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Thesis summary 

During the last century, most species across the globe have experienced the effects of 

global change and other types of human impact such as exploitation. Genetic analyses 

of historical collections from museums and other repositories represent a unique resource 

for tracking demographic and evolutionary effects of climate change and other human-

induced stressors. This research focuses on a large shark, the tiger shark (Galeocerdo 

cuvier), for which there is a striking lack of genomic resources, despite the strong public 

and commercial interest in the species, including human shark interactions, conservation 

and management. The ability of elasmobranchs, as many other species, to react to a 

rapidly changing environment is still poorly understood. Therefore, the use of genomic 

data to comprehend present and past evolutionary responses to the environment 

represents a key to predict the impact of ongoing changes and the resilience of a species 

to future changes. It is timely we advance our understanding of these events to inform a 

sustainable use of resources, both in the eye of the economic and social consequences 

this will have on the future of many communities, but also for protection of global 

biodiversity as a legacy for future generations. In this study, I have highlighted the 

importance, and provided an example, of calibrating microsatellite data. I have 

demonstrated the utility of the resulting genetic database to improve inferences on global 

population structure by including abundant archival specimens, through identification of 

basin of origin for samples of unknown provenance (Manuscript I). Through genomic 

scale SNP analyses from contemporary and archived jaw samples I have provided an 

improved understanding of the spatiotemporal scale of population structuring in tiger 

sharks. I found clear evidence of temporal genetic changes in tiger sharks from the 

Australian east coast. The changes were most likely affiliated with the disappearance of 

a cryptic population, which was likely reduced/extirpated due to local direct and indirect 

exploitation (Manuscript II). By employing SNPs derived from the tiger shark 

transcriptome, I analysed worldwide contemporary and archived samples in order to 

elucidate the global population structure of the species. Both SNP and mtDNA data 

confirmed the deep genetic split between Atlantic and Indo-Pacific populations of tiger 

sharks and highlighted that it is based on a high number of genome-wide SNPs, 

suggesting primarily neutral evolutionary processes. However, the presence of loci with 
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very high FST values also suggests adaptive divergence (Manuscript III). More 

importantly, the study showed for the first time extensive population structuring within 

both the Atlantic and Indo-Pacific oceans, suggesting population structure on a hitherto 

undetected geographical scale. The findings have large implications for local and global 

management of tiger sharks as well as other large sharks. 
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Dansk resumé 

I løbet af det sidste århundrede, har de fleste arter over hele verden oplevet virkningerne 

af globale miljøændringer og andre typer menneskelig påvirkning inklusiv kommerciel og 

rekreativ udnyttelse. DNA analyse af historiske samlinger fra museer repræsenterer en 

unik mulighed, for sporing af demografiske og evolutionære effekter af klimaændringer 

og andre stressfaktorer, induceret af mennesker. Dette studie fokuserer på en af de store 

hajarter, tigerhajen (Galeocerdo cuvier), hvor der hidtil fandtes få genomiske ressourcer, 

på trods af en stærk offentlig og kommerciel interesse for arten, inklusiv menneske/haj 

interaktioner, bevaring og forvaltning. Genomiske data kan være en nøgle til at forstå 

nutidige og tidligere evolutionære reaktioner på miljøet og til at forudsige en arts 

modstandsdygtighed mod igangværende og fremtidige ændringer. Dette er vigtigt, for at 

sikre en bæredygtig ressourceudnyttelse, både i lyset af de økonomiske og sociale følger 

dette vil have, men også for beskyttelse af global biodiversitet som en arv for fremtidige 

generationer. I denne undersøgelse har jeg fremhævet betydningen og givet et eksempel 

på kalibrering af mikrosatellit genetisk data. Jeg har demonstreret anvendeligheden af 

den resulterende genetiske database, til at forbedre viden om den globale 

populationsstruktur for arten. Dette er sket ved DNA baseret identifikation af 

oprindelsesområdet for en række unikke prøver fra museer (Manuskript I). Gennem 

genomisk skala SNP-analyse fra moderne vævsprøver og historiske kæbeprøver har jeg 

givet en bedre forståelse af den spatiotemporale populationsstruktur hos tigerhajer. Jeg 

fandt klar evidens for tidsmæssige genetiske ændringer i tigerhajer fra den australske 

østkyst. Ændringerne var sandsynligvis forbundet med forsvinden af en hidtil uopdaget 

population, som sandsynligvis blev kraftigt reduceret /udslettet på grund af lokal direkte 

og indirekte udnyttelse (Manuskript II). Ved at analysere SNPs identificeret fra 

tigerhajens transkriptom, undersøgte jeg nutidige og historiske prøver fra hele verden, for 

at belyse artens globale populationsstruktur. Både SNP og mtDNA data bekræftede den 

dybe genetiske opdeling mellem tigerhajer fra Atlanterhavet og det Indiske 

Ocean/Stillehavet og understregede, at de robuste genetiske forskelle er baseret på et 

stort antal SNPs, hvilket antyder primært neutrale evolutionære processer. 

