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Abstract 

Atlantic bluefin tuna is a commercially important marine apex predator distributed across the 

Atlantic Ocean from the Gulf of Mexico to the Mediterranean and the Norwegian Sea. In recent 

history, Atlantic bluefin tuna has experienced severe overfishing, resulting in population 

collapse and a listing on the IUCN red list. Humans are known to have harvested Atlantic 

bluefin for millennia – trap fisheries around the Mediterranean have been documented by 

historical sources for the past 2600 years, and archaeological findings along the Skagerrak 

coast indicate Atlantic bluefin exploitation in Scandinavian Mesolithic and Neolithic periods. 

However, the impact of human exploitation on tuna evolution and ecology remains poorly 

understood.  

Recent excavations at Jortveit, in southern Norway, have produced an abundance of tuna bones 

dated to the Early and Middle Neolithic period (3900-2350 BCE). Producing more tuna bones 

than any other known location in Scandinavia, the Jortveit excavations provide a unique 

opportunity for a population-scale study of ancient tuna and allow for comparative analyses 

between ancient and modern populations. Ancient DNA provides non-extrapolated information 

about past genetic variation and population structure, making it possible to directly compare 

the genetic effects of human exploitation. By successfully retrieving mitochondrial genomes 

of Atlantic bluefin tuna from the Jortveit site and comparing to modern conspecifics from 

across the Atlantic Ocean, I provide the oldest population-scale baseline comparison of Atlantic 

bluefin tuna.  

In this thesis I analyze 39 ancient specimens with exceptional ancient DNA preservation, for 

which sequencing libraries were obtained of all specimens, yielding about 24% endogenous 

DNA on average. I compare these data with 77 modern tuna specimens from all major 

spawning regions and the Norwegian coast foraging area. My results indicate that –despite 

heavy exploitation– no loss of mitogenomic diversity has occurred over the past ~4600 years 

and provides evidence that hybridization of Atlantic and Pacific bluefin had already taken place 

in the Neolithic period. Through genetic investigations of Atlantic bluefin specimens from 

before the period of heavy anthropogenic exploitation, I provide a more solid basis for 

conservation and management decisions in the future. 
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1.   Introduction 
The Atlantic bluefin tuna (Thunnus thynnus thynnus, Linneaus 1758) is a highly migratory 

predator in the order of Scombriform fishes. With a body size of up to 3.3 meters and 725 kg, 

it is among the largest of all bony fishes (J. Cort et al., 2013). Due to their high metabolic rate 

and ability to thermoregulate muscle temperature, the Atlantic bluefin thrive in waters as cold 

as 3°C and can be found throughout the North Atlantic Ocean and the Mediterranean Sea 

(Block, 2001; Carey & Lawson, 1973; Stevens et al., 2000). In Norway, Atlantic bluefin has 

been observed all the way up to Laksefjord in Finnmark (Nøttestad et al., 2020).  

Atlantic bluefin tuna has been an important trade product for at least 2600 years (Oppianus, 

177 BCE; Plinius, 65 CE; Aristotelis, 1635; Di Natale, 2012). Tuna harvests are known from 

the Byzantine era (Puncher, Onar, et al., 2015), the Hanseatic fish trade in the middle ages 

(Küchelmann, 2020), as well as modern seine and longline fishing (B. Collette et al., 2011; 

SCRS, 2019). This extensive history of exploitation makes it difficult to quantify the long-term 

human impacts on Atlantic tuna, as exploitation may lead to low or gradually decreasing 

population size over time, even before scientific observations. Such gradual losses over time 

have been called the shifting baseline syndrome (Pauly, 1995) and this concept can be applied 

to genetic changes over time as well (Pinnegar & Engelhard, 2008). It is therefore imperative 

to know the history of human harvest of bluefin tuna to help manage the stocks sustainably 

today. Directly quantifying possible genetic impacts of human exploitation, such as gradually 

reduced genetic diversity, is impossible to do without knowledge about the original diversity 

of haplotypes that existed before human impact. Nonetheless, ancient DNA approaches can aid 

in obtaining such genetic estimates by directly comparing the genomes of specimens dated 

before major exploitation. In the next section I present an historical overview, a timeline, of 

human exploitation of the Atlantic bluefin tuna to establish the background for my population 

genetic investigations. 

1.1   History and management of Atlantic bluefin tuna 

The Atlantic bluefin is currently managed as two separate stocks, the larger spawning in the 

Mediterranean and a smaller stock spawning in the Gulf of Mexico (ICCAT, 2021). Whether 

these stocks are in fact separate biological populations has long been debated (Galuardi et al., 

2010; Alvarado Bremer et al., 2005; Ely et al., 2002) and trans-Atlantic migration of adult fish 

is well documented (Arregui et al., 2018; Wilson et al., 2015; Rooker et al., 2014; Galuardi et 

al., 2010; Rooker et al., 2006; Block et al., 2005; Block, 2001; Lutcavage et al., 1999). 
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However, electronic tagging and otolith isotope studies suggest strong natal homing behavior 

(e.g. Block et al., 2005; Boustany et al., 2008; Brophy et al., 2016), and recent studies using 

genome-wide SNPs support genetically distinct, reproductively separated populations 

(Andrews et al., 2021; Rodríguez‐Ezpeleta et al., 2019; Puncher et al., 2018; Albaina et al., 

2013) despite population mixing during the rest of the year. Shared foraging grounds and 

migration patterns are still important to consider when assessing the management of Atlantic 

bluefin over time, especially for fisheries targeting large adult fish outside of spawning season 

and spawning areas. Throughout the thesis I will refer to the management units as eastern and 

western stocks, while reserving the term population for discussions of biological evidence for 

population structure. 

Atlantic bluefin tuna exploitation has likely occurred in the Mediterranean and North seas since 

the Stone Age (Di Natale, 2012, 2014; Puncher, Cariani, et al., 2015; Ravier & Fromentin, 

2001). In Grotta del Genovese (Sicily, Italy), cave paintings of bluefin tuna may be as old as 

9000 BCE (Tusa, 1999; Spoto, 2002). In Scandinavia, archaeological findings along the 

Skagerrak coast indicate Atlantic bluefin exploitation as early as the Scandinavian Mesolithic 

and Neolithic periods (5800- 2350 BCE) (ICCAT, 2009; S. V. Nielsen and Persson, 2020). 

The earliest known fisheries used hooks and lines to hunt tuna, but fishing became more 

efficient as early as the sixth century BCE, when beach seines and traps replaced hooks and 

lines in the Phoenician tuna fisheries in the eastern Mediterranean (Di Natale, 2012; Fromentin 

& Powers, 2005). The industry was further developed by the Greeks and Romans, with written 

records from around 300 BCE and documented salting plants and factories from the Byzantine 

era (Block, 2019; Puncher, Onar, et al., 2015). As the fishing industry developed, catches 

increased. Trap data recovered from 1512-2009 CE suggests catches of around 14’000 tons 

from Spanish traps alone during the mid-1500’s (Pagá Garcia et al., 2017). In 1880, 22’000 

tons were registered in Spanish, Italian, Portuguese and Tunisian traps, but many more traps 

with unregistered catches are believed to have existed at this time (Pagá Garcia et al., 2017; 

Ravier & Fromentin, 2001). Indeed, the total catch of bluefin tuna during the 1500-1800’s 

could be in the same order of magnitude as modern catches, as the actual numbers may be twice 

as high as reported by these incomplete records (Block, 2019). Thus, historical tuna catches 

were large enough that they must be taken into consideration when estimating a natural baseline 

for the population size of the Atlantic bluefin tuna. 
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In the Americas, the earliest recorded commercial catches date from the early 1900s, when 

Atlantic bluefin tuna was harpooned for fish oil production and largely viewed as an 

inconvenience for damaging mackerel- and herring traps (Bigelow & Schroeder, 1953; Block, 

2019). Yet, archaeological evidence shows that indigenous Americans caught Pacific bluefin 

on the west coast as early as 3000 BCE (Crockford, 1997).  This suggest that, despite the lack 

of historical records, Atlantic bluefin tuna fishing prior to the 20th century in the Americas 

cannot be ruled out. During the early 1900s, the price of Atlantic bluefin gradually increased 

as the bluefin meat became more popular, and catches increased almost tenfold along the coast 

of New England and Nova Scotia during the 1940’s (Bigelow & Schroeder, 1953).  

During the 1950-60’s, the total reported catches for the Eastern stock was between 25’000-

40’000 tons per year, compared to less than 2’000 tons per year for the western stock (Block, 

2019). The Eastern stock was mainly targeted by traps near the Strait of Gibraltar, where adult 

spawners were intercepted on their migration routes in and out of the Mediterranean, and by 

Norwegian purse seine fishers in the North Sea (Block, 2019). From 1950-1964, The 

Norwegian fishing fleet was one of the largest in the Northeast Atlantic, with around 470 purse 

seine ships targeting bluefin along the Norwegian coast (Nøttestad et al., 2020). In the late 

1960s, Atlantic bluefin became absent in the North Sea, which together with the collapse in the 

herring stock caused Norwegian purse seiners to almost disappear (Tangen 2009). Around the 

same time, catches in the Mediterranean dropped substantially to what was then an all-time 

low of 10,000 tons in the early 1970s, likely due to heavy fishing of juveniles and/or altered 

migration patterns (J. Cort & Abaunza, 2016; J. L. Cort & Abaunza, 2015; Fromentin, 2009; 

Tiews, 1978). In the West Atlantic, catches peaked at 18,608 tons in 1964 before dropping 

dramatically to less than 700 tons in 1968 as the fisheries along the coast of Brazil collapsed 

and smaller bluefin, which were preferred by canneries, became scarce (Mather et al. 1995; 

Barbara A. Block 2019). 

In 1966, the International Commission for the Conservation of Atlantic Tunas (ICCAT) was 

established in response to the recognition of an increased need for international management 

of Atlantic tuna. By collecting fishery statistics, coordinate research and develop management 

advice, ICCAT’s overarching responsibility is to conserve tunas and tuna-like species in the 

Atlantic Ocean and adjacent seas. In practice, ICCAT provides an arena for its 52 contracting 

parties to agree upon management measures. Contracting members include, among others, the 

EU, Norway, Iceland, USA, Canada, Brazil, Mexico, Guatemala, Nicaragua, Marocco, 

Tunisia, Libya, Egypt, Turkey, Japan, Korea, China, and Russia. 
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Despite the dramatic reductions in catches during the 1960’s, fisheries expanded in the early 

1970s, especially in the west Atlantic, where a decrease in southern bluefin (Thunnus maccoyii) 

catches coincided with the rise of Japan’s burgeoning sashimi market, driving price increases 

for fatty, late-season adult tuna (Block, 2019). Western catches were substantially reduced in 

1982 after the Standing Committee on Research and Statistics (SCRS) advised ICCAT to 

reduce western stock catches to “as near zero as feasible”, as the stock had been depleted 

(SCRS, 1982). In the same report, SCRS estimated a 50% decrease in the number of adult fish 

between 1960-1979 in the eastern stock, but still concluded that current regulations were 

sufficient in the east (SCRS, 1982). During the 1980s-90s, farming of adult catches for 

fattening and export to Japan became increasingly successful in the Mediterranean (Miyake et 

al., 2003). By 1996, catches had increased to over 50,000 t in the east, compared to 2,500 t in 

the more strictly regulated western stock (Fromentin, Bonhommeau, et al., 2014). Despite the 

implementation of a total allowable catch (TAC) policy, limiting the number of tons harvested 

by the fisheries each season, catches are assumed to have remained high during the 2000s 

although these catches were largely underreported (Fromentin, Bonhommeau, et al., 2014).  

In 2009, Atlantic bluefin was proposed to be listed under Appendix I in the Convention on 

International Trade in Endangered Species of Wild Fauna and Flora (CITES) (Block, 2019). 

This designation would prevent international trading if accepted (CITES, 2021). As a response 

to this preposition, ICCAT hired an independent panel of experts to review its own 

performance. The panel consisted of three professors, including the Executive Director of the 

Australian Fisheries Management Authority, a Japanese professor of International Law, and a 

fisheries scientist (ICCAT, 2009b). After assessing the management of Atlantic bluefin in 

relation to ICCAT’s objectives of conservation, the panel concluded that the management of 

the Atlantic bluefin, particularly the eastern stock, “is widely regarded as an international 

disgrace” and that “there are concerns about transparency within ICCAT both in decision 

making and in resource allocation” (ICCAT, 2009b). ICCAT was pressured to implement 

stricter surveillance of commercial companies and to reduce in fishing capacity of the eastern 

fleets to regain control of the stock decrease. 

From 2011-2021, the Atlantic bluefin was listed as Endangered on the IUCN Red List (B. 

Collette et al., 2011, 2021). In September 2021, the Atlantic bluefin’s Red List status was 

changed to Least Concern as “no major decline in the global size of the Atlantic bluefin tuna 

population over the past three generation lengths” had been found (B. Collette et al., 2021). 

This assessment was made based mainly on the low but relatively stable spawning stock 
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biomass (SSB) of larger Eastern stock since 1966, despite an estimated 83% decline in the 

western stock over the same three generations (B. Collette et al., 2021).  

In their latest report, SCRS conclude that overfishing is currently not indicated in either of the 

management stocks (SCRS, 2021). The Eastern SSB has increased substantially since the late 

2000s, and additionally over the past few years (2017-2020). The Western stock, which 

experienced overfishing until 2018, is declining with an estimated SSB decrease of 11.7% from 

2017-2020. The recommended TAC is currently at 36,000 t for the Eastern stock, compared to 

peak catches of 50,000 tons in 1996, and 2,350 t for Western stock, compared to peak catches 

of 18,608 tons in 1964 (SCRS, 2021). However, SCRS emphasizes that “the current perception 

of the stock status depends on recruitment estimates which are highly unstable and is also 

closely related to the assumptions made about stock structure and migratory behaviour, which 

remain poorly known” and that “changes to assessment and management approaches that take 

explicit account of mixing are a high priority” (SCRS, 2021).  

1.2   Intraspecific population structure 

Since 1982, Atlantic bluefin tuna management has been delineated across the Atlantic using an 

equal-distance line at 45°W (Figure 1), resulting in two management units: a western stock and 

an eastern stock (SCRS, 1982). At the time, the management favored the use of separate stocks 

to protect the smaller western stock despite weak biological evidence for population 

subdivision (Fromentin and Powers 2005; SCRS, 1982). Since then, numerous studies have 

investigated the biological basis for population subdivision across the Atlantic Ocean to 

support or contradict the management units. 

Repeated homing to natal spawning grounds in the Gulf of Mexico and Mediterranean Sea is 

well documented by electronic tagging (Block, 2001; Block et al., 2005; Boustany et al., 2008) 

and otolith chemistry (Brophy et al., 2016; Fraile et al., 2015; Rooker et al., 2014). Recent 

studies using genome-wide nuclear SNPs have also find genetic differentiation between larval 

and young-of-the-year (YoY) bluefin in the two spawning regions (Andrews et al., 2021; 

Rodríguez‐Ezpeleta et al., 2019; Puncher et al., 2018). However, regular migration and stock 

intermixing on foraging grounds has led to discussion about whether the management units 

reflect the true population origin of the catches (Rodríguez‐Ezpeleta et al., 2019; Galuardi et 

al., 2010). Adult bluefin are powerful swimmers, and frequent migration across the 45°W 

management boundary is known to occur by members of both stocks (Arregui et al., 2018; 
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Block, 2001; Block et al., 2005; Galuardi et al., 2010; Lutcavage et al., 1999; Rooker et al., 

2006, 2014; Wilson et al., 2015). 

Today, the general consensus is that two populations do exist, with strong homing behavior to 

natal spawning grounds, and extensive mixing in the open North Atlantic foraging areas outside 

of spawning season (ICCAT, 2021; SCRS, 2019b; Barbara A. Block 2019; Gregory N. Puncher 

et al. 2018; Hanke et al. 2018; Siskey et al. 2016; Schloesser et al. 2010; Rooker et al. 2007; 

2008; Barbara A. Block et al. 2005). Several studies also suggest some patterns of natal homing 

within the Mediterranean Sea in the Eastern stock, based on genetic evidence (Carlsson et al., 

2004; Riccioni et al., 2010, 2013; Viñas et al., 2011) and electronic tagging (Cermeño et al., 

2015; Fromentin & Lopuszanski, 2014). The presence of (partly) reproductively isolated 

subpopulations within the Eastern stock, spawning in Eastern-, Central-, and Western 

Mediterranean, is however still unclear (Andrews et al., 2021; Rodríguez‐Ezpeleta et al., 2019; 

Antoniou et al., 2017; Vella et al., 2016; Viñas et al., 2011) and is not considered by 

management (ICCAT, 2021).  

 
Figure 1: Distribution of the Atlantic bluefin tuna, including spawning areas, adapted from IMR (2021). The 
equal-distance line (45°W) separates the Eastern and Western stocks for management purposes. Sample locations 
of tuna studied in this thesis, including number of specimens of both modern and ancient specimens, are indicated 
on the map. Arrows indicate the main migration routes of adult Atlantic bluefin, adapted from Fromentin, 
Reygondeau, et al. 2014. 
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1.3   Interspecific population structure and introgression 

Genetic introgression is the integration of genetic material from one parent species into another 

following hybridization and backcrossing (Rhymer & Simberloff, 1996). The majority of 

documented introgression in animals appears in the mitochondrial genome (Toews & 

Brelsford, 2012). Mitochondria are typically inherited maternally in vertebrates, and 

introgressed mitochondrial genomes will therefore follow the maternal lineage (Brown, 2008). 

Since the mitochondrial genome is non-recombining, the introgressed genotype remains 

largely intact over time (Seixas et al., 2018). 

Mitochondrial introgression within the Thunnus genus, together with the lack of reliable 

phylogenetically informative markers to distinguish the species, contributed to the phylogeny 

of the genus being largely unresolved until recently (Alvarado Bremer et al., 1997; Chow et 

al., 2006; Chow & Kishino, 1995; Díaz-Arce et al., 2016; Santini et al., 2013; Viñas & Tudela, 

2009). The Pacific bluefin (Thunnus thynnus orientalis), distributed across the North Pacific 

Ocean, and Atlantic bluefin (Thunnus thynnus thynnus) were previously thought to be 

subspecies of Northern bluefin tuna (Thunnus thynnus) but are now regarded as distinct species 

(Chow et al., 2006; Díaz-Arce et al., 2016) with non-overlapping ranges (Tseng et al., 2011). 

In mitochondrial phylogenies, the Pacific bluefin tends to form a monophyletic group with the 

albacore tuna (Thunnus alalunga) (Gong et al., 2017; Viñas & Tudela, 2009; Chow et al., 

2006). Albacore tuna is found in both the Pacific, Indian and Atlantic Oceans, including the 

Mediterranean Sea, typically preferring warmer waters than the Pacific and Atlantic bluefins, 

but with largely overlapping ranges and spawning areas (Chow & Ushiama, 1995; Saber et al., 

2015). In the most recent and resolved nuclear phylogeny, the albacore tuna (Thunnus 

alalunga) occurs as the sister-species to the other Thunnus species, and the Pacific and Atlantic 

bluefin form a monophyletic group (Díaz-Arce et al., 2016) (Figure 2).  
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Figure 2: Thunnus phylogenies based on A) the mitochondrial control region adapted from Viñas & Tudela (2009) 
and B) genome-wide nuclear markers adapted from Díaz-Arce et al. (2016). Tip labels in light brown represent 
introgressed mitochondrial sequences. The colored circles mark species presented in this thesis. 

 

Introgression is a common phenomenon in fish (Smith, 1992). In tuna, mitochondrial 

introgression has been demonstrated from both albacore and Pacific bluefin into the Atlantic 

bluefin (Alvarado Bremer et al., 2005; Carlsson et al., 2004; Chow & Kishino, 1995; Rooker 

et al., 2007; Viñas et al., 2003, 2011; Viñas & Tudela, 2009). Directional introgression has also 

been found from the Atlantic bluefin and albacore to the Pacific bluefin (Chow et al., 2006; 

Chow & Inoue, 1993; Chow & Kishino, 1995; Viñas & Tudela, 2009). 

In the Atlantic bluefin, the frequency of introgression from albacore and Pacific bluefin is 

similar, although relatively rare at around 2-5% (Rooker et al., 2007; Viñas & Tudela, 2009), 

indicating that cross-species hybridizing occurs with some degree of regularity and between 

the different species. Interestingly, all introgressed individuals in these studies were sampled 

from the Eastern Atlantic or Mediterranean Sea, and several studies sampling across the 

Atlantic find samples with signs of introgression only among the Eastern stock samples 

(Boustany et al., 2008; Carlsson et al., 2007; Rooker et al., 2007). As of yet, no signs of 
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introgression have been found in the Western stock, further supporting some trans-Atlantic 

substructure. 

