en de Noord-

Pacifische seiwalvissen met mitochondriale DNA-sequenties en nucleaire microsatelliet-genotypen. De 

resultaten kwamen overeen met het idee dat de seiwalvissen in de Noord-Atlantische Oceaan een enkele 

panmictische populatie vertegenwoordigen die genetisch verschillend is van de Noord-Pacifische 

seiwalvispopulatie. De divergentietijd tussen de Noord-Atlantische Oceaan en de Noord-Pacifische sei 

walvispopulaties werd geschat tijdens de voorlaatste ijstijd, op ~ 163 kya. De geschatte divergentietijd was 

consistent met de hypothese dat de omvang van zee-ijs tijdens de ijstijd de divergentie van soorten 

bespoedigde. De migratiegraden tussen de Noord-Atlantische Oceaan en de Noord-Pacifische 

seiwalvispopulaties waren zeer laag. Er werd een afwijking van het mutatie-evenwicht in de Noord-

Atlantische populatie gedetecteerd die consistent was met een historische post-glaciale populatie-expansie. 

Historische populatiegroottes waren in de Noord-Atlantische Oceaan ongeveer negen keer kleiner dan de 

Noord-Pacifische populaties. Het falen om significante niveaus van genetische structuur te detecteren tussen 

locaties van monsters moet met de nodige voorzichtigheid geïnterpreteerd worden. De grote onzekerheid van 

de parameterschattingen, het lage vermogen om structuur te detecteren bij een lage genenuitwisseling en 

historische gebeurtenissen zoals de uitbreiding van de populatie verminderen de kans op het detecteren van 

de genetische structuur. We konden geen bewijzen vinden die de huidige definitie van drie verschillende 

populaties in de Noord-Atlantische Oceaan ondersteunen, maar we konden ook de aanwezigheid ervan niet 

uitsluiten. 
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Hoofdstuk 6 beschrijft hoe grootschalige klimaatschommelingen tijdens het Laat-Kwartair invloed 

hadden op de populatiedynamiek van baleinwalvissen en hun prooi. Veranderingen in het verleden van 

effectieve populatiegroottes en migratiesnelheden werden afgeleid uit genetische gegevens verzameld van 

acht soorten baleinwalvissen en zeven soorten prooi in de Noord-Atlantische Oceaan en het zuidelijk 

halfrond. De resultaten toonden grote toenames in abundantie bij meerdere soorten baleinwalvissen in beide 

hemisferen gedurende de periode na het laatste glaciale maximum. De afgeleide toename in abundantie was 

sterk synchroon en volgde een gelijkaardige, voorafgaande, toename in temperatuur en prooisoorten tijdens 

de Pleistoceen-Holocene overgang. De demografische respons in de Noord-Atlantische Oceaan was 

dynamischer dan op het zuidelijk halfrond, waarschijnlijk als gevolg van een grotere heterogeniteit in 

oceanografische kenmerken. Onze resultaten wezen op substantiële en langdurige gevolgen van de 

grootschalige historische opwarming in het gehele mariene ecosysteem en de bottom-up controle van de 

overvloed aan baleinwalvissen. 
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Resumen 
 

Desde el origen de la vida, los hábitats y el clima han cambiado a diferentes escalas temporales y 

espaciales. Los cambios de hábitat y clima pueden tener efectos profundos en los procesos ecológicos y 

evolutivos. Las latitudes altas, incluyendo el Ártico y la Antártica, representan uno de los ambientes más 

extremos de la tierra. Las especies que habitan las latitudes altas presentan adaptaciones únicas al clima 

extremo y características físicas únicas. Las transiciones glaciales-interglaciares durante los últimos millones 

de años, han tenido efectos considerables sobre el espesor y la extensión de los glaciares y capas de hielo, así 

como sobre el nivel del mar y la circulación oceánica.  Estos cambios ambientales han afectado las 

condiciones ecológicas (por ejemplo, la disponibilidad de hábitat y las presas) no sólo en las latitudes altas 

sino en las otras partes del mundo, y con ello han impulsado la evolución de muchas especies.  

En esta tesis, se investigaron diferentes aspectos de ecología y evolución utilizando a los mamíferos 

marinos como sistema experimental. Para ello, se emplearon datos genéticos provenientes tanto de 

simulaciones como de mamíferos marinos. También se utilizó información ambiental histórica. En la primera 

parte, se presenta una visión crítica de la aplicación actual de la genética (incluida la genómica como una 

sub-área de la genética) para el estudio de los mamíferos marinos. En la segunda parte, se evalúan dos 

aspectos metodológicos, la confiabilidad del método de análisis y el efecto del esfuerzo de muestreo. En la 

tercera parte, se proporcionan dos ejemplos en los que se investigaron dos preguntas fundamentales de 

ecología y evolución, ¿cuántas poblaciones hay? y ¿cómo las especies responden a los cambios ambientales? 

Finalmente, se incluye una síntesis de la tesis.  

En el capítulo 2, se revisó la aplicación de genética para el estudio de los mamíferos marinos. Este 

capítulo se enfoca en aspectos que proporcionan información clave sobre la ecología y evolución de los 

mamíferos marinos. Dichos aspectos incluyen: la identificación del sexo y edad de los individuos, la 

identificación de individuos y sus parientes cercanos, la estimación histórica y actual de la abundancia de las 

poblaciones, la estructura genética poblacional, la selección y adaptación, así como la convergencia evolutiva 

de diferentes linajes de mamíferos marinos. Finalmente, se muestra cómo las mejoras en las tecnologías de 

secuenciación y el análisis de datos han impulsado un rápido crecimiento en la aplicación de genética en el 

estudio de mamíferos marinos. 