Tilstedeværelsen af loci med meget høje FST-værdier antyder imidlertid også adaptiv 

divergens (Manuskript III). Mere vigtigt, viste undersøgelsen for første gang omfattende 
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populationsstruktur indenfor både Atlanterhavet og det Indiske Ocean/Stillehavet, hvilket 

sandsynliggør populationsstruktur, på en meget mindre geografisk skala end hidtil 

antaget. Resultaterne har store konsekvenser for lokal og global forvaltning af tigerhajer, 

såvel som forvaltningen af andre store hajer. 
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Introduction  

The importance of genetic diversity in a changing sea 
The world’s ocean ecosystems are changing at unprecedented rates, affecting the 

species inhabiting them. Habitat degradation, climate change, industrialization and 

urbanization of previously natural areas, as well as overuse of natural resources by 

overfishing of wild populations, pose a great risk for the sustainability of the marine world 

(Rodwell 2003; Dulvy et al. 2003). Due to these pressures, many species have undergone 

dramatic changes in the last century in terms of abundance and/or distribution (Moritz et 

al. 2008; Hutchings et al. 2004). Well-known examples of these are the decline of Atlantic 

cod in Greenland (Bonanomi et al. 2015) or the shift of the black sea bass towards colder 

water in the North Atlantic (Cavole et al. 2016). Environmental changes influence species 

differently, but are generally expected to impact ecosystems’ health,  as well as species 

interactions, distributions and abundances (Jackson et al. 2001; Pauly et al. 2002). For 

centuries it was thought that human activities could not cause the extinction of marine 

resources (in particular, teleosts) due to large population sizes and perceived high 

dispersal potential of marine taxa, as well as the lack of obvious barriers in the ocean 

(Roberts & Hawkins 1999). However, it is now known that this is not true. Not only have 

several studies revealed narrow tolerance ranges in many marine species (Smyth & Elliott 

2020; Sunday et al. 2019), but also the realized dispersal rates of certain taxa is much 

smaller, in terms of space and time, than predicted (Lester et al. 2007; Robinson et al. 

2011).  

Depending on their life history traits, species can react to changes in environmental 

conditions by moving (migrating to more suitable environments), adapting to new 

conditions, or disappearing, if the rate of changes overcomes their ability to adapt (Bell 

2013). In the short term, organisms may acclimate via phenotypic plasticity, altering their 

phenotype to better suit the new changed conditions. But, if the pressure persists for a 

longer time, they may shift to better suited conditions or, lastly, adapt to the new 

conditions through genetic changes (Bernatchez 2016). A species’ response to climate 

change is difficult to predict based on life-history features alone. It is expected that their 

ability to move, adapt or decline is linked to their genetic make-up, however, this can be 

https://esajournals.onlinelibrary.wiley.com/doi/10.1890/08-2205.1#i1051-0761-20-2-442-Rodwell1
https://esajournals.onlinelibrary.wiley.com/doi/10.1890/08-2205.1#i1051-0761-20-2-442-Dulvy4
https://esajournals.onlinelibrary.wiley.com/doi/10.1890/08-2205.1#i1051-0761-20-2-442-Jackson1
https://esajournals.onlinelibrary.wiley.com/doi/10.1890/08-2205.1#i1051-0761-20-2-442-Pauly2
https://esajournals.onlinelibrary.wiley.com/doi/10.1890/08-2205.1#i1051-0761-20-2-442-Pauly2
https://esajournals.onlinelibrary.wiley.com/doi/10.1890/08-2205.1#i1051-0761-20-2-442-Roberts1
https://onlinelibrary.wiley.com/doi/full/10.1111/ele.12185#ele12185-bib-0005
https://onlinelibrary.wiley.com/doi/full/10.1111/ele.12185#ele12185-bib-0005
https://onlinelibrary.wiley.com/doi/full/10.1111/ele.12185#ele12185-bib-0005
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difficult to assess. In general, a species’ evolutionary potential is strongly connected to its 

level of genetic diversity, which in turn is linked to its generation time, effective population 

size and population structure (Ryman et al. 1995; Allendorf et al. 2008; Carroll et al. 2014). 

A reduction in genetic variability, or even changes in abundance levels and population 

structure, can thus severely damage the resilience of a species (Pinsky & Palumbi 2014). 

Similarly, changes in population connectivity patterns can also result in loss of diversity, 

decreasing levels of gene flow and reducing population sizes. Reductions in population 

sizes lead to stronger genetic drift. Theoretically, the strength of genetic drift is linked to 

the size of a population, as well as its connectivity to adjacent populations. As such, it is 

expected that genetic drift (and reduction of diversity) is stronger in smaller/isolated, and 

somewhat reduced for larger/well connected populations (Frankham et al. 2002). For 

commercially exploited species this is particularly problematic, as decades of 

overexploitation have led to strong decreases in genetic diversity levels in many instances 

(Pinsky & Palumbi 2014), while distribution ranges and connectivity patterns are currently 

shifting due to climate change. As such, marine species that are slow growing, have 

longer generation times, smaller effective population sizes, lower genetic diversity levels, 

and are commercially targeted are particularly vulnerable to population declines (Dulvy et 

al. 2003; Dulvy et al. 2014). Historical and recent records of declines have been widely 

reported for large marine vertebrates, as the case of the barndoor skate now considered 

almost extinct in the northwest Atlantic (Casey & Myers 1998), or the loss of most of the 

apex predators inhabiting kelp forests communities (Dayton et al. 1998). Furthermore, 

historical contractions in range distribution and population abundance levels have also 

been reported for several marine mammals (the gray whale in the north Atlantic Ocean, 

Mead & Mitchell 1984; the sea otter in the north Pacific Ocean, Rice 1998, and the baleen 

whale from its southern oceans range, Laws 1985), with the most recent examples of the 

decline of the common dolphins in the Mediterranean Sea (Bearzi et al. 2003). Population 

declines have also been reported for many shark populations in the Atlantic (Baum et al. 