Introgression may indicate range expansion of one or both of the involved species, or 

alterations in spawning time or location so that hybridization between previously seasonal or 

geographically separated species becomes possible. Further investigation is needed to clarify 

whether these introgression events began before, after, or during the most recent glacial period, 

or if there is a hybridization pattern over time connected to paleoclimatic events. It is not 

unlikely that the introgression events might be connected to changing climate, as the 

distribution of Atlantic tuna is thought to have fluctuated corresponding to the Quaternary 

glacial cycles (Alvarado Bremer et al., 2005). Global warming might alter both migration 

patterns and preferred locations for spawning for the Atlantic bluefin in the coming years 

(Faillettaz et al., 2019), which would have implications for stock management. 

1.4   Ancient DNA: A useful tool 

To investigate the timing of introgression events, as well as potential changes in population 

structure and genetic subdivision in the stocks over time, ancient samples provide a unique 

opportunity for inference. For instance, the genetic effects of human exploitation can only be 

directly compared using ancient DNA, providing non-extrapolated information about past 

genetic variation and population structure. Methods based on modern DNA depend on 

backwards-in-time modelling to infer change in genetic variation over time, using underlaying 

assumptions which may potentially be biased. All models contain uncertainty in their estimates, 

whereas empirical evidence provide a more solid basis for inference. Direct observation of 

ancient DNA may for example reveal genetic variation that is no longer present in the modern 

populations, and which would therefore have been excluded from modern-DNA-based models.  

Some analyses of ancient and historical DNA from Atlantic bluefin has been done, including 

SNP-genotyping (Andrews et al., 2021; Puncher, Cariani, et al., 2015), microsatellite variation 

of more recent historical samples (Riccioni et al., 2010) and optimalization of laboratory 

extraction protocols (Puncher, 2015; Puncher et al., 2019). However, these approaches are 

limited in that a restricted number of molecular markers have been studied. Whole-genome 

sequencing approaches incorporate genome-wide mutations and structural variation, increasing 

the statistical power for detection of signatures of selection and population genomic structure 

(Fuentes-Pardo & Ruzzante, 2017). In addition, the inclusion of a wide diversity of genetic 
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variations could reduce bias compared to sampling fewer genetic markers. As of yet, whole-

genome sequencing of ancient Atlantic bluefin has not been done. 

In the past three decades, the field of aDNA has advanced from extraction of small fragments 

of multicopy DNA to targeted nuclear loci, population scale studies and full genome 

sequencing (Nistelberger et al., 2019; Willerslev & Cooper, 2005). Most aDNA studies have 

focused on mammals, whose bones are physiologically different from fish. Although teleost 

fish bones are often more brittle and lightweight, they do not remodel during growth, do not 

usually store calcium and some lack osteocytes (Ferrari et al., 2021). These qualities likely 

increase the likelihood of finding well preserved DNA (Ferrari et al., 2021; Kontopoulos et al., 

2019; Szpak, 2011) allowing the application of whole genome aDNA approaches targeting fish 

(e.g., Star et al., 2017).  

One of the challenges of analyzing archaeological and archival specimens is the degradation 

of DNA over time. Low, stable temperatures likely aid the preservation of DNA (Wayne et al., 

1999), thus sequencing of ancient DNA from high-latitude sites may be more successful than 

analyses of specimens exposed to warmer climates and higher extreme temperatures. 

Scandinavia is therefore a region in which archaeological specimens have a higher chance of 

yielding useable and high-quality ancient DNA sequences. In Scandinavia, Atlantic bluefin 

remains have been excavated from several archaeological sites including Neolithic 

Skipshelleren (Olsen, 1976), Alveberget (Mansrud & Berg-Hansen, 2021), Ånneröd (Alin, 

1955), Gröninge (Särlvik, 1976), Sandhem (Jonsson, 2007), Hakeröd (Jonsson, 2002), Stora 

Förvar (Ericson, 1989; Knape & Ericson, 1983) and late Mesolithic settlements in Italiensvej 

and Tågerup (Enghoff et al., 2007; Karsten & Knarrström, 2003) (Figure 3). Many more 

wetland sites in the South of Norway remain poorly investigated (Nielsen & Persson, 2020). 

None of the Atlantic bluefin specimens from these sites have yet been analyzed for DNA or 

other biomolecular markers, but the low and less extreme temperatures along these northern 

temperate coastal sites makes for promising molecular preservation. 

1.5   The Jortveit archaeological site 

New findings from recent excavations at Jortveit, a wetland agricultural field in the 

municipality of Grimstad in the south of Norway, show signs of seasonal fishing of Atlantic 

bluefin in the Scandinavian Early and Middle Neolithic period (3900-2350 BCE) (Nielsen & 

Persson, 2020). The Jortveit findings include tools such as arrow heads, axes, toggling 

harpoons, torches, and fishing hooks, as well as bones from Atlantic bluefin and orca (Orcinus 
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orca), all dating back to a time interval where the Jortveit wetland site was a saltwater lagoon 

(3900-2500 BCE). The water turned brackish ca. 500 BCE due to continued post-glacial 

isostatic rebound (Nielsen & Persson, 2020). Nielsen and Persson (2020) propose the 

hypothesis that tuna and orca chased schools of herring into the lagoon, where the tuna was 

pierced with toggling harpoons attached to long ropes. Trying to free itself from the fishing 

gear, some of the tuna presumably swam down, dragging the gear with it and subsequently died 

at the sea bottom. This location represents the first ever recorded use of toggling harpoons in 

Norway, previously only dated back to the mid-18th century CE (Lindquist, 1994; Nielsen & 

Persson, 2020). Containing more tuna bones than any other known sites in Scandinavia, the 

Jortveit excavations provide a unique opportunity for a population scale study and comparative 

analyses of ancient and modern tuna. 

 
Figure 3: The Jortveit site, and other Neolithic sites along the Skagerrak coast where Atlantic bluefin tuna bones 
have been found.  
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1.6   Project aim  

This thesis aims to determine whether there is loss of genetic variation in the heavily exploited 

modern population compared to the pre-historic natural population of Atlantic bluefin tuna. 

Focusing on population genomic approaches on whole mitochondrial data, I investigate if and 

how human exploitation has affected the genetic diversity and evolution of this commercially 

important species. Understanding the population dynamics in a larger timeframe will provide 

better context when assessing the natural baseline for comparison to modern management 

practices. Through genetic investigations of Atlantic bluefin specimens from before the 

abundance and possibly the genetic variation in the population was reduced, a more solid basis 

can be provided for conservation and management decisions. 

The use of ancient DNA (aDNA) can provide an opportunity for novel insights into bluefin 

population structure and demographic history, past introgression events and responses to 

oscillating ocean temperatures. Side-by-side comparison of modern and ancient DNA 

sequences liberates this study from potentially biased assumptions and uncertainties associated 

with backwards-in-time modelling by revealing a direct glimpse into the past. Few studies have 

investigated aDNA from fish on a population size scale, and the tuna bones from Jortveit will 

be the amongst the oldest fish genomes yet sequenced. In recent years, sequencing technologies 

and laboratory techniques have drastically improved, resulting in a rapid expansion of aDNA 

studies. However, few studies have focused on ancient fish, although abundant bone material 

is expected to accelerate the work in the coming years (Ferrari et al., 2021). By successfully 

retrieving mitochondrial genomes of Atlantic bluefin tuna from the Jortveit wetland site and 

comparing to modern conspecifics from across the Atlantic Ocean, I provide the oldest 

population scale mitogenomic baseline comparison of Atlantic bluefin tuna. 

In this study, 39 Neolithic bluefin specimens from the Jortveit excavation are compared to 78 

modern bluefin specimens from the coast of Norway, and the Mediterranean and Gulf of 

Mexico spawning areas (Figure 1). To ensure known spawning origin, the Mediterranean and 

Gulf of Mexico samples are all larval or young-of-the-year (YoY) samples. Covering each of 

the three major spawning areas within the Mediterranean allows for population structure 

investigations also within the Mediterranean Sea. The modern specimens from Norway are 

foraging adult fish, sampled from commercial fisheries. Mitochondrial genomes were favored 

over whole-genome nuclear sequence data in this study, as these are more economically 

obtained, especially from the ancient samples, and a higher number of samples could therefore 

be included in the analyses.  
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1.7   Interdisciplinary collaboration 

Interdisciplinary work depends on a lot of people, and during this project I’ve had the pleasure 

of working with archaeologists, fisheries scientists, and biologists from a handful of different 

institutions.  

Svein Vatsvåg Nielsen and Per Åke Persson at the Cultural history museum, UiO, performed 

the excavation at the Jortveit wetland site, and collected all ancient specimens used in this 

project.  

The modern samples from Norway were provided by the Institute of Marine Research (IMR), 

in collaboration with Ørjan Sørensen, Keno Ferter, Martin Wiech, Adam Custer, Christine 

Djønne and Leif Nøttestad. 

The modern young-of-the-year (YoY) samples from across the Mediterranean Sea were 

provided through collaboration with Adam J. Andrews, Fausto Tinti, Alessia Cariani and the 

GenoDREAM Group at the Department of Biological, Geological and Environmental 

Sciences, at the University of Bologna (Ravenna, Italy).  

The modern larval samples from the Gulf of Mexico were provided by Estrella Malca and 

Glenn Zapfe at NOAA Early Life History Unit (Miami, USA) and the NOAA Restore Project. 

The Atlantic bluefin samples from the Mediterranean Sea and the Gulf of Mexico, as well as 

the albacore samples from the Bay of Biscay were processed by Adam J. Andrews, Federica 

Piattoni, Elisabetta Cilli and Sara De Fanti at the Departments of Biological, Geological and 

Environmental Sciences, and Cultural Heritage at the University of Bologna (Ravenna, Italy), 

who performed the genomics laboratory work prior to sequencing for these samples. 
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2.   Material and Methods 

2.1   Collection and processing of ancient specimens 

All ancient samples were obtained from three archaeological excavations at Jortveit from 2018 

to 2020. These excavations were led by Svein Vatsvåg Nielsen and Per Persson from the 

Cultural History Museum in Oslo. Nine shafts, each approximately 1-1.5 meter in depth and 

with similar stratigraphical profiles, were excavated. Tuna bones were found at varying depths 

(42-130 cm) in six of the shafts. Based on carbon dating of wood and charcoal from the 

sediment profiles, the tuna bones were estimated to be from 4095-4930 BP (2020). Three of 

the ancient tuna bones were directly carbon dated (Nielsen, 2020b) to approximately 4600 

years old (BP 2020). Coordinates, shaft and layer ID, sample depth and sampling date can be 

found in Appendix A (Table A). Detailed information about the excavation, including sediment 

dating and stratigraphy, can be found in the archaeological reports (Nielsen, 2020a, 2020b, 

2020c) and published paper (Nielsen & Persson, 2020). 

All laboratory protocols prior to PCR were performed in a dedicated aDNA laboratory at the 

Institute of Biosciences, University of Oslo, following strict anti-contamination protocols  

(Cooper & Poinar, 2000; Gilbert et al., 2005; Llamas et al., 2017).  

Upon introduction to the aDNA lab, bones were photographed (Appendix B, Figure S1) and 

brush-cleaned using a clean toothbrush. Bones were then exposed to UV light for 10 minutes 

on each side, receiving a total dosage of 4800 J/m2, to destroy surface DNA from contaminants. 

The bones were then cut using an electric dentistry tool with an attached cutting disc. Some of 

the samples were sandblasted prior to cutting (Appendix A, Table S4) using a Renfert Basic 

Quattro IS sandblasting machine with grainsize 25μm, to remove surface contamination on the 

bone and again UV-ed at a total dosage of 4800 J/m2. The cut fragment from each bone was 

then crushed using a custom designed stainless-steel mortar in the milling room, as described 

in Gondek, Boessenkool, and Star 2018. Two tubes of milled bone-powder, each 200mg, were 

set aside for extraction for each sample.  

All samples were extracted using a standard extraction protocol adapted from (Dabney et al., 

2013). Before extraction, all samples went through a pre-digestion step (DD from Damgaard 

et al. 2015). Several of the samples also underwent a bleach treatment using the BLEDD 

protocol from Boessenkool et al. 2017 (Appendix A, Table S4). MinElute purification was 

performed on a vacuum manifold system (QIAvac 24 Plus, Qiagen).  
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Sequencing libraries were built following Meyer and Kircher (2010) with modifications, or the 

Santa Cruz Reaction (SCR) single-stranded library protocol from Kapp, Green, and Shapiro 

(2021) (Appendix A, Table S4). The double stranded, blunt-end libraries described in Meyer 

and Kircher 2010 were built using modifications from Schroeder et al. (2015), and all reactions 

were performed in half volumes to reduce the use of chemical enzymes. These libraries were 

all built from 20 μL of ligated DNA extract or extraction blanks.  

The single stranded libraries were built from 3-20 μL of ligated DNA extract (depending on 

the DNA concentration) or 20 μL extraction blanks following the SCR protocol using dilution 

tier 4, which is the second lowest adapter dilution tier described in Kapp, Green, and Shapiro 

2021. Titration of the adapters according to input DNA concentration is necessary to reduce 

adapter dimers in the final library, and Kapp et al. provides an adapter dilution series with five 

levels of adapter concentrations to be used across given ranges of DNA. However, using higher 

concentrations of adapters (tier 1-3) resulted in many dimers in the finished libraries of even 

high concentration samples (Appendix B, Figure S2), and therefore tier 4 was preferred for all 

samples TUN034-57.  

Sample extracts were subject to 12 cycles of PCR, while extraction blanks were subject to 30 

cycles of PCR to increase the chance of detecting contamination. Libraries were amplified and 

cleaned using the Agencourt AMPure XP PCR purification kit (Bronner et al., 2013). Libraries 

were then examined on a Fragment AnalyzerTM (Advanced Analytical) using the High 

Sensitivity NGS Fragment Analysis Kit to determine suitability for sequencing. Sequencing 

and demultiplexing, allowing for zero mismatches, was performed at the Norwegian 

Sequencing Center on a combination of the HiSeq 2500, HiSeq 4000 and NovaSeq SP Illumina 

sequencing platforms. 

2.2   Collection and processing of modern specimens 

   2.2.1   Norway 

Modern tuna tissue samples from Norway were collected by the Norwegian Institute of Marine 

Research (IMR) from commercial catch off the coast of Møre og Romsdal. Two batches were 

obtained: The first batch of modern samples (M-TUN002 to M-TUN014) were collected in 

September 2018, while the remaining samples were collected in September 2020. Each batch 

of samples were taken from the same fishing net, and the individuals in each net are assumed 

to belong to the same school. 
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The 2018 batch of modern samples were freeze dried muscle tissue samples, frozen and 

powdered on site by the IMR. Samples M-TUN002, 3 and 4 were sampled from the same 

individuals as M-TUN005, 6 and 7 respectively and were therefore not processed in the lab or 

sequenced. The 2020 batch of modern samples were skin samples cut out between the spines 

of the dorsal fin and submerged immediately in RNAlater. The RNAlater reagent acts to 

stabilize and protect RNA and DNA in the cells of unfrozen samples, eliminating the need to 

freeze the samples in liquid nitrogen. By inactivating RNAse and DNAse enzymes, RNAlater 

preserves RNA and DNA in tissues for up to 1 day at 37°C, 1 week at 25°C, 1 month at 4°C, 

or long-term at -20 °C (ThermoFisher, 2022). After collection, the sample tubes with the fin 

clips were stored in a fridge for less than one week before being shipped to the laboratory in 

Oslo where they were placed directly in a -20°C freezer. 

Total weight (TW) and curved fork length (CFL) was estimated for the 2020-batch of modern 

samples, after the tunas were weighed and sampled onshore. As the head and intestines had 

been removed by the fishers during harvesting, the weight was multiplied with a factor of 1.26 

to estimate the total weight (TW) of each fish. Curved fork length (CFL) was calculated based 

on ICCAT’s official formula for CFT-TW conversion as listed in the international sampling 

report form (ICCAT, 2022): 

𝐶𝐹𝐿 = 2.7901ඨ
𝑇𝑊

0.000050265
 

 

The modern samples from Norway were all extracted in the modern DNA isolation laboratories 

at CEES, UiO, using the DNeasy Blood & Tissue kit (Qiagen), and following the “Purification 

of Total DNA from Animal Tissues (Spin-Column Protocol)” from the manufacturer (DNeasy 

Blood & Tissue Handbook 07/2006, page 28-30) with modifications for optimal lysis and DNA 

yield. Modifications to the extraction protocol are described in Appendix C.  

After extraction, determination of DNA concentration was done for all eluates by fluorescence 

spectrometry on a Qubit® Flurometer (Invitrogen), using a QubitTM dsDNA BR (Broad Range) 

Assay Kit (Thermo Fisher Scientific, USA). The DNA quality was assessed in selected 

samples, using gel electrophoresis to determine the length of the DNA fragments and a UV 

spectrophotometer (NanoDrop® ND-1000 V3.1.0) to determine the presence of contaminants. 

During gel electrophoresis, 3 μL of DNA isolate with 1 μL of gel loading buffer was run on a 

1% Agarose gel at 100 Volt for 40 min, and the gel was inspected in a VWR® Smart3 Gel 
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Documentation system, comparing the samples to a GeneRuler 1 kb 0.1 μg/μL DNA ladder 

(ThermoFisher). After quantity and quality assessment, only first elutions were used for 

sequencing as these had higher quality DNA (Appendix B, Figures S3-S4). 

Before sequencing, most of the extracts were diluted with EB buffer to achieve a concentration 

of 20 ng/µl, ensuring that all samples had a similar concentration to enable automated 

processing. Five low-concentration samples were concentrated using a Savant DNA120 

SpeedVac concentrator (Thermo Scientific) (Appendix A, Table S5). Libraries were built by 

the Norwegian Sequencing Centre using a TruSeq DNA Nano200 preparation kit (Illumina), 

before sequencing and demultiplexing, allowing for zero mismatches on a combination of the 

HiSeq 2500, HiSeq 4000 and NovaSeq SP Illumina sequencing platforms. 

   2.2.2   Mediterranean, Western Atlantic, and Bay of Biscay 

In addition to the modern and ancient samples from Norway, I received DNA sequence data 

from various locations, including: young-of-the-year (YoY) Atlantic bluefin from the Central-

, Eastern-, and Western Mediterranean; Atlantic bluefin larval samples from the Gulf of Mexico 

(GOM); and juvenile albacore (Thunnus alalunga) samples from the Bay of Biscay. The 

Mediterranean samples were obtained by commercial fisheries and scientific surveys, and were 

all sampled in the context of the Rodríguez‐Ezpeleta et al. 2019 study. These samples were all 

collected from “YoY” bluefin, meaning individuals which had hatched within the same year of 

sampling. Sampling individuals that are too young to migrate ensured that the sampling site 

reflected the true spawning origin. The GOM-samples were obtained in the context of the 

Johnstone et al. 2021 study, and detailed sampling information can be found there. The juvenile 

albacore samples from the Bay of Biscay were caught by commercial vessel trolling in the 

summer months between June and September of 2010 and stored in ethanol at sea and have not 

been published in other studies. All available metadata for the Mediterranean, GOM and 

albacore samples can be found in Appendix A (Table S3), and the sampling locations are shown 

in Figure 1. 

The samples mentioned above were all extracted at the University of Bologna by a modified 

salt-based extraction protocol, as per Cruz et al. (2017), using SSTNE extraction buffer 

(Blanquer, 1990), and treated with RNase to remove residual RNA. After extraction, the total 

DNA obtained from each extraction was quantified using a Qubit® dsDNA BR Assay Kit 

(Thermo Fisher Scientific, USA). Negative controls employed for each batch of samples 

extracted indicated an undetectable level of contamination. Samples were diluted to 10 ng/ul 
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and 100 ul of DNA was sheared to target sizes of 550 bp using Medium 30 on /90 off for 10 

minutes using a Bioruptor ® Pico sonication device (Diagenode). Samples were precipitated 

using isopropanol, following the suggested procedure from Qiagen (FAQ-ID-2953). Single 

stranded libraries were built from 20 μL of ligated DNA extract, following the SCR library 

protocol (Kapp et al., 2021). QPCR was used to decide number of required cycles for indexing 

(as per the SCR method), and extracts were subject to 10-14 cycles of PCR for double-index 

barcoding using standard Illumina barcodes. Sequencing and demultiplexing, allowing for zero 

mismatches, was performed at the Norwegian Sequencing Center on a combination of the 

HiSeq 2500, HiSeq 4000 and NovaSeq SP Illumina sequencing platforms. 

Pacific bluefin whole genome raw sequence data from a recently published study (Suda et al., 

2019) was downloaded and used for interspecific population structure analyses. Sample-ID’s, 

databank identifier code and URL are listed in Appendix A (Table S6). The Pacific bluefin 

samples were collected by the Nansei Islands, between Japan and Taiwan, in 2015 (Suda et al., 

2019). 