En el capítulo 3, se evaluó uno de los paquetes de software más populares de aproximación bayesiana 

computacional (ABC) empleados para inferir los cambios demográficos históricos con base a datos genéticos 

contemporáneos de la población, DIYABC (Do It Yourself ABC). Con el fin de evaluar las tasas de 

recuperación del modelo demográfico, así como el sesgo y error de las estimaciones de los parámetros 

demográficos, se simularon datos genéticos poblacionales comunes (secuencias de ADN mitocondrial, 

genotipos de microsatélites y polimorfismos de nucleótido simple) bajo cinco modelos demográficos simples 

de una población. Los resultados revelaron que la capacidad general de DIYABC para recuperar el modelo 
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demográfico correcto era baja y la mayoría de las estimaciones de parámetros demográficos eran sesgadas y 

con errores altos. La selección de los modelos demográficos a evaluar, es decir, los modelos candidatos, en 

términos de complejidad, similitud y número, influyó en la capacidad de recuperar el modelo demográfico 

correcto. Concluimos que las evaluaciones basadas en DIYABC son más adecuadas para capturar cambios 

demográficos mayores y simples. 

En el capítulo 4, se ilustró el efecto del tamaño de la muestra al emplear genomas mitocondriales, es 

decir, con herencia uniparental y no recombinantes, para definir unidades evolutivamente significativas 

basadas en monofilia recíproca. Se realizó una extensión de la reconstrucción filogenética Bayesiana de la 

ballena de aleta o rorcual común en tres cuencas oceánicas. Los resultados revelaron que la monofilia de las 

ballenas de aleta del Atlántico Norte, previamente reportada por Archer et al. (2013), se dedujo 

incorrectamente debido al tamaño de muestra pequeño y espacialmente desbalanceado. La genealogía 

estimada a partir del genoma mitocondrial completo fue casi idéntica a la genealogía inferida de las 

secuencias de la región control mitocondrial. Aunque, la utilización de genomas mitocondriales completos, 

a diferencia de las secuencias de la región control mitocondrial, mejoró el soporte estadístico de la genealogía 

estimada, se detectó polifilia únicamente al aumentar el tamaño de la muestra. El genoma de ADN 

mitocondrial por ser de herencia uniparental y no recombinante es más sensible a los efectos de muestreo que 

el ADN nuclear. Por lo tanto, sugerimos que las revisiones taxonómicas se basen no solo en un único gen, 

sino también en diferentes genes nucleares diploides combinados con rasgos morfológicos y de 

comportamiento. 

En el capítulo 5, se investigó la estructura poblacional del rorcual norteño o ballena sei del Atlántico 

Norte y del Pacífico Norte empleando secuencias de ADN mitocondrial y genotipos de microsatélites 

nucleares. Los resultados fueron consistentes con la noción de que la ballena sei en el Atlántico Norte 

representa una sola población panmíctica que es genéticamente distinta de la población del Pacífico Norte. 

El tiempo de divergencia entre las poblaciones de ballena sei del Atlántico Norte y el Pacífico Norte se estimó 

durante la penúltima glaciación o glaciación de Illinois, ~ 163 miles de años atrás. El tiempo estimado de 

divergencia fue consistente con la hipótesis de que la extensión del hielo marino durante las glaciaciones 

facilitó la divergencia de las especies. Las tasas de migración entre las poblaciones de ballena sei del Atlántico 

Norte y del Pacífico Norte fueron muy bajas. Se detectó una desviación del equilibrio mutación-deriva en la 

población del Atlántico Norte que fue consistente con una expansión poblacional post-glacial histórica. Los 

niveles históricos de tamaño de la población eran aproximadamente nueve veces más pequeños en el 

Atlántico Norte que en las poblaciones de ballena sei del Pacífico Norte. El hecho de no detectar niveles 

significativos de estructura genética entre las zonas de muestreo debe tomarse con precaución. La gran 

incertidumbre de las estimaciones de los parámetros, el bajo poder estadístico para detectar estructuras 

poblacionales cuando el nivel de flujo genético es bajo y los eventos históricos como la expansión de la 

población, podrían reducir la probabilidad de detectar la estructura genética de la población. En este estudio, 

no pudimos encontrar pruebas que respalden la definición actual de tres stocks en el Atlántico Norte, pero 

tampoco pudimos excluir la presencia de stocks. 
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En el capítulo 6, se investigó cómo las fluctuaciones climáticas a gran escala durante el Cuaternario 

tardío afectaron la dinámica de la población de las ballenas barbadas y sus presas. Inferimos cambios 

históricos en el tamaño efectivo de las poblaciones y tasas de migración a partir de datos genéticos 

recolectados de ocho especies de ballenas barbadas y siete especies de presas en el Atlántico Norte y en el 

hemisferio sur. Los resultados revelaron grandes aumentos en la abundancia de múltiples especies de ballenas 

barbadas en ambos hemisferios durante el período posterior al Último Máximo Glacial. Los aumentos 

inferidos en la abundancia fueron altamente sincrónicos, siguiendo patrones similares a los de las especies 

de presas y los aumentos de temperatura durante la transición Pleistoceno-Holoceno. Las respuestas 

demográficas en el Atlántico Norte fueron más dinámicas que en el hemisferio sur, probablemente debido a 

una mayor heterogeneidad en las características oceanográficas. Nuestros resultados sugieren impactos 

sustanciales y duraderos del calentamiento global a gran escala en el pasado en todo el ecosistema marino y 

el control de abajo hacia arriba de la abundancia de ballenas barbadas. 
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