2003; Gallagher et al. 2017). 

Understanding and predicting how organisms respond to human‐driven 

environmental change is of fundamental importance for sustainable management of 

marine resources. In fact, genetic diversity is acknowledged as one of the fundamental 

https://onlinelibrary.wiley.com/doi/full/10.1111/mec.12509#mec12509-bib-0040
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.12509#mec12509-bib-0001
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.12509#mec12509-bib-0013
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pillars for conservation efforts in the Convention on Biological Diversity (CBD; 

www.cbd.int), and the definition of genetic biodiversity now includes “changes over time, 

spatial variation and abundance” (Bruford et al. 2016). However, despite that the need to 

protect intraspecific diversity has been widely recognized, much remains to be done to 

understand the micro-evolutionary processes and mechanisms responsible for shaping 

the evolutionary history of marine species. This is especially true for elusive species, such 

as large predators, where knowledge gathering is difficult due to their wide-ranging 

distributions and large dispersal potential. Furthermore, extant patterns of genetic 

diversity generally reflect historical processes, and as such it is necessary to take not just 

the spatial, but also the temporal dimension into consideration when evaluating the 

causes and effects of changes in diversity. This is rarely done for marine species, adding 

layers of complexity to current management efforts.   

Importance of museum collections for genomic studies 
Historical collections hosted in museums, fishery institutes, universities and private 

collections represent an unprecedented opportunity to assess the evolutionary responses 

of species (Holmes et al. 2016; Diez-del Molino et al. 2018), as well as document possible 

declines and extirpations through time and space (Mimura et al. 2016). The use of 

museum samples has been popular in the past for many purposes, ranging from 

inferences about taxonomy (Geissmann et al. 2004), biogeography (Corrigan et al. 2009), 

and morphology (MacLean et al. 2018), to measures of micro-evolutionary changes 

caused by demographic effects (Cridland et al. 2018; van der Valk et al. 2019) or 

adaptation (Mikheyev et al. 2015; Campbell-Staton et al. 2017). Extant levels of genetic 

diversity, and biodiversity, reflect historical changes in demography, population 

connectivity and population structure patterns (Fordham et al. 2014). As such, historical 

samples hosted in collections are fundamental tools to truly understand and document 

the evolutionary history of species through time. The majority of conservation genomics 

studies rely on contemporary samples alone, with very few studies focusing on temporal 

replication. Temporal data can provide information on population numbers, range shifts, 

fluctuations in population size and direct adaptive genetic changes, making archived 

http://www.cbd.int/
https://www.nature.com/articles/ncomms8991#auth-1
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samples indispensable for studies aimed to understand how anthropogenic impacts may 

affect species (Bi et al. 2013; Fordham et al. 2014). 

However, despite the high potential of archived samples to investigate the recent 

evolutionary history of a species, working with historical DNA presents several limiting 

factors. Firstly, it is not always easy to access a suitable collection of specimens that can 

cover the distribution of the species of interest in both time and space, especially in the 

case of large animals (usually caught in lower numbers), for which long-term genetic 

monitoring programs are generally rare (Schwartz et al. 2007). In addition, even when 

specimens are available, they may lack fundamental metadata such as year or location 

of sampling. In Manuscript I we discuss this issue, explaining how application of 

molecular tools and the creation of a worldwide baseline genetic dataset can be useful to 

identify samples of unknown geographical origin. Nevertheless, the use of a baseline 

implies the presence of some previous knowledge regarding the population structure of 

the species. The higher is the genetic differentiation of distinct subpopulations within a 

species, the higher the resolution to infer the origin of samples. Progress towards this 

direction can be made, with the increase in genomic studies of many non-model marine 

species (Helyar et al. 2011). The second limiting issue of working with historical samples 

is the feasibility of extracting good quality DNA for downstream analyses (Briggs et al. 

2007). Improvements in this direction have been made in recent years, especially due to 

the increased interest in human studies uncovering past demographic events, with the 

development of methods that e.g. allow the identification of possible damage in the DNA 

(e.g. software mapdamage, Ginolhac et al. 2011), typical from historical DNA material. 

Observable post-mortem damage can result from fragmentation by depurination, which 

leads to shorter fragments, or from misincorporation of bases due to deamination 

(Hebsgaard et al. 2005), with consequent excess of C to T substitution (uracil residues 

obtained from deamination of cytosine are read as thymine) and G to A substitution 

(Hofreiter et al. 2001). Depending on the conditions in which the samples were preserved, 

the extracted DNA resulting from preserved specimens can vary in quality and quantity. 