2.3   Bioinformatic processing of ancient and modern sequence data 

Both modern and ancient reads were processed using the Paleomix pipeline v.1.2.14 (Schubert 

et al., 2014). Using AdapterRemoval v.2.3.1 (Schubert et al., 2016), adapters were removed 

and forward and reverse reads were collapsed and trimmed, discarding collapsed reads shorter 

than 25 bp. Reads were aligned to an unpublished Atlantic bluefin reference genome provided 

by a collaborator, and the NCBI Thunnus thynnus mitochondrial reference sequence (GenBank 

accession nr NC_014052.1) using BWA v.0.7.17 (Li & Durbin, 2009). BWA-mem, which is 

designed for longer Illumina sequence reads (70bp-1Mbp) was used for mapping in the modern 

samples, and BWA-aln, which is designed for shorter Illumina sequence reads (<100bp), was 

used for mapping in the ancient samples. For the modern samples, seeding was used to decrease 

the running time, while for the ancient samples seeding was disabled to improve the alignment 

of damaged DNA. 

All reads were filtered to a minimum Phred score quality of 25, so that only reads with higher 

mapping quality to the reference genome were considered endogenous and used for subsequent 

analyses. PCR duplicates were removed in Picard Tools v.2.18.27 and indel realignment 

(GATKs IndelRealigner) was preformed to produce final BAM files. DNA post-mortem 

damage patterns were assessed in mapDamage v.2.0.9 (Ginolhac et al., 2011; Jónsson et al., 

2013) after downsampling to 100,000 randomly selected reads.  
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The mitochondrial bamfiles were further processed in GATK v.4.1.4.0 following GATK best 

practices (McKenna et al., 2010). Individual genotypes were called (GATK v.4.1.4.0 

HaplotypeCaller -ploidy 1) and then combined into a joint gvcf (GATK v.4.1.4.0 

CombineGVCFs) before genotyping (GATK v.4.1.4.0 GenotypeGVCFs). Genotypes were 

hard-filtered in BCFtools v.1.9 (Li et al., 2009) (-i 'FS<60.0 && SOR<4 && MQ>30.0 && 

QD > 2.0' --SnpGap 10) and VCFtools v.0.1.16 (Danecek et al., 2011) (--minGQ 15 --minDP 

2 --remove-indels). The filtering options are described in Appendix A (Table S7).  

Filtered VCFs were indexed using Tabix v.0.2.6 (Li, 2011) and consensus sequences created 

as individual fasta files in BCFtools v.1.9 (bcftools consensus -H 1). Outgroup sequences 

(Appendix A, Table S8) were downloaded from GenBank (Clark et al., 2016) and curated using 

SeqKit v. 0.11.0 (restart -i) (Shen et al., 2016) so that all sequences started at position 1 in the 

D-loop, to correspond with the sample sequences. After renaming the fasta headers to their 

appropriate sample-IDs using BBMap v.38.50b (Bushnell, 2014) and combining the files to a 

multiple sequence alignment (MSA), the joint fastas were aligned using MAFFT v.7.453 

(Katoh et al., 2002) (--auto). 

2.4   Exploratory analyses 

The genotyping and filtering process in the GATK pipeline is affected by the haplotype variants 

present in the analyses. Calling and filtering samples separately and later combining them 

together in a multiple-fasta, or jointly calling and filtering samples and later excluding specific 

samples or variants may therefore introduce inaccurate patterns in subsequent analyses 

(GATK, 2016). This is because genotype likelihoods and variant recalibration are calculated 

based on the observed haplotypes during variant discovery (Poplin et al., 2018). To accurately 

present the variation within each dataset, only samples within the chosen datasets should be 

called and filtered together (GATK, 2016). Joint calling of the samples within each dataset 

improves sensitivity at low coverage positions and makes the filtering process more statistically 

accurate, compared to calling individual samples or subsets (Poplin et al., 2018).  

Dividing samples into subsets based on location and patterns of introgression prior to calling 

and filtering was preferred so that the variation within each subset would be accurately 

presented. Before these subsets could be determined, exploratory analyses were preformed to 

look for samples with high missingness, identical samples, and highly divergent or introgressed 

mitochondrial genomes. Such samples may be excluded from certain analyses, in which 

instance they should also be excluded from the calling and filtering process prior to those 
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analyses as to not affect the GATK variant discovery calculations among the remaining 

samples. 

Preliminary analyses to determine datasets were performed on a jointly called and filtered 

multiple-fasta, which included all samples. Missingness and depth was assessed for all samples 

using VCFtools v.0.1.16 (Danecek et al., 2011) (--freq2, --depth, --site-mean-depth, --missing-

site, --missing-indv), and plotted in with R v.4.1.2 (R Core Team 2021) in RStudio (Rstudio 

Team 2021) using ggplot in tidyverse (Wickham et al., 2019). Principal Component analyses 

(PCA) (Adegenet (Jombart, 2008) in R v.4.1.2) and a Maximum Likelihood (ML) tree 

(IQTREE v. 1.6.12 (Nguyen et al., 2015), -m MFP -bb 1000 -BIC) was used to investigate 

clustering patterns and assess the presence of introgressed mitochondrial genomes. A skipjack 

tuna (Katsuwonus pelamis) individual obtained from GenBank (Clark et al., 2016) 

(pelamis_NC_005316_1, Appendix A Table S8) was used as outgroup in the ML analysis. To 

look for identical haplotypes, a unique-SNPs evaluation was done using custom python3.9 

(Rossum and Drake 2009) script (Atmore, 2021) which calculated the number of SNP 

differences between all individuals, using differently filtered multiple-fasta files as input and 

outputting distance matrixes. 

After discovering several identical samples in the dataset, different filtering values were 

explored to determine the threshold of when these samples become identical. The most 

significant change occurred between VCFtools filtering at minDP2 versus minDP3. After 

thoroughly assessing the number of SNPs separating the similar samples at different filtering 

settings, ancient samples were discarded if they showed zero SNP differences at minDP2 or if 

they had less than 2 SNP differences at minDP3 and came from the same archaeological layer 

in the same shaft (Appendix A, Table S1). When selecting which of two or more identical 

samples to discard, the specimen with the highest endogenous DNA content was kept. Identical 

modern samples (6 pairs, listed in Appendix C) were kept due to the modern sampling method 

ensuring capture of distinct individuals. All samples with missingness above 50% (VCFtools 

v.0.1.16 --missing-indv, F_MISS) were also discarded.  

The exploratory analyses revealed several samples showing strong signs of introgression by 

clustering with either the albacore or pacific bluefin samples in the PCA (Appendix B, Figure 

S13). This was supported by the ML tree, which revealed the same individuals falling into 

highly supported monophyletic clades with the same outgroup species (Appendix B, Figure 

S14). To allow for investigations of mitogenomic variation within and between locations, both 
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with and without the presence of introgressed mitochondrial genomes, 15 final datasets were 

created. Such datasets with and without introgressed genomes were created as these genomes 

can have a disproportionate impact on the outcome of specific genetic analyses. These 

introgressed genomes are also fairly rare, which means that randomness due to sampling (or 

not sampling) these may affect results. 

Final datasets were created for each modern sampling location (NorwayAll, Eastern 

Mediterranean (EMED), Central Mediterranean (CMED), Western Mediterranean 

(WMEDAll) and the Gulf of Mexico (GOM) and for the ancient samples from Jortveit 

(AncientAll). Where individuals with likely introgressed mitochondrial genomes were found, 

a second dataset excluding the introgressed individuals were created (NorwayExIntrog, 

WMEDExIntrog, AncientExIntrog). In addition, a dataset combining all modern Atlantic 

bluefin samples (modernABFT), a dataset combining all modern Atlantic bluefin samples 

except the introgressed individuals (modernExIntrog), a dataset combining both modern and 

ancient Atlantic bluefin samples (AllABFT) and a dataset combining modern and ancient 

Atlantic bluefin samples except the introgressed individuals (AllExIntrog) were created. 

Lastly, a dataset including  all the Atlantic bluefin specimens and the albacore samples from 

Bay of Biscay (All_alb) and a dataset including all the Atlantic bluefin specimens and both the 

albacore samples and the Pacific bluefin samples from Suda et al. (2019) (All_alb_pac) were 

created. An overview of the datasets can be found in Table 1. The datasets were separately 

genotyped, filtered, and aligned as described in Section 2.3 to create respective multiple-fastas 

for subsequent analyses.  
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Table 1: Jointly called and filtered datasets, used in population genomic analyses (N = number of samples in each 
dataset). 

  Location Subset Code N 

Containing 
samples with 

signs of 
introgression 

Modern 

Norway NorwayAll 38 
Western Mediterranean WMEDAll 10 

All modern ABFT 
locations 

modernABFT 77 

Ancient Jortveit excavation AncientAll 21 
Both modern 
and ancient 

All ABFT locations AllABFT 98 

No 
introgressed 

samples 
present 

Modern 

Norway NorwayExIntrog 35 
Eastern Mediterranean EMED 10 
Central Mediterranean CMED 9 
Western Mediterranean WMEDExIntrog 9 

Gulf of Mexico GOM 10 
All modern ABFT 

locations 
modernExIntrog 73 

Ancient Jortveit excavation AncientExIntrog 20 
Both modern 
and ancient 

All ABFT locations AllExIntrog 93 

Datasets with 
jointly called 
and filtered 
outgroup 
species 

All samples in 
AllABFT 

+ All albacore 
samples 

All ABFT locations 
+ Bay of Biscay 

All_alb 104 

All samples in 
AllABFT 

+ All albacore 
samples 

+ All Pacific 
bluefin samples 

All ABFT locations 

+ Bay of Biscay 

+ Nansei Islands 

All_alb_pac 113 

 

2.5   Population genomic analyses 

   2.5.1   Population structure and introgression  

Genetic population structure was investigated using Principal Component analyses (PCA) as 

implemented in the Adegenet package (Jombart, 2008) in R v.4.1.2 (R Core Team 2021). Two 

datasets were used in the PCA analysis: All_alb_pac was used to investigate the interspecific 

structure between Atlantic bluefin, Pacific bluefin and albacore, and AllExIntrog was used to 

investigate the intraspecific structure within the non-introgressed Atlantic bluefin samples. A 

map of missing loci and alleles diverging from the reference genome across all SNPs within 

the AllABFT dataset, was created to assess missing genotypes in both ancient and modern 

samples and better visualize introgressed specimens. All plots were designed in RStudio 
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(Rstudio Team 2021), using various packages for data loading, analyses, and visualization 

(Appendix C).  

   2.5.2   Mitogenomic variation 

Genetic diversity was investigated using a range of standard population genetic measurements. 

The number of haplotypes (Nh) and haplotype diversity (hD) (Nei 1987) was calculated in 

pegas (Paradis, 2010) with R v.4.1.2 (R Core Team 2021) for all Atlantic bluefin datasets 

(Section 2.4, Table 1). Nh was independently assessed in Fitchi (Matschiner, 2016). A 

haplotype is the set of genes inherited from a single parent. In mitochondrial analyses the whole 

mitochondrial genome can be viewed as a single haplotype. The number of segregating sites 

(S), nucleotide diversity (π) (Nei 1987), Tajima’s D (TD) (Tajima, 1989) with statistical 

significance, and Fu and Li's F statistic (F) (Fu & Li, 1993) with statistical significance, using 

skipjack tuna (pelamis_NC_005316_1, Appendix A, Table S8) as an outgroup, were calculated 

in DnaSP v.6 (Rozas et al., 2017) for all Atlantic bluefin datasets (Section 2.4, Table 1). S, π, 

TD values were also confirmed in pegas for all Atlantic bluefin datasets (Section 2.4, Table 1). 

To account for differences in sample sizes across sites when calculating π and TD, an additional 

analysis using 1000 bootstrap replicates and subsampling n=5 individuals per round without 

replacement, was performed in pegas on the datasets consisting of non-introgressed samples 

from separate locations (AncientExIntrog, NorwayExIntrog, EMED, CMED, 

WMEDExIntrog, and GOM, Section 2.4, Table 1).  

As mentioned earlier, the genotyping and filtering process in the GATK pipeline is affected by 

the haplotype variants present in the analyses. It is recommended that each dataset should be 

separately called and filtered, so that the calculation of genotype likelihoods is not affected by 

haplotypes that are not part of the focal dataset (GATK, 2016). However, using fewer samples 

may reduce sensitivity at low coverage positions and make the filtering process less statistically 

accurate (Poplin et al., 2018). To investigate whether using jointly versus separately called and 

filtered datasets affected the statistics, S, π, TD and F were also calculated on the jointly called 

and filtered dataset AllABFT with populations specified in DnaSP v.6 using the DNA 

Polymorphism/Divergence Analysis option in BatchMode, with K. pelamis (NC_005316.1, 

Appendix A, Table S8) as an outgroup. 

Evolutionary relationships were visualized using haplotype networks created in Fitchi (--

haploid) (Matschiner, 2016), using two datasets: All_alb using all outgroups (Appendix A, 

Table S8) and AllExIntrog using one Pacific bluefin individual as outgroup (NC_008455.1, 



 

24 
 

Appendix A, Table S8). Fitchi takes a Nexus file format input containing sequence alignments 

and a phylogenetic tree. IQTREE v. 1.6.12 (Nguyen et al., 2015) was used to generate a ML 

input tree, using ModelFinderPlus (MFP) (Kalyaanamoorthy et al., 2017) to search for and 

select the best-fit model according to the Bayesian Information Criterion (BIC) (Schwarz, 

1978) for both datasets. Bootstrap values were removed from the ML-tree in ape (Paradis et 

al., 2004) with R v.4.1.2 (R Core Team 2021), and the fasta-files of the two datasets were 

converted to Nexus format in AliView v.1.27 (Larsson, 2014) before each phylogenetic tree 

was manually added to the bottom of the respective Nexus files. Subpopulations and outgroups 

were defined in Fitchi (-p). For the All_alb dataset, a minimum edge length of 7 substitutions 

was defined (-e 7) so that haplotypes separated by 7 or less substitutions were collapsed into 

one node. For the AllExIntrog dataset, each node was defined as a unique haplotype (-e 1). 

   2.5.3   Divergence analyses 

Genetic distance between sample locations was assessed using measures of absolute (Dxy) and 

relative (Φst) divergence, calculated using DnaSP v.6 (Rozas et al., 2017) and Arlequin v.3.5 

(Excoffier & Lischer, 2010) respectively. Both analyses were preformed using jointly called 

and filtered datasets AllABFT and AllExIntrog (Section 2.4, Table 1), with populations 

specified in DnaSP v.6. Prior to analysis in Arlequin, the MSAs were in edited DnaSP v.6 

(Genome=Haploid, Chomosome Location=Mitochondrial, Sites with gaps = not considered, 

invariable sites = included), and the MSAs were converted to Arlequin file formats. In 

Arlequin, pairwise Φst was calculated based on a distance matrix computed by Arlequin based 

on Tamura & Nei (1993) and assuming no rate heterogeneity, as suggested for both data subsets 

by jModelTest v.2.1.10 (Darriba et al., 2012) and bModelTest (R. R. Bouckaert & Drummond, 

2017) (implemented in BEAST 2 v.2.6.4 (R. Bouckaert et al., 2014)). To test the significance 

of Φst, p-values were generated in Arlequin using 1000 permutations. 

   2.5.4   Phylogenetic analyses 

Evolutionary relationships between specimens were investigated using both ML and Bayesian 

approaches as implement in IQTREE v. 1.6.12 (Nguyen et al., 2015), MrBayes v.3.2.7a 

(Ronquist et al., 2012; Ronquist & Huelsenbeck, 2003) and BEAST 2 v.2.6.4 (R. Bouckaert et 

al., 2014). Two datasets, All_alb using all outgroups (Appendix A, Table S8) and AllExIntrog 

using one Pacific bluefin individual as outgroup (orientalis_NC_008455_1, Appendix A, Table 

S8), were used to create phylogenetic trees. ML trees for each of the two datasets with 100 

nonparametric bootstrap replicates were created in IQTREE v. 1.6.12. ModelFinder Plus 
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(MFP) (Kalyaanamoorthy et al., 2017) was used to search all available models, and best-fit 

models were selected according to the Bayesian Information Criterion (BIC) (Schwarz, 1978).  

Bayesian trees were created in MrBayes v.3.2.7a and BEAST 2 v.2.6.4. For the MrBayes 

analyses, jModelTest v.2.1.10 (Darriba et al., 2012) (-s 11 -f) was used to search for and select 

the best fit model according to BIC. Two independent MCMC analyses ran for 6’000’000 

generations using one cold and three heated chains and sampling every 100 generations 

(nchains=4 nruns=2 samplefreq=100). The average standard deviation of split frequencies 

between the two runs were manually evaluated every 1’000’000 generations (ngen=1000000), 

and the runs were terminated when reaching 0.013 for the All_alb dataset and 0.029 for the 

AllExIntrog dataset. Convergence between the pairwise runs and effective sample size (ESS) 

values were inspected in Tracer v1.7.2 (Rambaut et al., 2018).  

Bayesian trees in BEAST 2 were created using the Yule model prior under a strict clock with 

mutation rate 3.6×10-8 substitutions per site per year as per Donaldson and Wilson (1999), 

running MCMC over 800’000’000 generations and sampling every 1000 generation. 

bModelTest (R. R. Bouckaert & Drummond, 2017) was used to assess available site models, 

and the resulting logfile was inspected in Tracer v1.7.2 (Rambaut et al., 2018). Trees were 

downsampled in LogCombiner (implemented in BEAST 2 v.2.6.4), resampling every 100’000 

trees for the All_alb dataset and every 10’000 trees for the AllExIntrog dataset. TreeAnnotator 

(implemented in BEAST 2 v.2.6.4) was used to remove the first 10% of the trees (burnin) and 

create a target maximum clade credibility tree for each of the two datasets, using 7201 trees for 

the All_alb dataset, and 72001 trees for the AllExIntrog dataset. Nodes with less than 50% 

posterior support was excluded from the summary analysis in TreeAnnotator, so that only 

nodes present in the majority the trees were annotated. The final trees in all phylogenetic 

analyses were visualized and curated in FigTree v.1.4.4 (Rambaut, 2018). 

   2.5.5   Demographic reconstruction 

Female effective population size (Ne) was modelled back in time using BEAST 2 v.2.6.4 (R. 

Bouckaert et al., 2014), applying the Coalescent Bayesian Skyline (CBS) prior under a strict 

clock with mutation rate 3.6×10-8 substitutions per site per year as reported for the mtDNA 

control region in Teleost fish (Donaldson & Wilson, 1999) and commonly used across 

mitochondrial regions in tunas (Kasim et al., 2020; Kunal et al., 2013; Kumar et al., 2012; 

Carlsson et al., 2004).  
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First, the modelling was performed only using modern samples, investigating the effects of 

introgressed individuals being present in the analysis, using datasets modernABFT and 

modernExIntrog. To assess the effect of adding dated ancient samples to the analyses, and 

whether this would contradict or support the results from the modern datasets, AllABFT and 

AllExIntrog were used for modelling, dating all ancient specimens to 4600 BP (using 

TipDates). These datasets were then rerun without dating the ancient samples, to investigate 

how the model was altered when the ancient samples were assumed to be modern. Finally, 

analyses of only ancient samples, using the AncientAll and AncientExIntrog datasets, were 

performed to examine whether the genetic information in the ancient samples would support 

the pattern provided by the other models. For all runs, MCMC sampling was done every 1000 

generation over a chain length of 800’000’000 and female Ne was calculated over 4 segments 

(bPopSizes=bGroupSizes=5). 

All analyses were run independently twice to test for chain convergence. bModelTest (R. R. 

Bouckaert & Drummond, 2017) was used to select the site model and the chosen model was 

inspected in Tracer v1.7.2 (Rambaut et al., 2018) along with the traceplots, ESS values, and 

convergence between the pairwise runs. Bayesian skyline reconstruction was done in Tracer 

v1.7.2 (maximum time = lower 95% HPD, root height = TreeHeight), plotting using the 

stepwise (constant) Bayesian skyline variant with 100 bins, and the final plots were visualized 

in RStudio (Rstudio Team 2021) with R v.4.1.2 (R Core Team 2021), using ggplot in tidyverse 

(Wickham et al., 2019). 

