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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.  

 
 
 

ACKNOWLEDGEMENTS  

Baleen whale illustrations herein are used with the permission of Frédérique Lucas; prey illustrations 
and characters of Figure 1 are by Ligia Arreola 
 
 
 
 
 

 
 
 
 
 
 
 



 

 


	Chapter 7