The exposure to damaging factors such as high temperature variations, or high humidity, 

can cause significant damages to DNA, making it difficult to process for genomic 

applications, especially in datasets where the samples come from a wide variety of 
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sources and preservation conditions. In addition, museum samples can be exposed to 

several sources of contamination post-mortem, from bacterial to fungal DNA, as well as 

other samples, either due to the physical contact with specimens of different species 

stored in the same space, or from handling. Finally, the degree of contamination retained 

in libraries for sequencing is also affected by the DNA extraction method. Several 

protocols have been developed to reduce the amount of exogenous DNA carried along 

after extraction, for instance by using only core material of the samples (e.g. shark 

jaws/vertebrae where this is possible; Nielsen et al. 2017), or by treating samples by 

ultraviolet (UV) light exposure (Cone & Fairfax 1993). Nevertheless,  considerable efforts 

have been put in optimizing DNA extraction, allowing successful extraction of nuclear 

fragments from a broad range of historical specimens and tissues, e.g. from herbarium 

collections (Staats et al. 2013), bones and teeth (Rowe et al. 2011), as well as fish  otoliths 

and scales (Bonanomi et al. 2015) and cartilage tissues (Nielsen et al. 2017).  

The development of next-generation sequencing (NGS) techniques have 

revolutionized the field of historical DNA studies (Wandeler et al. 2012; Burrell et al. 2015; 

McGaughran et al. 2019). Several sequencing approaches have been applied in the last 

decades to DNA extracted from museum specimens, from whole-genome shotgun 

sequencing (e.g. passenger pigeon, Hung et al. 2014; rat, Rowe et al. 2011), to RAD-seq 

(e.g. baboon; Burrell et al. 2015), sequence capture (e.g. alpine chipmunk, Bi et al. 2013), 

or a combination of the latters (e.g. RAD capture, Hoffberg et al. 2016; hybridization RAD, 

Suchan et al. 2016). The target capture approach was chosen for this project 

(Manuscript II and III) since it brings several benefits when working with historical 

specimens. This method is based on RNA probes, or “baits”, that hybridize with genomic 

DNA. Target baits can be designed using a reference (sequences, transcriptome or 

genome), of the species of interest or of a closely related species. In the latter case, 

success will depend on the percentage of variability between the target and the reference 

used for the design (Jones & Good 2016). Because they work on fragmented DNA, the 

baits capture and amplify even small fragments sizes, making them ideally suited for 

historical DNA, as this tends to be fragmented. Additionally, this technique increases the 

concentration of endogenous (or targeted) DNA retained, by “capturing” target DNA to 

the bait, followed by a Polymerase Chain Reaction step and a final clean-up step. This 
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approach also significantly excludes most contaminants, that otherwise would be 

preferentially amplified due to their longer, more intact, fragments. Thus, by ensuring a 

higher concentration of endogenous DNA, target capture sequencing  helps reducing 

overall costs, with no need for further in-depth sequencing to increase the coverage of 

endogenous DNA reads, and ensure reduced target region variability amongst samples 

(compared to low coverage WGS), assuring enrichment in terms of coverage (higher 

number of reads per site).  

By providing a window into the past, retrospective genomic analyses allow 

comparisons  between time points, providing a better  understanding of  micro-

evolutionary changes such as shifts in allele frequencies in time (Bi et al. 2019) and space 

(Stronen et al. 2019), rapid events of adaptation over short time-scale (Mikheyev et al. 

2015, Hartley et al. 2006) or demographic events that contributed to shaping the current 

genetic diversity pattern within a population (Manuscript II). Thanks to the extensive 

collections of scales and otoliths stored in museum and fisheries institutions, retrospective 

genetic analysis on fish specimens to investigate genetic effects after intensive fishing 

and climate changes is a well-established field. Using both microsatellites (Nielsen et al. 

1997) and high-resolution Single Nucleotide Polymorphisms (SNPS, Bonanomi et al. 

2015; Therkildsen et al. 2013) the insights obtained by using data from historical 

collections has proved to be an important tool for long-term DNA-based fisheries 

monitoring. However, temporal genetic studies are still an untouched field for some 

marine species, despite their known vulnerability and ecosystem importance. Such is the 

case of the elasmobranchs (sharks and rays) group, regardless of the availability of 

preserved specimens worldwide. A species within the group of Elasmobranchs, the tiger 

shark (Galeocerdo cuvier), has been the main focus of study in this thesis. 

Elasmobranchs in the genomic era  
With the term Elasmobranch we refer to a group of cartilaginous fishes, subclass of the 

Chondrichthyes, that includes sharks, rays and skates and that has remained 

evolutionary stable for the past 400 million years (Fowler & Cavanagh 2005). This group 

is characterized by high interspecies diversity, with representatives covering a wide range 

of habitats, from freshwater to the deep sea, containing species able to cover long 
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distance migrations while others are strongly sedentary (Compagno, 1990). However, 

despite their different adaptations, they share common life histories such as slow growth 

rates, late maturity, and overall low fecundity (Jacoby et al. 2012). These same traits that 

contribute to their evolutionary success make them especially vulnerable to on-going 

exploitation and environmental changes. And today, due to the disproportionate increase 

in both pressures, they are among the most threatened species globally (Gallagher et al. 