3.   Results 

3.1   DNA yield and library success 

The ancient samples showed remarkable DNA preservation with 100% library success and 

samples yielding, on average, 24% endogenous DNA. A total of 795 million reads were 

sequenced across the 39 ancient specimens, resulting in 20-fold mt coverage and 0.5-fold 

nuclear coverage on average. The reads showed those postmortem degradation patterns 

expected for authentic ancient DNA (Figure 4). The samples that had been through single 

stranded library preparation yielded higher mt and nuclear coverage, longer reads and average 

clonality of only 6% compared to 18% for the double stranded library. Paleomix summary 

statistics for quality are described in Appendix A (Tables S9, S10, S11, S12, S13), and key 

statistics are summarized in Table 2.  
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Table 2: Average clonality, endogenous DNA content, mitochondrial and nuclear coverage, and mean fragment 
lengths for differently processed ancient and modern sample subsets. The clonality and endogenous contents are 
calculated from the alignment to the nuclear reference genome. 

 

Average 
Reads per 

sample 
(millions) 

Average 
Clonality 

(%) 

Average 
Endogenous  

DNA (fraction) 

Average 
Mitochondrial 

coverage 

Average 
Nuclear 
coverage 

Average  
Mean fragment 

length (bp) 

Ancient DS 17 18 0.3 14 0.4 71 

Ancient SS 22 6 0.2 25 0.6 101 

Norway 
modern 

36 9 0.76 702 9 169 

Remaining 
modern 
ABFT 

38 2.4 0.60 721 2.5 97 

albacore 24 2 0.65 221 2 101 

 

A total of 3034 million reads were sequenced across the 83 modern specimens, resulting in 

711-fold mt coverage on average for the 77 Atlantic bluefin specimens and 221-fold mt 

coverage on average for the six albacore samples mapped to the same Atlantic bluefin reference 

genomes. The nuclear coverage was on average three times higher in the specimens from 

Norway, which had been processed in the laboratory almost directly after sampling. The 

Mediterranean and Atlantic specimens from lower latitudes, which had been stored over 

multiple years before DNA-extraction, had shorter mean fragment length and lower 

endogenous DNA content than the specimens sampled in Norway. The dried muscle tissue 

samples from Norway (M-TUN05 – M-TUN014) were sequenced with higher effort, resulting 

in higher coverage.  

The degradation of ancient DNA after death leaves specific, non-random patterns in the 

sequencing data that was used to authenticate that DNA had been obtained from archaeological 

specimens. Nonetheless, these patterns are also affected by the type of library preparation used 

for generating the data (see BOX 1). For instance, the fragmentation plots produced by 

mapDamage (upper panels in Figure 4) for double stranded libraries reveals an inverse pattern 

of fragmentation with sequencing the opposite strand (Figure 4a). This pattern is symmetrical 

for single stranded library preparation, as reads are not filled in using enzymatic approaches 

based on the opposite strand. Similarly, the bottom panels in Figures A shows the 

misincorporations, or substitutions, along the forward and reverse strands, relative to the 

reference. Again, where double stranded libraries show an inverse pattern, this pattern is absent 

from single stranded libraries. Regardless of the method, all the ancient samples display those 
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fragmentation and substitution profiles for the reads that are typical for ancient DNA (see BOX 

1).  

Ancient DNA fragmentation patterns and deamination rates is not expected for modern DNA, 

as the modern samples are extracted from fresh tissues and have not degraded over time. While 

the natural fragmentation process is expected to cause non-random variation in the base 

frequency in and around the ancient reads, the modern fragments have been mechanically 

sheared at random breakpoints and will have no consistent pattern in the fragmentation plots. 

The dataset from Norway has very low variation in base frequency, reflecting the high quality 

of this dataset, while the larger variation in the base frequency along the reads in remaining 

modern samples is a consequence of the lower nuclear coverage (Table 2). The 

misincorporation plots of the modern samples indicate no pattern of nucleotide substitutions 

along the read-ends, as the fragments have remained chemically stable until extraction and 

sequencing, as opposed to the typically single stranded ends of ancient samples being more 

exposed to degradation. Fragmentation and misincorporation plots for the albacore and Pacific 

bluefin samples show a similar profile as the other modern samples (Appendix B, Figure S5). 
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Figure 4: Fragmentation (upper panels) and misincorporation (lower panels) plots from mapDamage v.2.0.9. 
The fragmentation plots show the base frequency inside and surrounding the read, where the grey box indicates 
the location of where the reads have mapped to the reference. The misincorporation plots show the rate of 
substitutions along the positions of the read ends, relative to the reference (Red: C to T. Blue: G to A. Grey: All 
other substitutions. Green: Deletions. Purple: Insertions. Orange: Soft-clipped bases) 
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BOX 1: Interpreting mapDamage plots for ancient DNA 

Over time, the quality of the DNA decreases due to fragmentation (breaking of the DNA molecule 
into shorter fragments) and misincorporation (change/replacement of nucleotides in the DNA 
molecule). During fragmentation, breaking of the forward and reverse strand in different locations 
often result in fragments with an overhang of single stranded DNA on each side. The DNA breakpoint 
during fragmentation tends to be located next to an Adenosine (A) or Guanine (G) nucleotide, so that 
the base closest to the location of our read ends on the reference genome has a higher probability of 
being an A or a G.  

This pattern will be visible as a peak in A or G on both sides of the read if the sample has been 
through single stranded library preparation, as the reads with their original breakpoints are mapped 
to a reference so that closest base on the reference to a breakpoint location is A or G on both sides of 
each read. Low frequency of Cytosine (C) and Thymine (T) on each side of these reads is a statistical 
consequence of the high frequency of the two other bases. During double stranded library preparation 
however, the DNA fragments are modified to have blunt ends. On one side of the fragment, the single 
strand overhang is removed, while on the other side a complementary strand is added to the single 
stranded overhang to stabilize the fragment. The resulting fragment will have two strands which end 
in the original breakpoint on one end but are modified on the other end. The modified end will be 
complementary to the opposite, original strand. 

 

After double stranded library, the reads will therefore show corresponding proportions of the 
complementary bases; so that when the probability of having an A as the closest base to the read is 
high on the forward strand, the probability of having a T on the same location in the reverse strand 
is equally lower. This makes an artificial peak in the frequency of T close to the read-ends, which 
actually reflects the frequency of A on the complementary strand. Same for G and C. 

The single stranded ends that occur during the fragmentation process are more susceptible to 
misincorporation than the more stable double stranded, middle part of the fragments. During 
degradation of DNA over time, C is typically replaced with Uracil (U), which is interpreted as T in 
the sequencing process. The higher rate of degradation in the fragile single stranded ends becomes 
visible in the misincorporation-plots as an increase in C→T/U substitution rate in positions closer to 
the read ends. This misincorporation pattern will be visible on both reverse and forward strands of 
samples that have been though single stranded library protocol. For samples that have been through 
double stranded library preparation, the G→A substitutions on the reverse strands in the double 
stranded library protocol is an effect of the higher frequency of C→T/U substitutions on the forward 
strand. 

Source: Jónsson et al., 2013 and references herein 
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3.2   Population structure and introgression 

Inter and intra level population structure was hierarchically investigated using Principal 

Component Analyses (PCA). The interspecific PCA of dataset All_alb_pac (Figure 5) show 

one Norway- (M-TUN009) and one WMED- (MA-IEO-BA-0-113) specimen clustering with 

the albacore samples and two Norway- (M-TUN023 and M-TUN041) and one ancient sample 

(TUN044) clustering with the Pacific bluefin. The remaining Atlantic bluefin samples fall 

together in a separate cluster. Three ancient samples (TUN031, TUN040 and TUN047) in the 

Atlantic bluefin cluster, and the ancient individual in the Pacific bluefin cluster (TUN044) fall 

slightly away from the other samples. Rather than indicating diverging haplotypes, this 

tendency of ancient samples to fall towards the center of the plot (PC1=0) may be explained 

by a higher degree of missingness than the modern samples and therefore lack of descriptive 

SNPs that might otherwise have settled them closer to their respective clusters. 

 
Figure 5: Interspecific PCA of all samples, including albacore and pacific bluefin, using dataset All_alb_pac. 
The samples in the three PCA-clusters are visualized as pie-charts on the lower panel, with the number of 
samples indicated on the slices. Eigenvalues are shown in the left corner of the upper panel. 
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A more fine-scaled PCA analysis selecting only non-introgressed, interspecific Atlantic bluefin 

samples (dataset AllExIntrog) shows three additional clusters (Figure 6). Modern samples 

from the Eastern Atlantic (Norway and Mediterranean) are present in all three clusters, while 

the Western Atlantic samples (GOM) are only observed in the upper right cluster. The far-left 

cluster contains individuals from all Mediterranean areas as well as three Norwegian samples 

but lack both Western Atlantic and ancient samples. The bottom panel (Figure 6) highlights 

the ancient individuals, falling in the center of both right clusters, and the Mediterranean 

samples scattered across all three clusters with no visible population structure. The PC1-axis 

here only explains 8.6% of the total variance in the dataset, compared to 82% in the 

interspecific PCA (Figure 5), and the samples presented in the intraspecific PCA (Figure 6), 

all fell in the main Atlantic bluefin cluster of the interspecific PCA (Figure 5) 

 
Figure 6: Intraspecific PCA of non-introgressed Atlantic bluefin samples, showing three scattered clusters. The 
ancient and Mediterranean samples are highlighted in the bottom panel. Eigenvalues are shown in the left 
corner of the upper panel. 
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To assess missing genotypes in both ancient and modern samples and to better visualize 

introgressed specimens, missing and diverging loci were plotted across all Atlantic bluefin 

specimens (AllABFT dataset). The plot revealed higher missingness among the ancient 

samples, and five samples heavily marked with the presence of second alleles diverging from 

the reference genome (Figure 5). The samples with high amounts of second alleles are those 

which clustered with the albacore and pacific bluefin in Figure 5, and therefore have greater 

genetic divergence from the Atlantic bluefin reference genome.  

 
Figure 7: Loci missingness (white) and presence of second alleles (dark brown) in the AllABFT dataset, which 
includes all Atlantic bluefin samples used in the population genomic analyses. 
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3.3   Mitogenomic variation 

   3.3.1   Population genomic statistics 

Patterns of genetic diversity within samples were calculated using a range of genomic statistics 

for each Atlantic bluefin dataset (Table 3). The subsets including introgressed individuals 

(AncientAll, NorwayAll, WMEDAll, modernABFT and AllABFT) have higher π and S. 

Segregating sites are differences, or polymorphisms, between the sequences in a dataset, while 

the nucleotide diversity (π) is the average number of pairwise base pair differences per site 

between the sequences (Nei 1987). Including a largely divergent haplotype in a dataset adds 

new variation which increases the S and π. The introgressed mitochondrial genomes contain a 

high amount of divergent alleles (Section 3.2, Figure 7), and therefore cause a strong increase 

in S and π when included (Table 3). 

The haplotype diversity (hD), however, remains high and stable across all subsets and is not 

affected by the inclusion of introgressed individuals. The haplotype diversity is the probability 

of obtaining unique haplotypes when drawing two random samples from a population (Nei 

1987). The datasets containing only unique samples (N=Nh) will therefore have a hD of 1, 

meaning 100% probability of obtaining unique samples during random sampling. Four of the 

samples from Norway were pairwise identical, which of one pair was the two introgressed 

Pacific-like samples. The NorwayAll dataset therefore has two fewer haplotypes than the 

number of samples, while the NorwayExIntrog has one less haplotype than the number of 

samples. A similar pattern can be seen in the other datasets containing identical samples, for 

example the AllABFT dataset, which includes all twelve pairwise identical samples, has six 

fewer haplotypes than the number of samples. As all identical haplotypes within the ancient 

dataset were removed, the hD is 1 (Table 3).  

Tajima’s D (TD) and Fu & Li’s F statistic (F) are both neutrality statistics, testing the observed 

variation for deviation against the model of neutral selection, and values close to 0 indicate that 

the sequences in question are close to meeting the neutrality assumptions of no selection (Holt, 

2006; Mishmar et al., 2003; Fu & Li, 1993; Tajima, 1989). When common alleles are frequent, 

TD becomes positive, while an excess of rare alleles gives a negative TD (Tajima, 1989). 

Generally, a positive TD is interpreted as an indication of balancing selection or decrease in 

population size, causing genetic variation to be maintained in the population, while a negative 

TD suggests positive selection or population expansion (Fijarczyk & Babik, 2015; Delph & 

Kelly, 2014). 
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F calculates the difference between the number of singletons (mutations that are present only 

once across all sequences) and the average number of pairwise nucleotide differences between 

the sequences, with positive values indicating balancing or positive selection and negative 

values indicating purifying selection, selective sweeps or rapid population growth (Fu & Li, 

1993; Krutovsky & Neale, 2005). In all datasets, TD and F were both negative, indicating an 

excess of low frequency polymorphisms (TD) and singletons (F) likely resulting from 

population expansion (Biswas & Akey, 2006; Krutovsky & Neale, 2005; Fu & Li, 1993; 

Tajima, 1989).  

The jointly called and filtered dataset with populations defined in DnaSP v.6 (Appendix A, 

Table S14) show a similar pattern, and is further discussed in Section 4.2. 

Table 3: Population genomic statistics of the separately called and filtered datasets.  
N = number of samples, hD = haplotype diversity, Nh = number of haplotypes, S = number of segregating sites, 
π = nucleotide diversity, TD = Tajima’s D, F = Fu & Li’s F statistic. Significance levels (**=0.01, *=0.05, 
n.s.=not significant) are indicated for the TD and F values. 

Subset N hD Nh S π TD F 

AncientAll 21 1.000 21 54 0.0003 -2.562 (**) -3.731 (**) 

AncientExIntrog 20 1.000 20 16 0.0001 -2.177 (**) -2.687 (*) 

NorwayAll 38 0.997 36 608 0.0049 -1.714 (n.s.) 
-0.3191 

(n.s.) 
NorwayExIntrog 35 0.998 34 182 0.0012 -2.109 (*) -2.522 (*) 

EMED 10 1.000 10 86 0.0013 -1.464 (n.s.) -1.636 (n.s.) 

CMED 9 1.000 9 79 0.0012 -1.703 (n.s.) -1.804 (n.s.) 

WMEDAll 10 1.000 10 460 0.0059 -2.059 (**) -2.374 (**) 

WMEDExIntrog 9 1.000 9 68 0.0011 -1.497 (n.s.) -1.605 (n.s.) 

GOM 10 1.000 10 67 0.0009 -1.754 (*) -1.980 (n.s.) 

modernABFT 77 0.998 71 664 0.0034 -2.080 (*) -0.796 (n.s.) 

modernExIntrog 73 0.998 69 268 0.0011 -2.378 (*) -3.888 (**) 

AllABFT 98 0.998 91 112 0.0005 -2.058 (*) -1.418 (n.s.) 

AllExIntrog 93 0.999 89 54 0.0002 -2.477 (**) -3.644 (*) 
 

TD and F do not vary consistently between datasets including and excluding introgressed 

individuals. Including introgressed mitochondrial genomes in a dataset will however impact 

neutrality statistics by increasing S and π, and calculations of neutrality statistics between 

different species is not recommended as they were developed for within-population 

comparisons (Fu & Li, 1993; Tajima, 1989). Within the non-introgressed datasets, the sample 

size may also affect the neutrality statistics as 1) stochasticity in the smaller sample sizes may 



 

36 
 

introduce sampling bias and 2) larger datasets have a higher probability of including individual 

variation. 

To account for sample size differences when comparing π and TD, a bootstrap simulation was 

performed on each of the separately called and filtered datasets of non-introgressed Atlantic 

bluefin from different locations, randomly drawing five individuals 1000 independent times 

and calculating the statistics for each round in every subset. To avoid inflated estimates, 

introgressed samples were excluded from the simulations. The resulting variation in TD and π 

was low between the modern populations, although the GOM samples from the smaller 

Western stock had slightly lower TD and π than the other modern populations (Section 3.3, 

Figure 8-9). Lower π in the GOM dataset is consistent with the non-bootstrap calculation 

(Section 3.3, Table 3). The largest of the modern subsets, NorwayExIntrog, showed large 

deviation in TD between the calculated statistics and the bootstrap simulation (Section 3.3, 

Table 3 and Figure 9). Among the modern subsets, NorwayExIntrog had the largest difference 

between S and π (Section 3.3, Table 3), yielding a low and significant TD value, which was 

reduced when fewer samples and thereby fewer segregating sites were present in the bootstrap 

simulation. The high S in the NorwayExIntrog dataset is likely a consequence of the larger 

sample size, however one sample (M-TUN034) in this dataset was also highly divergent and 

may have been contaminated (see Section 3.3.2), likely contributing to an increase in S. 

The ancient dataset (AncientExIntrog) had the lowest TD and π of all non-introgressed 

datasets in both the statistical calculations and the bootstrap simulations. In the statistical 

calculations (Section 3.3, Table 3) however, the difference in TD between the 

AncientExIntrog and NorwayExIntrog was slim. Neutrality statistics are  highly sensitive to 

sequencing effort, and interpretations of absolute values should be avoided when analyzing 

low-depth Next Generation Sequencing (NGS) data (Korneliussen et al., 2013). The low S in 

the AncientExIntrog, affecting the TD statistic, may be explained by the lower sequencing 

depth and should therefore be interpreted with caution. The negative and significant TD and F 

statistics in the ancient population does however indicate population growth prior to the 

Neolithic (3900-2350 BCE) period. 
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Figure 8: Results of bootstrap simulations (sample size =5, 1000 replicates) of nucleotide diversity (π) in 
separately called and filtered datasets. 

 

 
Figure 9: Results of bootstrap simulations (sample size =5, 1000 replicates) of Tajima’s D (TD) in separately 
called and filtered datasets. 

 

   3.3.2   Haplotype networks and identical samples 

The intraspecific haplotype network with a unique haplotype in each node reveals a star-like 

pattern among the non-introgressed individuals (Figure 10), corroborating population 

expansion as newer haplotypes are derived from a shared, central haplotype. One outlier 

individual from Norway (M-TUN034) branches out from the orientalis outgroup, rather than 

the center of the star, with branch lengths indicating an accumulation of substitutions in this 

sample. This sample may be a highly diverging haplotype within the non-introgressed Atlantic 

bluefin group, or alternatively the sample may have been contaminated. 
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The total number of substitutions in the network (Fitch distance) is 963, including the orientalis 

outgroup, and the network contains in total 138 nodes and 137 edges. The Norway and 

Mediterranean (EMED, CMED, WMED) samples are scattered evenly across the network, 

while the GOM samples occupy the upper left side of the network, consistent with their 

affiliation to only one of the three clusters in the intraspecific PCA (Figure 6). The middle-

lower part of the network has a higher density of ancient samples, consistent with the ancient 

clustering on one side of the intraspecific PCA (Figure 6). The ancient samples also tend to fall 

slightly towards the center of the network. 

 
Figure 10: Intraspecific haplotype network of all non-introgressed Atlantic bluefin individuals, using dataset 
AllExIntrog and a Pacific bluefin outgroup. Each node represents a unique haplotype. 

 

Several identical haplotypes appear in the intraspecific haplotype network (Figure 10). Two 

Norway samples have identical haplotypes (M-TUN043 = M-TUN013), two EMED samples 

are identical to two of the other Norway samples (MA-CYPR-LS-0-315 = M-TUN031 and 

MA-CYPR-LS-0-45 = M-TUN036), and one CMED sample is identical to another Norway 

sample (MA-UNIB-SI-0-70 = M-TUN038). This is consistent with the unique-SNPs 

evaluation from the python script (Appendix C).  

Including introgressed individuals and outgroups in the haplotype network shows one ancient 

sample (TUN044) and two Norway samples (M-TUN023, M-TUN041) clustering with the 
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Pacific bluefin (orientalis) outgroup and one WMED (MA-IEO-BA-0-113) and one Norway 

sample (M-TUN009) clustering with the albacore (alalunga) outgroup (Figure 11). This 

corresponds to the PCA clustering of the same samples (Figure 5) and the configuration of the 

interspecific phylogeny (Figure 13). The albacore samples from Bay of Biscay also clearly 

clusters with the alalunga outgroup but seems more closely related with the introgressed bluefin 

samples than with the alalunga outgroup individuals from GenBank. In this network, seven 

substitutions or less are accepted within each node. The largest node contains 79 individuals 

(29 Norway, 8 EMED, 8 WMED, 9 GOM, 6 CMED, 19 Ancient). The total number of 

substitutions in the network (Fitch distance) is 2830, including the pelamis outgroup, and the 

network contains in total 42 nodes and 41 edges. The outlier sample (M-TUN034), branching 

away from the other samples in the intraspecific haplotype network (Figure 10), can be 

recognized as branching further from the main node than the other non-introgressed Atlantic 

bluefin in the upper right interspecific haplotype network (Figure 11).  

 
Figure 11: Interspecific haplotype network of all Atlantic bluefin and albacore samples, using the All_alb dataset 
and outgroups listed in Appendix A, Table S8. Introgressed haplotypes of Atlantic bluefin samples are highlighted 
and marked with the number of samples represented in the node. Each node represents haplotypes with 7 or fewer 
nucleotide substitutions between them. 
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3.4   Population divergence 

Pairwise genetic distance between sample locations shows low absolute (Dxy) and relative 

(Φst) divergence across all populations (Figure 12). The absolute nucleotide divergence (Dxy) 

becomes larger when introgressed samples are included in the population, which is expected 

when highly divergent haplotypes and new alleles are added to the calculation. Including the 

introgressed mitogenomes also increases the nucleotide diversity. The relative nucleotide 

divergence (Φst) is low and non-significant across all populations. The Φst p-values can be 

found in Appendix A (Table S15). Comparing the two heatmaps (Figure 12), the Φst-values 

vary between the analyses, also when comparing the populations which have no introgressed 

individuals (EMED, CMED, GOM). Some variation is expected as the two datasets are called 

and filtered separately, and the distance matrix is computed for each joint dataset by Arlequin 

v.3. using the TN93 (Tamura & Nei, 1993) substitution model (Appendix A, Table S16).  

 
Figure 12: Results from population divergence analyses, presented as a heatmap showing absolute (Dxy) and 
relative (Φst) divergence between populations when A) including and B) excluding the introgressed individuals. 
The nucleotide diversity within each population is shown on the diagonal. 

 

3.5   Phylogenetic analyses 

Interspecific evolutionary relationships were investigated using ML and Bayesian phylogenetic 

analyses. The outgroup species, skipjack tuna, formed a paraphyletic group in the ML analysis 

(Figure 13) and in the Bayesian analysis in MrBayes (Appendix B, Figure S6), but a 

monophyletic group in the BEAST 2 Bayesian tree (Appendix B, Figure S7). In all 

phylogenetic analyses, the Pacific bluefin individuals (orientalis_*) obtained from GenBank 

(Clark et al., 2016), form a monophyletic group, while the albacore tuna (alalunga_* and alb_*) 
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fall as polyphyletic (Figure 13, Appendix B Figures S2 and S14). Within the albacore group, 

the individuals obtained from GenBank (alalunga_*) form a highly supported monophyletic 

group, while the albacore samples from the Bay of Biscay (alb_*) form a paraphyletic group 

with two albacore-like Atlantic bluefin samples (MA-IEO-BA-0-113 and M-TUN009). Three 

Atlantic bluefin individuals (TUN044, M-TUN041, M-TUN023) form a sister group to the 

Pacific bluefin, supported by 100% bootstrap in the ML analysis and 100% Bayesian posterior 

probability in both Bayesian phylogenetic analyses (Figure 13).  

Within the non-introgressed Atlantic bluefin group, samples from different locations are 

scattered across the tree, with no pattern of population clustering of Eastern- and Western 

Atlantic, or Eastern-, central or Western Mediterranean samples (upper panels Figure 13). 

Additional investigations of intraspecific evolutionary relationship within the non-introgressed 

Atlantic bluefin samples, using ML and Bayesian phylogenetic analyses on the AllExIntrog 

dataset, corroborate the lack of population structure with the non-introgressed Atlantic bluefin 

samples (upper panels Figure 14, Appendix B Figures S9, S8). However, the PCA-clusters 1 

and 3 from the intraspecific PCA (Figure 6) fall as monophyletic clades with high posterior 

probability from BEAST 2 (cluster 1) and MrBayes (cluster 3) in the intraspecific phylogeny 

(lower panels Figure 14). One cluster of ancient samples is present with low support in all 

analyses (Figures 13-14, and Appendix B Figures S6, S7, S8, S9).  

Norway sample M-TUN034 stands out with a long branch length in both ML phylogenies 

(Figures 13-14), indicating several substitutions separating this individual from the other 

samples in the same clade. In both BEAST 2 phylogenies (Figure S7-S8), this sample falls as 

a sister-group to all the other non-introgressed Atlantic bluefin samples. This is also the case 

in the MrBayes analysis when introgressed samples are included (Figure S6). GOM sample 

MA-N17040108 forms a sister lineage to M-TUN034 in the ML phylogenies (Figures 13-14) 

and the MrBayes phylogeny excluding introgressed samples (Figure S9), while falling as a 

sister lineage to the non-introgressed Atlantic bluefin main group in two of the Bayesian trees 

(Appendix B Figures S6 and S8).  

Substitution models selected by the different programs varied to some degree between the 

datasets (Appendix A, Table S16). However, all selected models assumed unequal base 

frequencies, different rates of transversions and transitions, and equal substitution rates among 

sites (i.e., no gamma rate heterogeneity). The selected models are listed in Appendix A (Table 

S16), and described in detail by Posada (2003). 
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Figure 13: Interspecific Maximum Likelihood (ML) phylogeny of all samples (dataset All_alb) and outgroups 
(Appendix A, Table S8). Introgressed individuals are highlighted (stars). Bootstrap values over 80 are shown in 
brown, posterior probability values over 0.8 from MrBayes (see also Appendix B, Figure S6) are added in green, 
and posterior probability values over 0.8 from BEAST 2 (see also Appendix B, Figure S7) are added in blue. The 
upper panel highlights how the populations fall in the tree.  
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Figure 14: Intraspecific Maximum Likelihood (ML) phylogeny of non-introgressed Atlantic bluefin individuals 
(dataset AllExIntrog), using a Pacific bluefin individual as outgroup. Bootstrap values over 80 are shown in 
brown, posterior probability values over 0.8 from MrBayes (see also Appendix B, Figure S9) are added in green, 
and posterior probability values over 0.8 from BEAST 2 (see also Appendix B, Figure S8) are added in blue. The 
upper and lower panel highlights how the populations and intraspecific PCA clusters respectively fall in the tree. 
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3.6   Demographic reconstruction 

Female effective population size (Ne) was modelled over time, and Coalescent Bayesian 

Skyline (CBS) plots were created for different datasets of modern and ancient individuals. 

When only modern samples are included in the analysis, the Ne is stable over the past 5000 

years at around 300,000 individuals, both when including (modernABFT) and excluding 

(modernExIntrog) introgressed individuals (Figure 15). However, going further back in time, 

the CBS profiles differ between the two modern datasets. The modernExIntrog dataset shows 

a steep decrease in Ne down to less than 10,000 individuals during the Last Glacial Maximum 

(LGM) while the modernABFT dataset shows the lowest Ne, with approximately 50,000 

individuals, around 10,000 years ago. 

Including the ancient samples in the analysis greatly increase the 95% confidence intervals and 

corroborate the increase in Ne after the Late Glacial Interstadial (LGI) warming period with a 

subsequent stable Ne over the past 5000 years (Figure 15). However, combining the modern 

and ancient samples increases the median Ne to an estimated 3,000,000 individuals over the 

past 5000 years and over 1,000,000 individuals during the LGM. The CBS profile is similar in 

the modern and ancient combined datasets including (AllABFT) and excluding (AllExIntrog) 

introgressed individuals. Modelling the Ne over time only using ancient specimens 

(AncientAll, AncientExIntrog) (Appendix B, Figure S10), shows a steady increase in Ne 

during and after the LGI with a subsequent stabilization in Ne around 5000 years ago. The 

estimated Ne is however consistently lower than in any of the other CBS analyses, with the 

increase from around 30,000 individuals to stabilization at a little more than 100,000 

individuals. The CBS profile is similar in the ancient datasets including (AllABFT) and 

excluding (AllExIntrog) introgressed individuals. 

Large confidence intervals in the combined modern and ancient datasets (AllABFT and 

AllExIntrog) may be explained by the genetic similarity between modern and ancient 

specimens. If this is the case, treating the ancient samples as if they were modern when 

modelling Ne over time will result in a CBS profile similar to the profile generated by the 

modern datasets (modernABFT, modernExIntrog). These plots including non-dated ancient 

samples (Appendix B, Figure S11) do in fact show a very similar profile to the CBS plots 

generated by the modern datasets (Figure 15). However, the slight depression in Ne at around 

0 CE (modern plots in Figure 15) becomes more pronounced when non-dated ancient samples 

are included (Appendix B, Figure S11), which may be explained by the increase in Ne 
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experienced by the ancient specimens approximately 2000 years prior to sampling (Appendix 

B, Figure S10). 

 
Figure 15: Female effective population size (Ne) modelled back in time, showing coalescent Bayesian Skyline 
(CBS) plots of only modern samples (right panels), and with ancient samples added to the analysis (left panels). 
Two major climatic periods are marked in the plot: The Last Glacial Maximum (LGM) and the Late Glacial 
Interstadial (LGI). The 95% confidence intervals are marked in dark brown.  
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4.   Discussion 

4.1   Material and Methods discussion 

   4.1.1   Preservation and dating 

Analysis of 39 ancient Atlantic bluefin samples from the Early and Middle Neolithic period 

(3900-2350 BCE) revealed excellent ancient DNA preservation, with 100% library success and 

samples yielding 24% endogenous DNA on average. These are exceptionally preserved bones, 

compared to typical aDNA yield observed in the field (Carpenter et al., 2013). Low and stable 

temperatures, as well as favorable soil profile conditions of marine mud and silty clay (Nielsen, 

2020a; Nielsen & Persson, 2020), has likely aided the biomolecular preservation (Bollongino 

et al., 2008; Gugerli et al., 2005). While three of the ancient tuna bones were directly carbon 

dated (Nielsen, 2020b) to approximately 4600 years old (BP 2020), the remaining bones were 

not dated, leading to some uncertainty in the timeframe of the other specimens. Nonetheless, 

apart from one surface stray find (TUN036), all the bones were dated by context as these were 

found in soil layers that were carbon dated using wood and charcoal. The carbon dates obtained 

from wood and charcoal where bones were found all fall in the range of 4135-4890 BP (2020) 

(Nielsen & Persson, 2020). Thus, the dated samples from the context layers correspond well 

with the three, individually carbon dated tuna bones, indicating high consistency in obtained 

age estimates. 

   4.1.2   Contamination and identical samples 

Prior to laboratory processing, the ancient samples were handled without gloves and stored 

together in collective bags, increasing the risk of human contamination and cross-

contamination between samples. Fragmentation patterns and deamination rates did, however, 

confirm the samples yielded authentic ancient DNA, and bioinformatic analyses showed the 

sequences belong to tuna. Cross-contamination between ancient samples may have occurred 

during storing or laboratory procedures, and several of the ancient samples produced 

indistinguishable DNA sequences. During the archaeological excavation, all bones from the 

same layer and shaft were jointly stored. Several of the identical ancient samples were found 

close together in the field and stored in the same bags (Appendix A, Table S1) and may 

therefore have been vertebrae from the same individuals or experienced cross-contamination 

during storage.  
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Of the 18 ancient samples that were excluded after exploratory analyses due to high 

missingness or indistinguishable mitochondrial genomes, nine contained an identical 

introgressed Pacific-like haplotype (Appendix B, Figures S12-S14). The frequency of 

directional introgression from Pacific-to Atlantic bluefin is relatively rare at around 2-5% 

(Rooker et al., 2007; Viñas & Tudela, 2009), thus the probability of finding such a high number 

of introgressed Pacific-like individuals was assumed to be low. A more likely scenario is that 

these were all vertebrae from the same individual. Four of the remaining 9 identical specimens 

were found close together in the same shaft and layer (TUN025-28, Appendix A, Table S1) 

and are also likely sampled from the same fish, although this time a non-introgressed 

individual. Identical samples were discarded to ensure that only unique individuals were 

included in the population genomic analyses. 

Among the modern samples from Norway, two samples from the same extraction experiment 

(M-TUN023 and M-TUN041) and two samples from different extraction experiments (M-

TUN013 and M-TUN043) produced indistinguishable DNA sequences. These identical 

modern samples could be included, as the modern sampling method ensured different 

individuals and the risk of contamination dominating the DNA yield was assumed to be low. 

Five of the modern Norway samples were also identical to Mediterranean and GOM samples 

(Appendix C), which had all been sampled independently, extracted in different laboratories, 

and sequenced on different flow cells, indicating that identical mitochondrial DNA sequences 

do occur naturally. 

   4.1.3   Library success  

Ancient samples yielded lower coverage, endogenous DNA, and shorter read length than the 

modern samples (Appendix A, Tables S9, S10, S11), which is expected for authentic ancient 

DNA. Ancient libraries created using the SCR library protocol (Kapp et al., 2021) – here referred 

to as ‘SS’ libraries – generated more and longer reads while keeping the average clonality much 

lower than the double stranded (DS) library protocol from Meyer and Kircher (2010). Clonality 

is a relative measure of how many reads align to the same first base in the reference genome. 

Increasing the sequencing effort generally increases the clonality as 1) more PCR duplicates 

are sequenced and 2) a higher number of reads generates a higher random chance of aligning 

to the same first base in the reference genome (Boessenkool et al., 2017; Schubert et al., 2014). 

When comparing libraries, lower clonality combined with equal or higher coverage indicates a 

more complex library with a higher fraction of unique reads (Kapp et al., 2021; Euclide et al., 

2020; Boessenkool et al., 2017).  
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The low clonality in the SS library may be partly explained by the fact that overlapping single 

strands of different length are not considered clonal if they do not start in the same position 

(Kapp et al., 2021). However, the considerably lower clonality despite the higher number of 

reads indicates complex SS libraries. Future investigations will therefore benefit from using 

the SS library protocol to generate high coverage at lower sequencing effort, compared to the 

DS library protocol.  

   4.1.4   Calling and filtering stochasticity 

Hard filtering thresholds were thoroughly investigated on a jointly called dataset including all 

samples and re-evaluated after identical and high-missingness samples were excluded. The 

selected read depth filtering threshold (--minDP 2) in VCFtools v.0.1.16 (Danecek et al., 2011) 

is however lower than commonly used for whole genome ancient DNA (e.g. Ferrari et al., 

2022; Martínez-García et al., 2021). At the selected threshold, sites sequenced twice or more 

were included in subsequent analyses, introducing the possibility of sequencing errors being 

presented as genetic variation in the datasets. Increasing the depth filtering threshold would 

increase the confidence in the presented variants. However, using a low filtering threshold was 

preferred to ensure that existing variation in the low coverage ancient specimens was included.  

The sample datasets (Section 2.4, Table 1) were separately called and filtered so that only 

variants within each dataset were included in the GATK variant discovery calculations. Due to 

some stochasticity in the calling and filtering process, separately calling and filtering the 

datasets could introduce variation between the subsets that would otherwise have been held 

constant. In addition, larger datasets tend to have better statistical accuracy during filtering and 

higher sensitivity at low coverage positions (Poplin et al., 2018), leading to some of the smaller 

datasets likely having more stochastic variability than the larger datasets. To ensure that this 

did not have major impacts on the variant composition in the datasets, mitogenomic variation 

analyses were performed on both separately and jointly called datasets. The resulting Nh and 

the hD remained equal, and the π and S did not vary considerably, although both became 

generally lower in the joint dataset (Appendix A, Table S14). As expected, the larger datasets 

remained more similar than the smaller datasets.  

The lower π and S indicate that more variants were filtered in the jointly called and filtered 

dataset. Singletons have a larger chance of being removed during filtering (GATK, 2022a), and 

a higher chance of occurring in a smaller dataset. This is because adding more samples to a 

dataset increase the probability of mutations being present in more than one of the samples by 
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chance, and the mutation will then no longer be counted as a singleton. The F statistic, which 

calculates the number of differences between singletons and π, may therefore be expected to 

be slightly skewed toward more negative values in the smaller datasets where a higher number 

of singletons are counted. Indeed, this was the case for most of the datasets (Appendix A, Table 

S14). In addition, the non-significant F statistics tended to vary more than the significant F 

values, and three of the F values became less significant in the jointly called and filtered dataset.  

TD did not vary considerably between the jointly and separately called and filtered datasets. 

However, three of the TD values became more significant, and there was a tendency toward 

more negative TD values. TD uses the relationship between S and π (Tajima, 1989) to test for 

signs of selection. An excess of low frequency polymorphisms, or variable loci (S), compared 

to π, leads to negative TD. More pairwise differences between specimens within the same 

population (π) than segregating sites, as well as lack of variation both in S and π, gives positive 

TD values. The tendency toward more negative TD values in the jointly called and filtered 

datasets is likely due to a greater decrease in π than in S. The only exception to the decrease in 

S and π was the AllAncient dataset. Here, TD still became more negative, despite the increase 

in π, which can be explained by the even greater increase in S (Appendix A, Table S14). Low 

sequencing coverage is known to strongly affect neutrality statistics (Korneliussen et al., 2013), 

and the absolute values of TD, as well as F, should therefore be interpreted with caution.  

Overall, defining datasets before or after calling and filtering did not have major impacts on 

the mitogenomic variation. The statistical patterns were similar in both analyses and indicated 

the same population genomic trends (see also Section 4.3 and 4.4). Still, the separation of 

samples into subsets based on location and patterns of introgression prior to calling and 

filtering, was preferred so that the variation within each subset would be accurately presented 

in subsequent analyses. 

4.2   Interspecific population structure and introgression 

A wide range of genomic analyses was used to investigate interspecific population structure 

across three tuna species; albacore, Pacific and Atlantic bluefin, which are known to hybridize 

(Chow & Kishino, 1995; Viñas & Tudela, 2009). Ordination analysis revealed three Atlantic 

bluefin samples clustering with Pacific bluefin, and two Atlantic bluefin samples clustering 

with albacore (Section 3.2, Figure 5). No patterns of introgression were found among western 

Atlantic studies, which is consistent with previous studies (Boustany et al., 2008; Carlsson et 

al., 2007; Rooker et al., 2007). Four of the introgressed individuals were modern, resulting in 
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a mitochondrial introgression frequency of 5.97% among the modern Eastern Atlantic samples 

(n=67), with 2.99% directional introgression from both albacore and Pacific bluefin. This is 

consistent with previous studies (Rooker et al., 2007; Viñas & Tudela, 2009). The introgressed 

individuals were also heavily marked with presence of second alleles in the loci missingness 

plot (Section 3.2, Figure 7), and grouped with albacore or Pacific bluefin in both the 

interspecific phylogeny (Section 3.5, Figure 13) and haplotype network (Section 3.3, Figure 

11).  

One ancient sample clustered with Pacific bluefin in all interspecific population structure 

analyses, indicating the presence of natural hybridization between Atlantic and Pacific bluefin 

in the Neolithic (3900-2350 BCE) period. The one introgressed ancient sample leads to a 

calculated introgression frequency from Pacific to Atlantic of 4.8% in the ancient population 

(n=21), but the low sample size leads to high stochasticity. No sign of hybridization with 

albacore was found in the ancient population, however, the low introgression frequency (2-5%) 

estimated for directional mitochondrial introgression from albacore (Rooker et al., 2007; Viñas 

& Tudela, 2009) would be difficult to detect without a larger sample size. The absence of 

albacore introgression in the ancient Atlantic bluefin population does therefore not disprove 

natural hybridization between the two species in the Neolithic period. The presence of an 

introgressed Pacific-like haplotype among the ancient specimens, however, confirms Pacific- 

and Atlantic- bluefin hybridization prior to major anthropogenic activity. These introgression 

patterns are therefore likely explained by natural migration of Pacific bluefin into the Atlantic 

Ocean, rather than human transportation, bluefin farming activities or ongoing climate change. 

In mitochondrial phylogenies of the Thunnus genus, albacore and Pacific bluefin tend to group 

as sister species, which together form the sister group of the remaining thunnus species, 

including the Atlantic bluefin (Alvarado Bremer et al., 1997; Chow et al., 2006; Chow & 

Kishino, 1995; Gong et al., 2017; Viñas & Tudela, 2009). This pattern was also observed for 

all interspecific phylogenetic analyses in this thesis (Section 3.5, Figure 13, Appendix B 

Figures S6-S7). While the introgressed Pacific-like Atlantic bluefins form a monophyletic 

sister group to the true Pacific samples, the introgressed albacore-like Atlantic bluefins 

intermix with the true albacore samples from the Bay of Biscay. This same pattern was found 

by Viñas & Tudela (2009), who used a methodology which took the presence of mitochondrial 

introgression between albacore, Pacific and Atlantic tuna into consideration (see Section 1.3, 

Figure 2A). 
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Within the albacore group, the sequences downloaded from GenBank (Clark et al., 2016) 

diverged from the albacore samples from the Bay of Biscay with high support (Section 3.5, 

Figure 13), and were separated in the interspecific haplotype-network (Section 3.3, Figure 11). 

Although the albacore sequences from GenBank are unpublished, the branch length in the 

interspecific haplotype network and high support separating these specimens from the Bay of 

Biscay albacore and introgressed Atlantic samples, could indicate that they were sampled in 

the Pacific Ocean.  