2014), with 25% of all sharks and relatives threatened with extinction (IUCN). 

Many shark species are under unprecedented pressure due to overexploitation 

due to their economic values  (Dulvy et al. 2014), but in contrast to  many teleosts, their 

slow maturation and long generation time reduce their potential for recovery (Garcia et al. 

2008). The global demand for shark and ray’s products has fuelled a market that can 

hardly be monitored and, even more, controlled by regulations. Cardeñosa et al. (2019) 

showed that in the last 50 years (1950 - 2013) only half of all landings were reported to 

FAO for some nations. Despite the high ecological diversity in this group, apex predators 

are especially targeted (Shiffman et al. 2014) for their body size and as fishing trophies, 

leading to severe population declines for many species, as well a reduction in size and 

abundance of animals landed (Jennings & Kaiser 1998; Russ 2002). Elasmobranchs play 

an important role in maintaining healthy and functioning ecosystems (Stevens et al. 

2000), and reduction, or extirpation, of populations may result in trophic cascades that 

can affect the entire ocean. Yet, critical data on biology, population structure and 

intraspecific diversity is still lacking for most species.  

As previously discussed, information on genetic variability and patterns of 

connectivity within and between populations are fundamental to infer proper estimates on 

the resilience of a population to exploitation and changes. This is crucial information to 

delineate adequate conservation and management efforts (Ovenden 2013), yet little is 

known about the population structure of most shark species (Dudgeon et al. 2012). In the 

last decades a growing body of studies have focused on the use of genetics/genomics in 

sharks to assess population structure and infer population connectivity patterns (Johri et 

al. 2019 and references therein). In general, it appears that sharks follow the theoretical 

expectation linking dispersal abilities to levels of gene flow and population substructure. 

https://esajournals.onlinelibrary.wiley.com/doi/10.1890/08-2205.1#i1051-0761-20-2-442-Jennings2
https://esajournals.onlinelibrary.wiley.com/doi/10.1890/08-2205.1#i1051-0761-20-2-442-Russ1
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Species displaying global dispersal or that have the potential to cover long distances 

migrations, such as the blue shark (Prionace glauca; Verissimo et al. 2017), have virtually 

no population substructure despite having a distribution range that encompasses all 

oceans, while more resident species as the Galapagos shark (Carcharhinus 

galapagensis), which displays a reduced dispersal ability, have shown high levels of 

genetic differentiation across its distribution, maintained by few long-distance migrants 

(Pazmiño et al. 2018). Similarly, coastal, smaller species appear to also be structured in 

more isolated populations (small-spotted catshark, Scyliorhinus canicula; Manuzzi et al. 

2018). There are a few exceptions to this pattern, though, as white sharks, which are 

highly migratory, appear to have strong population structuring patterns, with isolated 

populations found in the northwest Atlantic, South Africa and Australia (Andreotti et al. 

2016). Theoretically, wide-ranging species are thought to be less affected by the impact 

of overfishing, since the genetic diversity within any region can be maintained by high 

gene flow levels, acting as a buffer against sudden changes and possible local extirpation 

(Verissimo et al. 2017). On the contrary, smaller, resident species are likely to be more 

vulnerable to increased levels of exploitation, as reduced gene flow can result in a loss of 

genetic diversity throughout their distribution in a short timeframe, compromising the 

potential of long-term persistence for a population.  

Genetic differentiation in elasmobranchs is also affected by their mating and 

reproductive strategy (Portnoy et al. 2016). Discrete population units may be found along 

areas of continuous habitat in taxa exhibiting philopatric behaviour, where females display 

lower dispersal and remain closer to nursery ground, while males disperses more freely 

through the range, increasing levels of gene flow between otherwise isolated populations. 

This philopatric behaviour appears to be quite common for elasmobranchs (Chapman et 

al. 2015), both for small coastal species such as the short-tail stingray (Roycroft et al. 

2019) and for larger sharks like the bull shark (Laurrabaquio et al. 2019). It also increases 

their vulnerability, as philopatric behaviour can play an important role in driving population 

declines (Rodewald et al. 2011). In fact, removal of resident sharks from coastal areas 

interconnected by a few migratory individuals can have a strong impact on the population, 

causing loss of genetic diversity by effect selection or drift (Hueter et al. 2004). Similarly, 

overfishing of the highly migratory portion of the population, will result in reduced gene 



19 
 

flow between habitats separated by thousands of kilometres. Pinsky and Palumbi (2014) 

estimated that a 10% rate of immigration would be enough to maintain a high level of 

standing genetic variation, thus reducing the possible offset of a genetic bottleneck. 

However, despite that immigration acts on a short-term timescale, there is a threshold 

after which a species cannot overcome the constant effect of overexploitation (Chapman 

et al. 2015). This is an important point to consider, especially in elasmobranchs, or in 

species with similar life history traits. Example of this is the tiger shark, for which 

immigration for reproductive purposes happens on a three-years cycle (Whitney & Crow 

2007). The presence of overlapping generations can act as a buffer against gene pool 

erosion, but little to no information is currently available about population size, 

connectivity and levels of genetic diversity for the tiger shark populations to make 

inferences about the potential resilience of the species.  