Overall, the interspecific phylogenies indicate some genetic divergence between the Pacific 

bluefin and the Pacific-like introgressed mitochondrial genomes, but no clear divergence 

between the albacore and the albacore-like introgressed mitochondrial genomes. This could 

indicate post-hybridization selection in the Pacific-like individuals, for instance adaptation to 

abiotic conditions or biotic factors (e.g., prey or disease variety) in the Atlantic Ocean, or 

neutral genetic drift. To investigate the effects of selection or drift over time, a larger number 

of both recent and derived hybrid individuals should be analyzed at both nuclear and 

mitochondrial level. Since mitochondrial genomes are non-recombining, determination of the 

number of generations since the hybridization event occurred is not possible without nuclear 

analyses. The intermixing of albacore-like introgressed mitochondrial genomes with the 

Atlantic albacore samples may therefore either be explained by recent hybridization events, 

low selection pressure over time, or genetic drift. Further investigations may reveal differential 

selection pressures in Pacific-like and albacore-like introgressed mitochondrial genomes or 

disclose the observed variation as a result of individual differences in time since hybridization 

and exposure to genetic drift. 

4.3   Intraspecific population structure and divergence 

Determination of loci for stock assignment has been a focus in population genomics of Atlantic 

bluefin over the past few years (Andrews et al., 2021; B. B. Collette, 2017; Hanke et al., 2018, 

pp. 1975–2015; Rodríguez‐Ezpeleta et al., 2019). Stock intermixing on foraging grounds and 

frequent migration across the 45°W management boundary has led to discussion about whether 

the management units reflect the true population origin of the catches (Arregui et al., 2018; 

Block, 2001; Block et al., 2005; Galuardi et al., 2010; Lutcavage et al., 1999; Rooker et al., 

2006, 2014; Wilson et al., 2015). Post-mortem determination of stock affiliation during harvest 

of Atlantic bluefin in foraging areas or outside of spawning season, would enable accurate 

registration of catches and closer observation of the SSB’s. 
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In this study, spatial population structure within the Atlantic bluefin datasets was investigated 

using a series of genomic tools and common population statistics. Pairwise genetic distance 

between sample locations showed low absolute (Dxy) and relative (Φst) divergence across all 

populations (Section 3.4, Figure 12B), with no significant Φst-values (Appendix A, Table S15). 

This indicates conservation of the mitochondrial genome, despite natal homing to 

geographically separated spawning grounds in the Western- and Eastern Atlantic Ocean (Block 

et al., 2005; Boustany et al., 2008; Brophy et al., 2016). Genetic divergence between the 

Western and Eastern Atlantic stock has been found by previous studies, but only using nuclear 

markers (Andrews et al., 2021; Rodríguez‐Ezpeleta et al., 2019; Puncher et al., 2018).  

The mitochondrial genome likely lack SNPs indicative of spawning origin, and previous 

studies using mitochondrial data find no significant divergence between the two stocks 

(Alvarado Bremer et al., 2005; Ely et al., 2002; Pujolar et al., 2003). However, the intraspecific 

PCA revealed three clusters of which only one contained the GOM samples (Section 3.2, 

Figure 6), and in the intraspecific haplotype network, GOM samples only occupied half of the 

network (Section 3.3, Figure 10). Together with the lower π (Section 3.3 Table 3 and Figure 

8), and the only positive Φst-values among non-introgressed modern population comparisons 

(Section 3.4, Figure 12B), this may be a reflection of a smaller and less genetically diverse 

population spawning in the Gulf of Mexico. Still, the lack of unique or diverging sites in the 

mitochondrial genome suggest that nuclear DNA should be the focus of future investigations 

to determine loci for stock assignment. 

No evidence of population structure was found between the Mediterranean spawning locations, 

consistent with recent genetic studies (Andrews et al., 2021; Rodríguez‐Ezpeleta et al., 2019; 

Puncher et al., 2018; Antoniou et al., 2017; Di Natale et al., 2017). Within the non-introgressed 

Atlantic bluefin group, samples from different locations were scattered across the trees in all 

phylogenetic analyses (Section 3.5, Figures H-I), with no pattern of population clustering of 

Eastern- and Western Atlantic, or Eastern-, central or Western Mediterranean samples, 

corroborating the lack of mitogenomic signatures for population structure. The lack of unique 

or diverging mitochondrial loci suggest that future research on post-mortem stock assignment 

of catches should be directed at nuclear genetic markers or otolith shape and isotope analyses, 

where signatures of stock affiliation has been found (Andrews et al., 2021; Brophy et al., 2020; 

Rodríguez‐Ezpeleta et al., 2019; Brophy et al., 2016; Puncher et al., 2018; Fraile et al., 2015; 

Rooker et al., 2014).  
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4.4   Temporal genetic divergence and demographic reconstruction 

Comparison between ancient and modern Atlantic bluefin revealed mitogenomic stability, 

despite centuries of human exploitation. High hD, S and π across modern sampling locations 

indicate no loss of mitochondrial genetic diversity over the past ~4600 years. Preservation of 

mitochondrial haplotypes was further supported by intermixing of modern and ancient 

specimens in ordination-, network- and phylogenetic analyses.  

The difference in S and π between ancient and modern datasets should however be interpreted 

with caution, as the sequencing and processing methodologies impact these statistics. Lower 

sequencing effort and degraded and fragmented DNA tend to reduce S and π. This is due to 

several factors, including: 1) polymorphic sites not being sequenced in all samples (lower 

sequencing coverage) and/or 2) fewer reads covering a polymorphic site (lower sequencing 

depth) and thereby increasing the probability of the site getting removed during bioinformatic 

processing and filtering after sequencing (De Summa et al., 2017; Yu & Sun, 2013). Ancient 

DNA can therefore be expected to have lower S and π than high-quality modern DNA, which 

was the case for the ancient datasets in this study (Section 3.3, Table 3). All identical ancient 

haplotypes were removed from the analyses as the resampling of the same individual could not 

be ruled out. Because of this, the genetic diversity in the ancient population may be 

overestimated, and especially the hD may be inflated. Despite this, the S and π was higher in 

all modern datasets and the hD remained high across modern sampling locations. The temporal 

increase in genetic diversity is however likely an effect of ancient DNA degradation, rather 

than biological diversification. 

Coalescent Bayesian Skyline models of Ne over time using only modern samples, or both 

modern and dated ancient samples, show no increase in Ne over the past 5,000 years (Section 

3.6 Figure 15). The largely similar ancient and modern sequences result in high confidence 

intervals when the ancient samples are dated in the priors (see Section 3.6). This supports the 

lack of temporal genetic divergence indicated by the low absolute (Dxy) and relative (Φst) 

pairwise genetic distance analyses (Section 3.4, Figure 12) and intermixing of ancient and 

modern samples in the PCA’s (Section 3.2 Figures E-F), haplotype networks (Section 3.3 

Figure 10-11), and phylogenetic trees (Section 3.5 Figures H-I). 

Negative and significant TD and F values indicate population expansion in both ancient and 

modern Atlantic bluefin tuna (Section 3.3, Table 3). The intraspecific haplotype network is 

also consistent with population expansion as newer haplotypes are derived from a common 



 

54 
 

ancestral, central haplotype in a star-like constellation (Section 3.3, Figure 10). Female 

effective population size (Ne) was modelled over time under the Coalescent Bayesian Skyline 

(CBS) prior, resulting in temporal demographic plots showing population size increase over 

the past 10,000 years in all analyses (Section 3.6 Figure 15, Appendix B Figures S10-S11). 

This corroborates population expansion as indicated by the star-like haplotype network (Figure 

10), and negative and significant TD and F statistics (Section 3.3, Table 3 and Figure 9). In all 

CBS plots using non-introgressed Atlantic bluefin, the expansion begins around the time of the 

late glacial interstadial (LGI), which was the first extensive warming period after the last glacial 

maximum (LGM) (Ammann et al., 2013). 

Previous scientific studies have found genomic signatures of population expansion in the 

Atlantic bluefin mitochondrial genome (Boustany et al., 2008; Alvarado Bremer et al., 2005; 

Carlsson et al., 2004). Bremer et al. (2005) suggest re-colonization of the Mediterranean 

spawning area after the last glacial maximum (LGM) as a possible explanation for the 

population expansion. This period coincides with warming ocean temperatures and likely 

increased prey abundance; therefore Bremer et al. suggest habitat expansion for Atlantic 

bluefin. Unfavorable spawning conditions in the Mediterranean likely limited Atlantic bluefin 

reproduction to the Gulf of Mexico during the LGM (Cury et al., 1998), as the summer sea 

surface temperature was too cold for spawning (Cury et al., 1998; Schaefer, 2001; Thiede, 

1978). Subsequent invasion of the Mediterranean Sea and population growth during the 

Holocene (12,000-0 BP) may explain the genomic signatures of population expansion 

5.   Conclusion 

A comparison between ancient and modern Atlantic bluefin genomes may provide information 

about changes in genetic diversity and population structure, the time of introgression events 

and the genetic impacts of over-exploitation. In this study, mitochondrial genomes from 

Neolithic (3900-2350 BCE) Atlantic bluefin fishbone remains were compared against modern 

samples from all major spawning regions and the Norwegian coast foraging area, revealing no 

clear genetic divergence between ancient and modern populations and no loss in genetic 

diversity in the mitochondrial genome over the past ~4600 years. 

Intermixing of modern and ancient specimens in ordination-, network- and phylogenetic 

analyses, as well as high haplotype diversity across modern sampling locations indicate the 

preservation of mitochondrial haplotypes through time. The modern specimens had higher π 

and S, which was likely an effect of ancient DNA (aDNA) degradation and lower sequencing 
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depth. Analyses of intraspecific population structure did not support a clear pattern of 

population subdivision between the Eastern- and Western Atlantic stocks, indicating a lack of 

mitogenomic signatures for stock assignment. In addition, young of the year (YoY) bluefin 

samples from Mediterranean Sea indicated no genetic divergence between the three major 

spawning areas. Negative and significant Tajima’s D and Fu & Li’s F statistics across modern 

and ancient datasets and a star-like pattern in the intraspecific haplotype network signify 

population expansion. Coalescent Bayesian skyline analyses timed the expansion around the 

Late Glacial Interstadial (LGI), which was the first pronounced warming period after the Last 

Glacial Maximum (LGM).  

Interspecific analyses revealed patterns of hybridization and directional mitochondrial 

introgression from albacore and Pacific bluefin into the Atlantic bluefin at a low and similar 

rate of close to 3% among the modern samples from the Eastern management stock, which is 

consistent with previous studies (Rooker et al., 2007; Viñas & Tudela, 2009). No sign of 

introgression was found among the Western stock samples. One ancient specimen with an 

introgressed Pacific bluefin mitochondrial genome provides evidence for natural hybridization 

between Atlantic and Pacific bluefin in the Neolithic period. 

In summary, these result highlight the mitogenomic stability in Atlantic bluefin tuna over the 

past ~4600 years despite centuries of human exploitation. Similar results have been found in 

other marine predators with large distributions and intraspecific high geneflow, for example in 

recently published genomic studies of the Atlantic cod (Pinsky et al., 2021; Martínez-García et 

al., 2021). Further investigations are needed to establish or disprove fisheries-induced 

evolution or reductions nuclear genetic diversity, but conservation of mitochondrial haplotypes 

through time suggest that ecosystem impacts and reduced abundance may be more acute effects 

of the overfishing of Atlantic bluefin tuna. 
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Appendix A: Supplementary tables 
Table S1: Metadata for the ancient Atlantic bluefin specimens from Jortveit. The sample-ID’s of genetically 
indistinguishable and high missingness samples that were removed from population genomic analyses are marked 
with a star. 

Sample-ID Bone element Layer Shaft ID Coordinates Depth (cm) 
TUN001* Dentary F9-C61323 1 N 58.27736681 E 8.50065423 95 
TUN002 Cleithrum F15-C61323 2 N 58.27730617 E 8.50075421 125-130 
TUN003 Cleithrum F15-C61323 2 N 58.27730617 E 8.50075421 125-130 
TUN004 Atlas F15-C61323 2 N 58.27730617 E 8.50075421 125-130 
TUN005 Vertebrae F15-C61323 2 N 58.27730617 E 8.50075421 125-130 
TUN006 Vertebrae F15-C61323 2 N 58.27730617 E 8.50075421 125-130 
TUN023 Vertebrae F21-C61777 6 N 58.27733771 E 8.50067349 125-130 
TUN024 Vertebrae F21-C61777 6 N 58.27733771 E 8.50067349 125-130 

TUN025* Vertebrae F21-C61777 6 N 58.27733771 E 8.50067349 125-130 
TUN026* Vertebrae F21-C61777 6 N 58.27733771 E 8.50067349 125-130 
TUN027* Vertebrae F21-C61777 6 N 58.27733771 E 8.50067349 125-130 
TUN028* Vertebrae F21-C61777 6 N 58.27733771 E 8.50067349 125-130 
TUN029 Vertebrae F21-C61777 6 N 58.27733771 E 8.50067349 125-130 
TUN030 Vertebrae F21-C61777 6 N 58.27733771 E 8.50067349 125-130 
TUN031 Vertebrae F21-C61777 6 N 58.27733771 E 8.50067349 125-130 

TUN033* Vertebrae F21-C61777 6 N 58.27733771 E 8.50067349 125-130 
TUN034 Vertebrae F47-C62459 8 N 58.27733771 E 8.50067349 122 

TUN035* Vertebrae F57-C62459 9 N 58.27702482 E 8.50139877 42 
TUN036 Vertebrae F53-C62459 n.a. N 58.27736916 E 8.50125242 surface 
TUN037 Vertebrae F45-C62459 8 N 58.27618779 E 8.50118548 90-110 

TUN038* Vertebrae F57-C62459 9 N 58.27702482 E 8.50139877 42 
TUN039* Vertebrae F57-C62459 9 N 58.27736916 E 8.50125242 42 
TUN040 Vertebrae F38-C62459 7 N 58.27736916 E 8.50125242 35 
TUN041 Vertebrae F21- C61777 6 N 58.27711556 E 8.50163449 125-130 

TUN042* Vertebrae F57-C62459 9 N 58.27733771 E 8.50067349 42 
TUN043* Vertebrae F57-C62459 9 N 58.27736916 E 8.50125242 42 
TUN044 Vertebrae F57-C62459 9 N 58.27736916 E 8.50125242 42 

TUN045* Vertebrae F57-C62459 9 N 58.27736916 E 8.50125242 42 
TUN046* Vertebrae F57-C62459 9 N 58.27736916 E 8.50125242 42 
TUN047 Vertebrae F21- C61777 6 N 58.27736916 E 8.50125242 125-130 
TUN048 Vertebrae F58-C62459 9 N 58.27733771 E 8.50067349 42 

TUN050* Vertebrae F47-C62459 9 N 58.27736916 E 8.50125242 57 
TUN051* Vertebrae F57-C62459 8 N 58.27736916 E 8.50125242 122 
TUN052* Vertebrae F38-C62459 9 N 58.27702482 E 8.50139877 42 
TUN053 Vertebrae F21- C61777 7 N 58.27736916 E 8.50125242 35 

TUN054* Vertebrae F21- C61777 6 N 58.27711556 E 8.50163449 125-130 
TUN055 Vertebrae F57-C62459 6 N 58.27733771 E 8.50067349 125-130 
TUN056 Vertebrae F21- C61777 9 N 58.27733771 E 8.50067349 42 

TUN057* Vertebrae F21- C61777 6 N 58.27736916 E 8.50125242 125-130 
* Genetically indistinguishable and/or high missingness samples, excluded from population genomic analyses  
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Table S2: Metadata for the modern Atlantic bluefin specimens from Norway, including estimated curved fork 
length (CFL) and total wight (TW) where this was available. 

Sample-ID 
Extracted from 

tissue 
Coordinates Date sampled 

Estimated 
CFL (cm) 

Estimated 
TW (kg) 

M-TUN005 Powdered muscle N 63.65 E 7.95 07.09.2018 n.a. n.a. 

M-TUN006 Powdered muscle N 63.65 E 7.95 07.09.2018 n.a. n.a. 

M-TUN007 Powdered muscle N 63.65 E 7.95 07.09.2018 n.a. n.a. 

M-TUN008 Powdered muscle N 63.65 E 7.95 07.09.2018 n.a. n.a. 

M-TUN009 Powdered muscle N 63.65 E 7.95 07.09.2018 n.a. n.a. 

M-TUN010 Powdered muscle N 63.65 E 7.95 07.09.2018 n.a. n.a. 

M-TUN011 Powdered muscle N 63.65 E 7.95 07.09.2018 n.a. n.a. 

M-TUN012 Powdered muscle N 63.65 E 7.95 07.09.2018 n.a. n.a. 

M-TUN013 Powdered muscle N 63.65 E 7.95 07.09.2018 n.a. n.a. 

M-TUN014 Powdered muscle N 63.65 E 7.95 07.09.2018 n.a. n.a. 

M-TUN015 Fin skin N 62.90 E 6.00 01.09.2020 238 215.46 

M-TUN016 Fin skin N 62.90 E 6.00 01.09.2020 233 202.86 

M-TUN017 Fin skin N 62.90 E 6.00 01.09.2020 225 182.7 

M-TUN018 Fin skin N 62.90 E 6.00 01.09.2020 273 313.74 

M-TUN019 Fin skin N 62.90 E 6.00 01.09.2020 271 309.96 

M-TUN022 Fin skin N 62.90 E 6.00 01.09.2020 224 181.44 

M-TUN023 Fin skin N 62.90 E 6.00 01.09.2020 242 225.54 

M-TUN024 Fin skin N 62.90 E 6.00 01.09.2020 219 170.1 

M-TUN025 Fin skin N 62.90 E 6.00 01.09.2020 229 194.04 

M-TUN026 Fin skin N 62.90 E 6.00 01.09.2020 240 220.5 

M-TUN027 Fin skin N 62.90 E 6.00 01.09.2020 235 206.64 

M-TUN028 Fin skin N 62.90 E 6.00 01.09.2020 252 250.74 

M-TUN029 Fin skin N 62.90 E 6.00 01.09.2020 228 190.26 

M-TUN030 Fin skin N 62.90 E 6.00 01.09.2020 259 270.9 

M-TUN031 Fin skin N 62.90 E 6.00 01.09.2020 227 187.74 

M-TUN032 Fin skin N 62.90 E 6.00 01.09.2020 226 186.48 

M-TUN033 Fin skin N 62.90 E 6.00 01.09.2020 256 264.6 

M-TUN034 Fin skin N 62.90 E 6.00 01.09.2020 248 241.92 

M-TUN035 Fin skin N 62.90 E 6.00 01.09.2020 267 296.1 

M-TUN036 Fin skin N 62.90 E 6.00 01.09.2020 255 260.82 

M-TUN037 Fin skin N 62.90 E 6.00 01.09.2020 238 214.2 

M-TUN038 Fin skin N 62.90 E 6.00 01.09.2020 219 170.1 

M-TUN039 Fin skin N 62.90 E 6.00 01.09.2020 234 205.38 

M-TUN040 Fin skin N 62.90 E 6.00 01.09.2020 224 181.44 

M-TUN041 Fin skin N 62.90 E 6.00 01.09.2020 225 182.7 

M-TUN042 Fin skin N 62.90 E 6.00 01.09.2020 233 202.86 

M-TUN043 Fin skin N 62.90 E 6.00 01.09.2020 227 189 

M-TUN044 Fin skin N 62.90 E 6.00 01.09.2020 234 204.12 
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Table S3: Metadata for the modern Atlantic bluefin specimens from the Eastern- (EMED), Central- (CMED), and 
Western- (WMED) Mediterranean Sea, as well as specimens from the Gulf of Mexico (GOM) and albacore 
samples from the Bay of Biscay. Approximate coordinates are marked with a star. 

Sample-ID Location Coordinates 
Year & Season  

sampled 
Lifestage 

MA-CYPR-LS-0-315 EMED N 36.17 E 33.85 15/08/2013 YoY 
MA-CYPR-LS-0-330 EMED (N 36.17 E 33.85) * Summer of 2013 YoY 
MA-CYPR-LS-0-331 EMED (N 36.17 E 33.85) * Summer of 2013 YoY 
MA-CYPR-LS-0-34 EMED (N 36.17 E 33.85) * Summer of 2013 YoY 

MA-CYPR-LS-0-343 EMED (N 36.17 E 33.85) * Summer of 2013 YoY 
MA-CYPR-LS-0-347 EMED (N 36.17 E 33.85) * Summer of 2013 YoY 
MA-CYPR-LS-0-352 EMED (N 36.17 E 33.85) * Summer of 2013 YoY 
MA-CYPR-LS-0-41 EMED (N 36.17 E 33.85) * Summer of 2013 YoY 
MA-CYPR-LS-0-45 EMED (N 36.17 E 33.85) * Summer of 2013 YoY 
MA-CYPR-LS-0-49 EMED (N 36.17 E 33.85) * Summer of 2013 YoY 
MA-UNIB-SI-0-65 CMED (N 36.93 E 13.18) * Summer of 2013 YoY 
MA-UNIB-SI-0-67 CMED (N 36.93 E 13.18) * Summer of 2013 YoY 
MA-UNIB-SI-0-70 CMED (N 36.93 E 13.18) * Summer of 2013 YoY 
MA-UNIB-SI-0-77 CMED (N 36.93 E 13.18) * Summer of 2013 YoY 
MA-UNIB-SI-0-79 CMED (N 36.93 E 13.18) * Summer of 2013 YoY 
MA-UNIB-SI-0-81 CMED (N 36.93 E 13.18) * Summer of 2013 YoY 
MA-UNIB-SI-0-84 CMED (N 36.93 E 13.18) * Summer of 2013 YoY 
MA-UNIB-SI-0-89 CMED (N 36.93 E 13.18) * Summer of 2013 YoY 
MA-UNIB-SI-0-92 CMED (N 36.93 E 13.18) * Summer of 2013 YoY 
MA-IEO-BA-0-104 WMED N 39.28 W 0.04 22/09/2013 YoY 
MA-IEO-BA-0-107 WMED N 39.28 W 0.04 12/10/2013 YoY 
MA-IEO-BA-0-109 WMED N 39.28 W 0.04 13/10/2013 YoY 
MA-IEO-BA-0-110 WMED N 39.28 W 0.04 17/10/2013 YoY 
MA-IEO-BA-0-113 WMED N 39.28 W 0.04 25/10/2013 YoY 
MA-IEO-BA-0-121 WMED N 39.28 W 0.04 01/11/2013 YoY 
MA-IEO-BA-0-63 WMED N 39.28 W 0.04 15/09/2012 YoY 
MA-IEO-BA-0-67 WMED N 39.28 W 0.04 16/09/2012 YoY 
MA-IEO-BA-0-68 WMED (N 39.28 W 0.04) * Summer of 2013 YoY 
MA-IEO-BA-0-77 WMED N 39.28 W 0.04 16/09/2012 YoY 
MA-N17040108 GOM N 26.1198 W 87.7773 10.05.2017 Larva 
MA-N17040501 GOM N 25.8438 W 88.1328 12.05.2017 Larva 
MA-N18021808 GOM N 28.3327 W 87.2497 15.05.2018 Larva 
MA-N18021809 GOM N 28.3327 W 87.2497 15.05.2018 Larva 
MA-N18021810 GOM N 28.3327 W 87.2497 15.05.2018 Larva 
MA-W14050007 GOM N 26.5346 W 93.582 07.05.2014 Larva 
MA-W14050014 GOM N 26.5346 W 93.582 07.05.2014 Larva 
MA-W14050029 GOM N 27.0388 W 93.0033 08.05.2014 Larva 
MA-W14050096 GOM N 27.9963 W 87.761 20.05.2014 Larva 
MA-W14050097 GOM N 27.9963 W 87.761 20.05.2014 Larva 

MA-ALB_05 Bay of Biscay (N 44.46 W 3.12) * Summer of 2010 Juvinile (5-15 kg) 
MA-ALB_09 Bay of Biscay (N 44.46 W 3.12) * Summer of 2010 Juvinile (5-15 kg)) 
MA-ALB_12 Bay of Biscay (N 44.46 W 3.12) * Summer of 2010 Juvinile (5-15 kg) 
MA-ALB_21 Bay of Biscay (N 44.46 W 3.12) * Summer of 2010 Juvinile (5-15 kg) 
MA-ALB_24 Bay of Biscay (N 44.46 W 3.12) * Summer of 2010 Juvinile (5-15 kg) 
MA-ALB_27 Bay of Biscay (N 44.46 W 3.12) * Summer of 2010 Juvinile (5-15 kg) 

  *Approximate coordinates   
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Table S4: Laboratory protocols and process treatments for the ancient Atlantic bluefin specimens from Jortveit. 
One extract was diluted due to high concentration and is marked with a star.   

Sample-
ID 

Tissue 
Sand- 

blasted 
Milling 
powder 

Extraction 
protocol 

Date of 
extraction 

Qubit 
concentration 

Library protocol 

TUN001 Dentary Yes Fine DD 11.12.2018 3.3 M&K DS 
TUN002 Cleithrum No Fine DD 11.12.2018 1.24 M&K DS 
TUN003 Cleithrum No Fine DD 11.12.2018 0.48 M&K DS 
TUN004 Vertebrae Yes Fine DD 11.12.2018 1.27 M&K DS 
TUN005 Vertebrae Yes Fine DD 11.12.2018 1.02 M&K DS 
TUN006 Vertebrae Yes Fine DD 11.12.2018 2.7 M&K DS 
TUN023 Vertebrae Yes Fine bleDD 11.05.2020 n.a. M&K DS 
TUN024 Vertebrae Yes Fine bleDD 11.05.2020 n.a. M&K DS 
TUN025 Vertebrae Yes Fine bleDD 11.05.2020 n.a. M&K DS 
TUN026 Vertebrae Yes Fine bleDD 11.05.2020 n.a. M&K DS 
TUN027 Vertebrae Yes Fine bleDD 11.05.2020 n.a. M&K DS 
TUN028 Vertebrae Yes Fine bleDD 11.05.2020 n.a. M&K DS 
TUN029 Vertebrae Yes Fine bleDD 11.05.2020 n.a. M&K DS 
TUN030 Vertebrae Yes Fine bleDD 11.05.2020 n.a. M&K DS 
TUN031 Vertebrae Yes Fine bleDD 11.05.2020 n.a. M&K DS 
TUN033 Vertebrae Yes Fine bleDD 11.05.2020 n.a. M&K DS 
TUN034 Vertebrae No Coarse bleDD 07.07.2021 1.28 SC SS 
TUN035 Vertebrae No Coarse bleDD 07.07.2021 13.3 SC SS 
TUN036 Vertebrae No Coarse bleDD 07.07.2021 5.6 SC SS 
TUN037 Vertebrae No Coarse bleDD 07.07.2021 1.6 SC SS 
TUN038 Vertebrae No Coarse bleDD 07.07.2021 2.8 SC SS 
TUN039 Vertebrae No Coarse bleDD 07.07.2021 5.56 SC SS 
TUN040 Vertebrae No Coarse bleDD 07.07.2021 19.6 SC SS 
TUN041 Vertebrae No Coarse bleDD 07.07.2021 3.54 SC SS 
TUN042 Vertebrae No Coarse bleDD 07.07.2021 11 SC SS 
TUN043 Vertebrae No Coarse bleDD 07.07.2021 6.94 SC SS 
TUN044 Vertebrae No Coarse bleDD 07.07.2021 2.8 SC SS 
TUN045 Vertebrae No Coarse bleDD 07.07.2021 10.9 SC SS 
TUN046 Vertebrae No Coarse bleDD 26.06.2021 89.6 SC SS 
TUN047 Vertebrae No Coarse bleDD 26.06.2021 1.87 SC SS 
TUN048 Vertebrae No Coarse bleDD 26.06.2021 19.9 SC SS 
TUN050 Vertebrae No Coarse bleDD 26.06.2021 26 SC SS 
TUN051 Vertebrae No Coarse bleDD 26.06.2021 1.9 SC SS 
TUN052 Vertebrae No Fine bleDD 26.06.2021 36 SC SS 
TUN053 Vertebrae Yes Fine bleDD 26.06.2021 78.8 SC SS 
TUN054 Vertebrae No Fine bleDD 26.06.2021 25.2* SC SS 
TUN055 Vertebrae No Fine bleDD 26.06.2021 3.18 SC SS 
TUN056 Vertebrae No Fine bleDD 26.06.2021 3.06 SC SS 
TUN057 Vertebrae Yes Fine bleDD 26.06.2021 1.4 SC SS 

      *After 1:1 dilution. (Before dilution: >120) 
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Table S5: Laboratory protocols for the modern Atlantic bluefin specimens from Norway. Samples that were 
concentrated to increase DNA concentration are marked with a star. 

Sample-ID Tissue 
Extraction  

protocol 
Date of 

extraction 
Qubit 

concentration 
M-TUN005 powdered muscle Qiagen B&T 23.07.2019 5.5* 

M-TUN006 powdered muscle Qiagen B&T 23.07.2019 20.6 

M-TUN007 powdered muscle Qiagen B&T 23.07.2019 20 

M-TUN008 powdered muscle Qiagen B&T 30.10.2019 4.45* 

M-TUN009 powdered muscle Qiagen B&T 30.10.2019 9.24* 

M-TUN010 powdered muscle Qiagen B&T 30.10.2019 5.2* 

M-TUN011 powdered muscle Qiagen B&T 30.10.2019 10.16 

M-TUN012 powdered muscle Qiagen B&T 30.10.2019 5.088* 

M-TUN013 powdered muscle Qiagen B&T 30.10.2019 11.7 

M-TUN014 powdered muscle Qiagen B&T 30.10.2019 6.02 

M-TUN015 fin clip Qiagen B&T 27.11.2020 53.4 

M-TUN016 fin clip Qiagen B&T 27.11.2020 43.75 

M-TUN017 fin clip Qiagen B&T 27.11.2020 31.4 

M-TUN018 fin clip Qiagen B&T 27.11.2020 83.7 

M-TUN019 fin clip Qiagen B&T 27.11.2020 27.25 

M_TUN020 fin clip Qiagen B&T 27.11.2020 41.75 

M_TUN021 fin clip Qiagen B&T 27.11.2020 13.4 

M-TUN022 fin clip Qiagen B&T 27.11.2020 44 

M-TUN023 fin clip Qiagen B&T 27.11.2020 91.9 

M-TUN024 fin clip Qiagen B&T 27.11.2020 28.5 

M-TUN025 fin clip Qiagen B&T 27.11.2020 81.3 

M-TUN026 fin clip Qiagen B&T 27.11.2020 58.75 

M-TUN027 fin clip Qiagen B&T 27.11.2020 19.05 

M-TUN028 fin clip Qiagen B&T 27.11.2020 23.6 

M-TUN029 fin clip Qiagen B&T 27.11.2020 73.4 

M-TUN030 fin clip Qiagen B&T 29.11.2020 70.5 

M-TUN031 fin clip Qiagen B&T 29.11.2020 38.7 

M-TUN032 fin clip Qiagen B&T 29.11.2020 41.2 

M-TUN033 fin clip Qiagen B&T 29.11.2020 48.3 

M-TUN034 fin clip Qiagen B&T 29.11.2020 31.95 

M-TUN035 fin clip Qiagen B&T 29.11.2020 21.8 

M-TUN036 fin clip Qiagen B&T 29.11.2020 43.2 

M-TUN037 fin clip Qiagen B&T 29.11.2020 36.05 

M-TUN038 fin clip Qiagen B&T 29.11.2020 36.25 

M-TUN039 fin clip Qiagen B&T 29.11.2020 43.75 

M-TUN040 fin clip Qiagen B&T 29.11.2020 32.55 

M-TUN041 fin clip Qiagen B&T 29.11.2020 66.5 

M-TUN042 fin clip Qiagen B&T 29.11.2020 20.4 

M-TUN043 fin clip Qiagen B&T 29.11.2020 32.55 

M-TUN044 fin clip Qiagen B&T 29.11.2020 71.85 

    * after SpeedVac concentration 
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Table S6: Pacific bluefin whole genome raw sequences downloaded from the DDBJ database (Kodama et al., 
2012).  

Sample-ID DDBJ identifier Filename Last modified 

PAC-DRR177383 DRA008331 
DRR177383_1.fastq.bz2 

12.04.2019 
DRR177383_2.fastq.bz2 

PAC-DRR177395 DRA008331 
DRR177395_1.fastq.bz2 

12.04.2019 
DRR177395_2.fastq.bz2 

PAC-DRR177400 DRA008331 
DRR177400_1.fastq.bz2 

12.04.2019 
DRR177400_2.fastq.bz2 

PAC-DRR177401 DRA008331 
DRR177401_1.fastq.bz2 

12.04.2019 
DRR177401_2.fastq.bz2 

PAC-DRR177402 DRA008331 
DRR177402_1.fastq.bz2 

12.04.2019 
DRR177402_2.fastq.bz2 

PAC-DRR177403 DRA008331 
DRR177403_1.fastq.bz2 

12.04.2019 
DRR177403_2.fastq.bz2 

PAC-DRR177404 DRA008331 
DRR177404_1.fastq.bz2 

12.04.2019 
DRR177404_2.fastq.bz2 

PAC-DRR177405 DRA008331 
DRR177405_1.fastq.bz2 

12.04.2019 
DRR177405_2.fastq.bz2 

PAC-DRR177406 DRA008331 
DRR177406_1.fastq.bz2 

12.04.2019 
DRR177406_2.fastq.bz2 

URL: https://ddbj.nig.ac.jp/public/ddbj_database/dra/fastq/DRA008/DRA008331/DRX167946/ 
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Table S7: Filtering options used when generating the datasets used in this thesis. The bcftools explanations are 
adapted from GATK (2022b) and vcftools explanations are adapted from the VCFtools v.0.1.16 documentation 
(Auton & Marcketta, 2015). 

  

Option Threshold Specification 

bcftools: 
Fisher Strand  

(FS) 
<60.0 

Removes variants with FS score above 60 (threshold recommended by 
GATK)  

indicating high probability of stand bias. 

FS is the probability that an alternate allele occurs more frequent, or less 
frequent, on the forward or reverse strand compared to the reference allele. 

This is called strand bias and can cause biased evaluation of one DNA strand 
over another. The FS score is Phred-scaled, and a strand without bias will 

have FS = 0. 

bcftools: 
Strand Odds 
Ratio (SOR) 

<4.0 

Removes variants with SOR score above 4, indicating high probability of 
stand bias. 

Sites that have more reads in one direction than the other tends to be 
penalized by the FS filter. While both filters penalize strand bias, SOR 

considers the ratio of reads that cover the reference allele and the alternate 
allele at each site.  

bcftools:  
RMS Mapping  
Quality (MQ) 

>30.0 

Removes variants with low root mean square (RMS) mapping quality.  

Since the RMS mapping quality includes the standard deviation of the 
mapping qualities of reads across samples at each site, this filter allows for 
variation within the jointly filtered dataset. Although variation should be 

included, a high standard deviation may include sites that vary far from the 
mean. Good mapping quality typically gives a MQ score of 60 at the site. 

GATK recommends filtering MQ>40. Lowering the MQ filtering threshold 
allows for more variation in the dataset. 

bcftools: 
Quality by 

depth  
(QD) 

> 2.0 

Removes variants with QD score below 2 (threshold recommended by 
GATK) 

𝑄𝐷 =  
𝑉𝑎𝑟𝑖𝑎𝑛𝑡 𝑐𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒

𝑆𝑒𝑞𝑢𝑒𝑛𝑐𝑖𝑛𝑔 𝑑𝑒𝑝𝑡ℎ
 

The QD value is a normalization of the variant quality, to avoid inflated 
quality values at high coverage sites. 

bcftools:  
SnpGap 

10 Removes SNPs that are within 10 bp of an insertion or deletion (indel). 

vcftools:  
minGQ 

> 15.0 

Excludes genotypes with GQ score below 15. 

GQ = -10log10(Error Rate)          (Wall et al., 2014)   . 

Genotypes with w high sequencing error rate will have a low GQ score. 

vcftools:  
minDP 

> 2.0 
Excludes genotypes with read depth (DP) lower than 2, so that sites which are 

represented only once within all the reads are removed.  
Sites sequenced twice or more are included. 

vcftools:  
remove-indels 

n.a. 
Removes variants that alters the length of the allele compared to the 

reference, i.e., insertion/deletion mutations. 
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Table S8: Outgroup samples downloaded from GenBank. Some of the sequences had to be curated to start in the 
D-loop to match the Atlantic bluefin samples.  

Sample-ID 
Genbank 

accession nr. 
Date 

submitted 
D-loop location 

Restarted 
in D-loop 

pelamis_GU256527_1 GU256527.1 03.12.2009 1..853 No 

pelamis_NC_005316_1 NC_005316.1 28.01.2003 1..853 No 

pelamis_KM605252_1 KM605252.1 22.09.2014 15663..16515 Yes 

pelamis_JN086155_1 JN086155.1 03.06.2011 15663..16516 Yes 

alalunga_ GU256526_1 GU256526.1 03.12.2009 1..866 No 

alalunga_NC_005317_1 NC_005317.1 28.01.2003 1..866 No 

alalunga_ JN086151_1 JN086151.1 03.06.2011 15663..16527 Yes 

alalunga_ KP259549_1 KP259549.1 08.12.2014 1..865 No 

orientalis_ GU256524_1 GU256524.1 02.12.2009 1..865 No 

orientalis_ KF906721_1 KF906721.1 26.11.2013 15663..16529 Yes 

orientalis_ NC_008455_1 NC_008455.1 15.07.2004 15663..16527 Yes 

orientalis_ LC377898_1 LC377898.1 23.03.2018 15663..16527 Yes 
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Table S9: Summary statistics from Paleomix for the ancient Atlantic bluefin specimens from Jortveit. The clonality 
and endogenous contents are calculated from the alignment to the nuclear reference genome. Extraction blanks 
are colored grey. 

Sample-ID 
Reads 

(millions) 
Clonality 

(%) 
Endogenous  

DNA (fraction) 
Mitochondrial 

coverage 
Nuclear 
coverage 

Mean 
fragment 

length (bp) 
TUN001 22 15 0.01 1 0.01 124 
TUN002 32 20 0.06 6 0.15 74 
TUN003 42 21 0.13 13 0.45 64 
TUN004 21 19 0.16 7 0.23 62 
TUN005 31 13 0.50 38 1.15 62 
TUN006 20 12 0.60 64 1.17 78 
TUN023 5 19 0.25 5 0.10 77 
TUN024 16 22 0.13 5 0.16 66 
TUN025 17 21 0.47 16 0.59 63 
TUN026 3 20 0.22 2 0.05 80 
TUN027 13 23 0.44 13 0.45 66 
TUN028 20 19 0.44 17 0.63 64 
TUN029 26 15 0.49 26 1.01 67 
TUN030 8 19 0.33 7 0.19 66 
TUN031 10 21 0.18 3 0.12 70 
TUN033 2 17 0.48 2 0.08 66 
TUN034 6 7 0.33 10 0.24 100 
TUN035 6 6 0.02 1 0.01 79 
TUN036 88 5 0.18 107 1.80 109 
TUN037 19 5 0.26 32 0.53 101 
TUN038 9 6 0.34 17 0.31 86 
TUN039 14 7 0.33 25 0.52 101 
TUN040 12 6 0.03 3 0.05 109 
TUN041 47 4 0.55 85 2.66 88 
TUN042 14 8 0.22 20 0.28 81 
TUN043 11 6 0.15 8 0.16 95 
TUN044 16 6 0.32 31 0.49 85 
TUN045 15 6 0.03 4 0.05 97 
TUN046 13 7 0.08 9 0.10 106 
TUN047 11 7 0.14 3 0.16 113 
TUN048 15 6 0.11 12 0.18 120 
TUN050 15 7 0.12 11 0.24 119 
TUN051 12 6 0.12 10 0.16 111 
TUN052 29 7 0.00 0 0.00 122 
TUN053 14 9 0.15 12 0.22 116 
TUN054 14 7 0.03 3 0.04 107 
TUN055 93 4 0.54 151 4.17 75 
TUN056 25 4 0.37 24 0.88 90 
TUN057 9 6 0.11 2 0.11 121 

GF044NCA 1 29 0.00 0 0.00 91 
GF095NCE 5 15 0.00 0 0.00 87 
EE011NCE1 0 8 0.00 0 0.00 92 
EE013NCE1 0 0 0.00 0 0.00 95 
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Table S10: Summary statistics from Paleomix for the modern Atlantic bluefin specimens from Norway. The 
clonality and endogenous contents are calculated from the alignment to the nuclear reference genome. 