The study species 
The tiger shark (Galeocerdo cuvier Peron and Lesueur 1822) is a globally distributed 

species, found throughout the Atlantic and Indo-Pacific Ocean including islands therein. 

While mostly distributed in tropical and warm-temperate waters (Randall 1992), it can 

appear seasonally in colder environments (e.g. Iceland; Matsumoto et al. 2005), probably 

following warmer currents and/or prey. The species is often associated with shallower 

habitats, and migrations up to thousands of kilometres have been observed both in the 

Atlantic (Afonso & Hazin 2015, Lea et al. 2015) and in the Indo-Pacific (Heithaus et al. 

2007; Holmes et al. 2014; Werry et al. 2014; Ferreira et al. 2015). The tiger shark is the 

largest member of the Carcharhinidae family displaying high interregional differences in 

sizes and ages at maturity for both sexes and it is the only member with an ovoviviparous 

reproduction mode (DeCrosta et al. 1984; Branstetter et al. 1987; Wintner & Dudley 2000; 

Kneebone 2008; Holmes et al. 2015). An average reproductive event for the species 

amounts to 26-33 pups (Simpfendorfer 1992), with the biggest litter ever recorded was 

82 (Bigelow & Schroeder 1948). Compared to most species of sharks, this high fertility 

represents an outlier but it may be linked to the lack of specific nursery grounds, or at 

least these have yet to be identified (Holland et al. 2019), as the production of a higher 

number of fast-growing pups may be a strategy to counteract high mortality rates during 
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the first year of life (Driggers et al. 2008). Nevertheless, mortality rates appear to vary 

with regions, being high in the Atlantic Ocean (61-73%), compared to refuge areas, such 

as the Gulf of Mexico. These high mortality rates, coupled with a biennial (in the Atlantic, 

Castro 2009) or triennial reproductive strategy (in the Indo-Pacific; Whitney & Crow 2007), 

and a long generation length (10-13 years in the Indo-Pacific, Holmes et al. 2015; and 

10-11 years in the Atlantic, Branstetter et al. 1987; Cortes 2002) suggests that tiger sharks 

may have lower effective fecundity than previously expected. Site fidelity of tiger sharks 

to specific habitats seems to be size and sex-biased (Heithaus 2001) towards higher 

abundance of females and juveniles in regions known as parturition sites (Chapman et 

al. 2015), which may also serve as refugia from aggressivee adult males, for instance in 

the Bahamas (Sulikowski et al. 2016) or around the main Hawaiian islands 

(Papastamatiou et al. 2013). Such aggregation behaviour is likely correlated with 

seasonal peaks in catches of tiger sharks that show both a seasonal periodicity (Heithaus 

& Dill 2002) and evident inter-annual fluctuation (Wirsing et al. 2006). Evidence of 

philopatry detected by tagging studies, are further supported by mitochondrial results 

(Bernard et al. 2016; Carmo et al. 2019). These life history strategies all play a role in 

shaping the genetic diversity of the species. Thus, further research is needed to 

understand intraspecific genetic diversity, distribution, sizes and trends of tiger shark 

populations (Holland et al. 2019).  

  

https://www.frontiersin.org/articles/10.3389/fmars.2019.00037/full#B58
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Figure 1. Current worldwide distribution range of tiger sharks, adapted from 

https://commons.wikimedia.org/wiki/File:Cypron-Range_Galeocerdo_cuvier.svg. 

(Creative Commons license BY-SA 3.0) 

Tiger sharks are currently in decline, mainly due to anthropogenic pressures. The 

species is targeted by direct fishing, as well as by-catch and “beach protection” measures 

throughout its distribution (Dulvy et al. 2003, 2014), and is currently classified as “Near 

Threatened” by the IUCN. Throughout the Indo-Pacific, tiger sharks have been affected 

in the past century by increased rates of commercial and recreational fishing, and the 

presence of shark control programs (New South Wales 1937; KwaZulu-Natal 1952; 

Queensland 1962). Recent studies have assessed the rates of decline for the eastern 

Australia population, supposedly more affected by human pressures, reporting a 

significant reduction in abundance and animal size (Holmes et al. 2012; Roff et al. 2018). 

In fact, Brown and Roff (2019) confirmed declines of at least 74% of the population over 

the course of a few generations in this region. Similar patterns of population decline have 

been also documented in the north western Atlantic. Here, the Virginia Shark Monitoring 

and Assessment Program (VASMAP; 

https://www.vims.edu/research/departments/fisheries/programs/sharks/shark_managem

ent/index.php) and Peterson et al. (2017) described a marked decline of tiger sharks 

https://commons.wikimedia.org/wiki/File:Cypron-Range_Galeocerdo_cuvier.svg
https://www.vims.edu/research/departments/fisheries/programs/sharks/shark_management/index.php
https://www.vims.edu/research/departments/fisheries/programs/sharks/shark_management/index.php
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caught between 1970 and 1990, followed by a slow recovery from the early 2000 due to 

the enactment of the US Shark Management Plan in 1993.  