Sample-ID 
Reads 

(millions) 
Clonality 

(%) 
Endogenous 

DNA (fraction) 
Mitochondrial 

coverage 
Nuclear 
coverage 

Mean fragment 
length (bp) 

M-TUN005 75 16 0.69 2784 16.18 178 
M-TUN006 59 13 0.73 1019 14.86 170 
M-TUN007 56 13 0.73 1508 13.96 172 
M-TUN008 79 9 0.75 1150 19.77 178 
M-TUN009 69 9 0.76 823 17.68 172 
M-TUN010 79 10 0.75 1633 20.48 169 
M-TUN011 73 8 0.77 1163 19.16 170 
M-TUN012 76 9 0.75 1811 19.02 175 
M-TUN013 90 9 0.76 1960 23.35 171 
M-TUN014 93 10 0.75 2345 24.05 171 
M-TUN015 21 10 0.76 273 5.43 168 
M-TUN016 19 11 0.75 307 4.83 168 
M-TUN017 23 8 0.78 296 5.84 168 
M-TUN018 19 9 0.76 247 4.68 170 
M-TUN019 18 10 0.76 283 4.59 166 
M-TUN022 22 9 0.76 370 5.38 170 
M-TUN023 22 10 0.75 260 5.75 168 
M-TUN024 33 11 0.75 512 8.45 169 
M-TUN025 22 9 0.77 228 5.73 167 
M-TUN026 19 10 0.75 251 4.90 168 
M-TUN027 19 9 0.76 520 4.78 168 
M-TUN028 17 8 0.77 286 4.28 166 
M-TUN029 17 8 0.77 263 4.28 167 
M-TUN030 23 9 0.77 301 5.91 168 
M-TUN031 23 11 0.75 381 5.76 169 
M-TUN032 21 10 0.76 389 5.43 169 
M-TUN033 25 9 0.76 343 6.42 168 
M-TUN034 25 10 0.76 349 6.53 166 
M-TUN035 22 10 0.75 448 5.44 168 
M-TUN036 23 8 0.77 419 5.89 169 
M-TUN037 27 8 0.77 687 6.79 166 
M-TUN038 22 7 0.78 543 5.49 168 
M-TUN039 22 10 0.75 458 5.59 169 
M-TUN040 18 10 0.76 417 4.73 166 
M-TUN041 24 10 0.76 472 6.10 167 
M-TUN042 23 9 0.76 356 5.70 168 
M-TUN043 24 8 0.77 419 5.80 166 
M-TUN044 24 10 0.75 425 5.92 169 
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Table S11: Summary statistics from Paleomix for the modern Atlantic bluefin specimens from the Gulf of Mexico 
(MA-N1*, MA-W1*), and the Eastern- (MA-CYPR*), Central- (MA-UNIB*), and Western- (MA-IEO*) 
Mediterranean Sea. The clonality and endogenous contents are calculated from the alignment to the nuclear 
reference genome. 

Sample-ID 
Reads 

(millions) 
Clonality 

(%) 
Endogenous 

DNA (fraction) 
Mitochondrial 

coverage 
Nuclear 
coverage 

Mean 
fragment 

length (bp) 
MA-CYPR-LS-0-315 24 2 0.68 716 2.28 112 
MA-CYPR-LS-0-330 25 2 0.68 704 2.54 124 
MA-CYPR-LS-0-331 22 2 0.69 336 2.22 118 
MA-CYPR-LS-0-34 13 1 0.80 445 2.23 156 

MA-CYPR-LS-0-343 48 2 0.48 2089 3.64 120 
MA-CYPR-LS-0-347 37 2 0.49 1600 2.63 115 
MA-CYPR-LS-0-352 31 3 0.67 708 2.72 105 
MA-CYPR-LS-0-41 21 2 0.72 230 1.88 102 
MA-CYPR-LS-0-45 19 2 0.71 363 1.65 100 
MA-CYPR-LS-0-49 23 2 0.73 538 2.14 103 
MA-UNIB-SI-0-65 36 2 0.35 1180 1.53 122 
MA-UNIB-SI-0-67 32 2 0.30 666 1.50 126 
MA-UNIB-SI-0-70 54 3 0.60 1385 2.53 69 
MA-UNIB-SI-0-77 38 2 0.61 448 1.81 71 
MA-UNIB-SI-0-79 32 2 0.71 745 2.99 106 
MA-UNIB-SI-0-81 45 3 0.55 530 2.88 104 
MA-UNIB-SI-0-84 36 2 0.35 176 2.10 128 
MA-UNIB-SI-0-89 62 3 0.58 705 3.24 81 
MA-UNIB-SI-0-92 51 4 0.58 533 1.85 60 
MA-IEO-BA-0-104 24 2 0.68 1021 1.66 83 
MA-IEO-BA-0-107 27 2 0.70 660 2.63 112 
MA-IEO-BA-0-109 14 2 0.59 574 1.05 104 
MA-IEO-BA-0-110 20 2 0.70 396 1.37 81 
MA-IEO-BA-0-113 26 2 0.66 840 2.58 119 
MA-IEO-BA-0-121 46 3 0.61 1462 2.61 80 
MA-IEO-BA-0-63 63 4 0.58 1212 2.67 67 
MA-IEO-BA-0-67 60 4 0.57 1183 2.21 62 
MA-IEO-BA-0-68 41 2 0.69 410 3.22 95 
MA-IEO-BA-0-77 74 3 0.65 460 3.91 70 
MA-N17040108 80 2 0.66 696 4.27 69 
MA-N17040501 51 2 0.38 972 2.42 111 
MA-N18021808 30 2 0.49 565 1.71 106 
MA-N18021809 52 2 0.56 881 3.28 100 
MA-N18021810 44 2 0.47 966 3.63 128 
MA-W14050007 26 2 0.69 319 1.67 78 
MA-W14050014 46 2 0.69 49 2.85 75 
MA-W14050029 26 2 0.65 34 1.37 67 
MA-W14050096 67 3 0.55 910 4.78 102 
MA-W14050097 53 2 0.60 430 2.45 66 
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Table S12: Summary statistics from Paleomix for the modern albacore specimens from the Bay of Biscay. The 
clonality and endogenous contents are calculated from the alignment to the nuclear reference genome. 

Sample-ID 
Reads 

(millions) 
Clonality 

(%) 
Endogenous  

DNA (fraction) 
Mitochondrial 

coverage 
Nuclear 
coverage 

Mean 
fragment 

length (bp) 
MA-ALB_05 37 3 0.59 277 2.68 99 
MA-ALB_09 19 2 0.66 219 1.77 117 
MA-ALB_12 28 2 0.65 103 2.76 124 
MA-ALB_21 27 2 0.66 377 1.59 74 
MA-ALB_24 12 2 0.70 243 1.01 95 
MA-ALB_27 25 2 0.68 109 2.01 99 

 
 
 
 
 
Table S13: Summary statistics from Paleomix for the modern albacore specimens from the Bay of Biscay. The 
clonality and endogenous contents are calculated from the alignment to the nuclear reference genome. 

 

Sample-ID 
Reads 

(millions) 
Clonality 

(%) 
Endogenous  

DNA (fraction) 
Mitochondrial 

coverage 
Nuclear 
coverage 

Mean 
fragment 

length (bp) 
PAC-DRR177383 121 14 0.72 2657 31.83 152 
PAC-DRR177395 127 11 0.74 5107 34.79 151 
PAC-DRR177400 109 8 0.76 2346 30.79 151 
PAC-DRR177401 112 12 0.73 1361 30.25 151 
PAC-DRR177402 107 8 0.76 4005 30.34 151 
PAC-DRR177403 112 11 0.75 3345 31.03 151 
PAC-DRR177404 99 9 0.76 3061 27.70 151 
PAC-DRR177405 126 10 0.75 3465 34.85 151 
PAC-DRR177406 114 10 0.74 4555 31.52 151 
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Table S14: Population genomic statistics comparing jointly (joint) and separately (sep.) called and filtered 
datasets. The input-file for all the joint values was the AllABFT dataset.  

 S π TD F 
Subset sep. joint sep. joint sep. joint sep. joint 

JortveitAll 54 79 0.0003 0.0005 
-2.562 
(**) 

-2.614 
(**) 

-3.731 
(**) 

-2.554 
(*) 

JortveitExIntrog 16 16 0.0001 0.0001 
-2.177 
(**) 

-2.177 
(**) 

-2.687 
(*) 

-2.569 
(*) 

NorwayAll 608 606 0.0049 0.0048 
-1.714 
(n.s.) 

-1.715 
(n.s.) 

-0.3191 
(n.s.) 

-0.183 
(n.s.) 

NorwayExIntrog 182 156 0.0012 0.0009 
-2.109 

(*) 
-2.225 
(**) 

-2.522 
(*) 

-2.891 
(*) 

EMED 86 63 0.0013 0.0009 
-1.464 
(n.s.) 

-1.619 
(n.s.) 

-1.636 
(n.s.) 

-1.347 
(n.s.) 

CMED 79 64 0.0012 0.0009 
-1.703 
(n.s.) 

-1.861 
(*) 

-1.804 
(n.s.) 

-1.919 
(n.s.) 

WMEDAll 460 454 0.0059 0.0058 
-2.059 
(**) 

-2.062 
(**) 

-2.374 
(**) 

-1.754 
(n.s.) 

WMEDExIntrog 68 54 0.0011 0.0008 
-1.497 
(n.s.) 

-1.609 
(n.s.) 

-1.605 
(n.s.) 

-1.704 
(n.s.) 

GOM 67 50 0.0009 0.0007 
-1.754 

(*) 
-1.858 

(*) 
-1.980 
(n.s.) 

-1.744 
(n.s.) 

modernABFT 664 664 0.0034 0.0034 
-2.080 

(*) 
-2.080 

(*) 
-0.796 
(n.s.) 

-0.697 
(n.s.) 

modernExIntrog 268 236 0.0011 0.0008 
-2.378 

(*) 
-2.481 
(**) 

-3.888 
(**) 

-3.905 
(*) 
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Table S15: Φst P-values from Arlequin for the AllABFT and AllExIntrog datasets, corresponding to Figure 12A) 
and 12B) respectively. 

 

AllABFT: 

 

Ancient 
All 

Norway 
All 

EMED CMED 
WMED 

All 
GOM 

Ancient 
All 

  
0.98926 

+- 0.0033   
0.48145 

+- 0.0150 
  0.29492 

+- 0.0130   
  0.76953 

+- 0.0083   
0.38672 

+- 0.0183 

Norway 
All 

    
0.51465 

+- 0.0186   
0.25195 

+- 0.0136   
0.80469 

+- 0.0121   
0.29199 

+- 0.0148   

EMED       
0.16602 

+- 0.0097 
0.21387 

+- 0.0158 
0.43652 

+- 0.0185 

CMED         
  0.82031 

+- 0.0119   
0.35254 

+- 0.0148 

WMED 
All 

          
  0.16699 

+- 0.0131   

GOM             

 
 
AllExIntrog: 

 

Ancient 
ExIntrog 

Norway 
ExIntrog 

EMED CMED 
WMED 
ExIntrog 

GOM 

Ancient 
ExIntrog 

  
  0.87207 

+- 0.0106   
0.50195 

+- 0.0147   
  0.15723 
+- 0.0112 

0.13379 
+- 0.0111   

0.34863 
+- 0.0122 

Norway 
Exintrog 

    
  0.64648 

+- 0.0156   
  0.42676 

+- 0.0159   
  0.52832 

+- 0.0186   
  0.45703 

+- 0.0155   

EMED       
0.60449 

+- 0.0168   
0.68262 

+- 0.0143   
0.27734 

+- 0.0133   

CMED         
0.79688 

+- 0.0116   
0.37402 

+- 0.0102 

WMED 
ExIntrog 

          
0.16406 

+- 0.0110   

GOM             
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Table S16: Substitution models used for each dataset in different analyses. All models were selected according to 
the Bayesian Information Criterion (BIC) (Schwarz, 1978). The references for the selected models are listed 
below. 

Analysis 
Program used for 

model testing 
Dataset 

Selected 
model* 

ML 
phylogeny 

ModelFinder Plus 
All_alb + all outgroups TIM2 

AllExIntrog + Pacific bluefin outgroup HKY 
MrBayes 

phylogeny 
jModelTest 

All_alb + all outgroups K81uf 
AllExIntrog + Pacific bluefin outgroup TN93 

BEAST 
phylogeny 

bModelTest 
All_alb + all outgroups TN93 

AllExIntrog + Pacific bluefin outgroup TN93 
PHIst 

divergence 
analyses 

jModelTest 
and 

bModelTest 

AllABFT TN93 

AllExIntrog TN93 

Coalescent 
Bayesian 
Skyline 
analyses 

bModelTest 

AncientAll HKY 
AncientExIntrog HKY 

modernABFT TN93 
modernExIntrog TN93 

AllABFT TN93 
AllExIntrog TN93 

* Substitution model references: 

 TN93: (Tamura & Nei, 1993) 

 HKY: (Hasegawa et al., 1985) 

 K81uf: (Kimura, 1981) with unequal base frequencies as per (Posada, 2003) 

 TIM2: (Posada, 2003; Rodríguez et al., 1990) 
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Appendix B: Supplementary figures 

 
Figure S1: Photographs of all ancient Atlantic bluefin specimens from Jortveit which were processed in this thesis.  
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Figure S2: Fragment Analyzer plots from the trial runs of the SCR library protocol, using ancient sample TUN028. 
Using a high adaptor concentration resulted in short fragment dimers dominating the sample. 
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Figure S3: Examples of Nanodrop results of  first and second elutions of two of the modern Atlantic bluefin 
specimens from Norway. First elutions showed a big peak at in absorbance at aound 260 nm wavelength, 
indicating clean DNA. Low absorbance at other wavelengths indicating low pollution in the sample. Second 
elutions had a flatter curve. 
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Figure S4: Example of an electrophoresis gel containing first and second elutions of three of the modern Atlantic 
bluefin specimens from Norway. Longer reads and more DNA indicate higher quality of the first elutions. 

 

 

Figure S5: Fragmentation (upper panels) and misincorporation (lower panels) plots from mapDamage v.2.0.9, 
of the albacore (A) and pacific bluefin (B) samples. The fragmentation plots show the base frequency inside and 
surrounding the read, where the grey box indicates the location of where the reads have mapped to the reference. 
The misincorporation plots show the rate of substitutions along the positions of the read ends, relative to the 
reference (Red: C to T. Blue: G to A. Grey: All other substitutions. Green: Deletions. Purple: Insertions. Orange: 
Soft-clipped bases) 
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Figure S6: MrBayes Bayesian interspecific phylogeny of all samples (dataset All_alb) and outgroups (Appendix 

A, Table S8). Posterior probability values over 0.8 are added in green.  
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Figure S7: BEAST 2 Bayesian interspecific phylogeny of all samples (dataset All_alb) and outgroups (Appendix 
A, Table S8). Posterior probability values over 0.8 are added in blue. 

 

  



 

90 
 

 
Figure S8: BEAST 2 Bayesian intraspecific phylogeny of non-introgressed Atlantic bluefin individuals (dataset 
AllExIntrog), using a Pacific bluefin individual as outgroup. Posterior probability values over 0.8 are added in 
blue.  
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Figure S9: MrBayes Bayesian intraspecific phylogeny of non-introgressed Atlantic bluefin individuals (dataset 
AllExIntrog), using a Pacific bluefin individual as outgroup. Posterior probability values over 0.8 are added in 
green.  
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Figure S10: Female effective population size (Ne) modelled back in time, showing coalescent Bayesian Skyline 
(CBS) plots of only the ancient Atlantic bluefin samples. The Late Glacial Interstadial (LGI) is marked in the plot. 
The 95% confidence intervals are marked in dark brown. 
 

 

 

 

 
Figure S11: Female effective population size (Ne) modelled back in time, showing coalescent Bayesian Skyline 
(CBS) plots of modern and non-dated ancient samples. In these analyses, the anciet samples were treated as if 
they were modern by the model. Two major climatic periods are marked in the plot: The Last Glacial Maximum 
(LGM) and the Late Glacial Interstadial (LGI). The 95% confidence intervals are marked in dark brown. 
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Figure S12: Result from exploratory analysis, including all samples prior to omission of identical- and high 
missingness samples. The plot shows the missing loci (white) and the presence of second alleles (dark brown). 
Samples that were excluded from subsequent population genomic analyses are marked with a dark brown circle 
by the sample name.  
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Figure S13: Result from exploratory analysis, including all samples prior to omission of identical- and high 
missingness samples. The plot shows an interspecific PCA. Samples that were excluded from subsequent 
population genomic analyses are marked with the sample name in dark brown. Sample names in parentheses 
indicate diverging samples that were kept in the population genomic analyses. 

  



 

95 
 

 

Figure S14: Result from exploratory analysis, including all samples prior to omission of identical- and high 
missingness samples. The figure shows an interspecific Maximum Likelihood (ML) phylogeny of all samples, using 
skipjack tuna (K. pelamis) as outgroup. Bootstrap values over 80 are shown in pink. Samples that were excluded 
from subsequent population genomic analyses are marked with a dark brown circle by the sample name. 
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Appendix C: Supplementary descriptions 

Extraction protocol optimization for modern samples from Norway 

The modern samples from Norway were using the DNeasy Blood & Tissue kit (Qiagen) and 

following the “Purification of Total DNA from Animal Tissues (Spin-Column Protocol)” from 

the manufacturer (DNeasy Blood & Tissue Handbook 07/2006, page 28-30) with modifications 

for optimal lysis and DNA yield. Sample tissue used in extraction was eight thin slices from 

each fin clip from the 2020-batch of modern samples, and 10 μL of freeze-dried muscle tissue 

from the 2018-batch of modern samples. 

Modifications to the Spin-Column Protocol included using 30 μL of protein kinase instead of 

20 μL, increasing the amount of ATL buffer from 180 μL to 300 μL, and adding 50 μL of 1M 

dithiothreitol (DTT) to the sample tube before lysis incubation. Increasing the amount of ATL 

buffer and protein kinase allowed for using more tissue from each sample, making sure the 

tissue was completely immersed in fluid during incubation. DTT is a widely used reagent in 

molecular biology, and is expected to facilitate protein digestion during in vitro reactions 

(Cantu et al., 2022; Fjelstrup et al., 2017; Kucera & Heidinger, 2018; Rohland et al., 2010). 

DTT is an electron donor which acts to stabilize enzymes by keeping the proteins in a reduced 

state (Fjelstrup et al., 2017). Compounds containing thiol are also known to protect DNA 

molecules from damage caused by oxygen and nitrogen radicals when used in the right 

concentration (Fjelstrup et al., 2017; Sölen et al., 1991). To create a 1M working solution, 3.09 

g DTT powder was dissolved in 20 mL MilliQ water and stored at -20°C in 1 mL aliquots. 

Lysis time varied from down to 1 hour for the fin clip samples, to overnight incubation of the 

muscle tissue samples. After lysis was complete, 7 μL RNase A 10mg/mL was added to the 

sample tubes before they were incubated for 2 minutes at room temperature. RNase A digestion 

is recommended by Qiagens Spin-Column Protocol (DNeasy Blood & Tissue Handbook 

07/2006, page 28-30) to reduce RNA content when isolating genomic DNA, as RNA may 

copurify with DNA and interfere with subsequent quality control analyses and sequencing. To 

prevent filter clogging, samples were centrifuged for 2 min at 13000 rpm after lysis and RNase 

A digestion, and fluid was transferred to a new tube, leaving the sediment at the bottom. 

The volume of Buffer AL and ethanol added to the samples was increased from 200 μL 

(DNeasy Blood & Tissue Handbook 07/2006, page 28-30) to 360 μL. Centrifugation speed was 

increased from 8000 rpm to 13000 rpm in step 4 and 5 of Qiagens Spin-Column Protocol 

(DNeasy Blood & Tissue Handbook 07/2006, page 28-30). Although increasing the 
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centrifugation speed during wash may cause some loss of DNA, this was preferred to ensure 

that buffer and contaminants were thoroughly removed. Elution was preformed using 105 μL 

and 200 μL Buffer EB (10 mM Tris-Cl) (Qiagen) for the fin-clip samples and powdered muscle 

samples respectively. To increase the release of DNA from the spin column membrane, the 

buffer EB was pre-heated to 50°C and allowed to incubate in the column for 10 minutes before 

centrifugation at 13000 rpm. The elution was preformed twice for each sample, resulting in 

two 105/200 μL tubes of finished extract. 5 μL of DNA isolate from each elution was aliquoted 

into a PCR strip and used for quantity and quality analysis of the DNA extract. 

R-packages used in population genomic analyses 

 vcfR (data loading) (Knaus & Grünwald, 2017) 

 adegenet (ordination analysis) (Jombart, 2008) 

 ape (phylogenetic analyses) (Paradis et al., 2004) 

 pegas (population genomic statistics) (Paradis, 2010) 

 ggplot in tidyverse (visualization) (Wickham et al., 2019) 

 gridExtra (visualization) (Auguie and Antonov 2017) 

 lemon (visualization) (Edwards 2017) 

Identical modern samples 

Several identical modern samples were identified by the python script. These samples were 

identical at both minDP2 and minDP3 filtering. Due to the sampling method ensuring different 

individuals, these samples were kept. It should be noted that the python script only counted the 

presence of base pair differences, conservatively ignoring gaps or missing positions as unique 

features. Therefore, these samples may be interpreted as unique by other, less conservative 

programs which may acknowledge gaps or missing sites as unique features. 

 M-TUN013 = M-TUN043 

 M-TUN023 = M-TUN041 

 MA-UNIB-SI-0-70 = M-TUN038 

 MA-CYPR-LS-0-315 = M-TUN031 

 MA-CYPR-LS-0-45 = M-TUN036 

 MA-N18021809 = M-TUN037 

 