Despite its large distribution range, and increased vulnerability, very few genetic 

studies have investigated patterns of connectivity, genetic diversity and the evolutionary 

history of tiger sharks. Overall, tiger sharks appear to be composed of two isolated 

populations confined to the Atlantic and Indo-Pacific basins, with virtually no gene flow in 

between (Bernard et al. 2016; Holmes et al. 2017; Pirog et a. 2019). However, no 

population sub-structuring has been detected within basins, regardless of the markers 

used, with the exception of Hawaii that was hypothesized to show a resident population 

(Bernard et al. 2016). This hypothesis was not supported by Holmes et al. 2017, which 

linked it to a sample size bias. Manuscript I of this thesis demonstrated little genetic 

differentiation within the Indo-Pacific and Atlantic basins using microsatellites, but 

supported a clear divergence between the two basins, confirming previous genetic 

studies. This genetic split may have originated around 1 million years ago (Bernard et al. 

2016, based on analysis of the mtDNA Control Region) and maintained by the effect of 

the Benguela upwelling system, a current of cold water that represents a thermal barrier 

for warm temperate species, and thereby creating a strong barrier to gene flow (e.g. 

Henriques et al. 2016). This division between Atlantic and Indo-Pacific is further 

supported by tagging studies since no tagged individuals have been recorded crossing 

from the Atlantic to the Indian Ocean, and vice versa (Lea et al. 2015). However, Bernard 

et al. (2016) identified shared mitochondrial haplotypes, rejecting the hypothesis of two 

subspecies. Pirog et al. (2019) also highlights a possible bottleneck 2,000-3,000 years 

ago, at which time the estimated remaining effective population size was of about 111 

individuals, from a hypothesized ancestral effective population size of 5,150 individuals. 

While this estimate may be one or several orders of magnitude lower than the census 

size, as commonly found in marine fishes (Hauser & Carvalho 2008), it could be a proxy 

for evaluating the magnitude of change. Thus, the overall homogeneity within basins that 

we still see may be the result of a bottleneck event that produced two highly divergent 

populations, which are no longer interconnected. However, shared mitochondrial 

haplotypes between the southwest Atlantic and the Indo-Pacific population suggest some 

level of historical connectivity via South Africa (Bernard et al. 2016).   
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Aim of the thesis 
This PhD aims to investigate the structure of tiger shark (Galeocerdo cuvier) populations 

across space and time, using state-of-the-art methods in bioinformatics, genomics, and 

population genomics. 

Genetic studies conducted so far on this species have been based on mtDNA and 

microsatellites markers, and exclusively focused on spatial distribution and genetic 

diversity using data obtained for the species as a contemporary genetic snapshot. 

However, increased resolution of intraspecific diversity can be achieved by using SNPs 

markers, which can provide both neutral and adaptive information, in combination with 

DNA analysis of  temporal series of samples distributed over a long time scale (up to 200 

years). Samples collected at the same locations, but at different time points, could prove 

highly informative of historical genetic changes undergoing in tiger shark populations 

worldwide in the past century of exploitation, and can help to genetically monitor the long-

term stability of populations (Schwartz et al. 2007). This would be especially informative 

for tailored management and conservation efforts, since tiger sharks play an important 

ecological role as apex predator. In fact, its sex/size-biased distribution, the ability to 

occupy different habitats (shallow and open ocean water) and its ontogenic diet shifts 

(Simpfendorfer et al. 2011), makes him potentially able to interact with a variety of prey 

species and environments possibly influencing whole marine ecosystems. In addition, its 

global distribution and the interest represented for commercial and artisanal fisheries, 

makes this species of particular importance for conservation worldwide. Finally, the global 

interest this species has aroused over the years both as research scopes and as a fishing 

trophy, has made it possible to obtain a good collection of archival samples for the 

purpose of this study. Of course, such a scattered distribution of samples over spatial and 

temporal scales comes with the price of high complexity, as many factors can contribute 

to shape the spatiotemporal changes we are trying to estimate: mixed cohorts, 

overlapping generations, capture of mixed population (resident versus migrants; 

Hedgecock et al 2017). Due to the apparent philopatric behaviour of tiger sharks (Lea et 

al., 2015; Acuña-Marrero et al. 2017), we hypothesize the species has the tendency of 

forming resident populations, interconnected by a few, highly migrant, individuals per 

generation that contribute to maintain the overall genetic diversity of the populations. 

https://onlinelibrary.wiley.com/doi/full/10.1111/mec.12574#mec12574-bib-0021
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.12574#mec12574-bib-0021
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While this can represent a positive aspect for the resilience of the species, possibly 

reducing genetic loss in the face of severe exploitation, at the same time the depletion of 

resident populations may reduce outlets of genetic diversity. It can modify migratory 

patterns for the whole populations (e.g. penguins; Dugger et al. 2010) and cause possible 

changes in allele frequencies and genetic connectivity, with cascading effects for the 

whole population. All of this can represent an issue for downstream inferences and 

implications for conservation and management and will be discussed in the thesis.   

Overall conclusion and summary of the results 
The hypotheses used in this thesis weredrawn from previous knowledge about 

connectivity and genetic diversity in tiger sharks, as portrayed by microsatellites and 

mtDNA data. The clear genetic structure previously identified from other studies was used 

to design a genetic baseline to calibrate microsatellite work done by different laboratories, 

which are generally not directly comparable due to allele-scoring differences. This very 

strong divergence is at the base of the possibility to use such information to identify the 

origin of samples of unknown origin (Hedgecock et al. 2017), and is the approach applied 

in Manuscript I. The method was successful for assigning samples over a large scale, 

however it did not show enough power for smaller scale assignment to collections rather 

than ocean basin. While the genetic split between Atlantic and Indo-Pacific populations 

was confirmed and recognised in previous studies, the hypothesis of panmixia within 

basins could still not be rejected based on the combined datasets. In Manuscript II we 

aimed to test whether the hypothesis of panmixia for the Indo-Pacific was supported by 

analysing spatiotemporal data from eastern Australia. Using a more informative marker 

set of SNPs we were able to infer possible spatial and temporal change over the course 

of a century, with samples ranging from the Gulf of Carpentaria in the north, to the Tasman 

Sea in the south. The aim was to investigate a possible connection between genetic 

results and estimates of local declines for the species in the same region and over a 

similar time scale (Brown & Roff 2019). Our results strongly suggest the presence of two 

distinct groups, differently contributing to spatial and temporal collections, with a more 

historical southern distributed population absent from modern collections. This is a pattern 

of local scale population structure not identified before and matching the results from 
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catch data. Considering the results from Manuscript I and II, with Manuscript III we 

extended our focus to the global spatiotemporal structure of tiger sharks investigating, for 

the first time, the global population structure of the species using genomic scale SNP 

analyses. Starting from the general conception of two big panmictic populations restricted 

to Atlantic and Indo-Pacific ocean basins, with supposedly little or no change over time, 

we aimed to understand the world-wide patterns of population divergence and possibly 

long-term historical changes in the population history of tiger sharks. The major Atlantic - 

Indo-Pacific divergence was apparent through time, and appears to be a genome-wide 

effect, as a large number of SNPs was reported to drive the differentiation pattern. This 

suggests that gene flow (or lack of) and genetic drift are the most likely micro-evolutionary 

processes responsible for shaping the observed population structure. However, the 

detection of few loci with high FST suggest some underlying adaptive process could be 

involved as well in shaping the differentiation between basins. Due to the lack of genomic 

information for Elasmobranchs, it remains difficult to assess the functionality (if any) of 

the loci identified. Within-basins, we detected clear signals of finer scale genetic 

differentiation both in the Atlantic and Indo-Pacific Oceans. Fluctuating levels of 

connectivity among collections were observed through time and space, with some regions 

(e.g. SW Atlantic and NE Pacific) clearly isolated from the remaining sites. The strength 

of the observed levels of divergence varied through time, most likely due to variable 

mixing of well differentiated local populations. The differential mixing is likely caused by 

the interaction of multiple factors such as year, specific sampling site, season, life stage, 

sex and migrational differences caused by climate and/or prey aggregations. 

Nevertheless, the differentiation within basins could not be strongly attributed to a few 

loci, once again suggesting a genome-wide effect, and pointing to gene flow and genetic 

drift as the most likely micro-evolutionary processes shaping extant levels of diversity in 

tiger sharks.  

Future perspectives  
The results of this thesis have provided important insights into the genetic structure of 

tiger shark populations both at spatial and temporal scales, locally and globally, as well 

as regarding the power of using museum samples for a range of different approaches. 
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Yet, we are still at the early stages of genomics research applied to shark species, and 

genomic resources remain scarce (Johri et al. 2019). A building body of studies is now 

focusing on developing new genomics resources for the elasmobranch group with a few 

genomes being recently published (e.g. Hara et al. 2018; Marra et al. 2019). An annotated 

tiger shark genome would be essential to increase mapping quality and allow inferences 

to be made regarding genomic architecture patterns and regions of elevated/reduced 

divergence in tiger sharks. Such considerations would be important to truly assess the 

relative contributions of genetic drift, gene flow and natural selection in shaping the 

evolutionary history of this species. Furthermore, in Manuscript III analyses were limited 

to on-target regions of the transcriptome. It would be interesting to investigate what 

patterns may be found in the “off-target” regions. Off-target mapping encompasses all 

reads that did not map to the designed bait regions. Currently, the closest shark genome 

available is the cloudy catshark (Scyliorhinus torazame), and thus mapping off-target 

reads to it could be of interest, while keeping in mind the caveats of using somewhat 

dissimilar genomes for mapping.  

In addition, the finding of extensive mixing between populations precluded the 

inclusion of demographic analyses (e.g. dadi or fastSimcoal), as these require “pure” 

populations to draw accurate inferences regarding recent evolutionary history events. If 

better discriminating SNPs can be isolated, and all individuals split into proper genetic 

populations, this would be an interesting way to further evaluate possible evolutionary 

scenarios responsible for the extant patterns of diversity and population substructuring in 

tiger sharks.  

Finally, the results of the present study suggest that detection of regional 

population sub-structuring patterns in tiger sharks would benefit from the isolation of 

regional SNPs (as in Manuscript II). Future studies should thus focus on designing intra-

basin SNP panels to aid in assessing regional levels of gene flow, population 

compositions and, eventually, estimate effective population sizes.  

 

 



27 
 

References 

Acuna-Marrero, D., Smith, A. N., Hammerschlag, N., Hearn, A., Anderson, M. J., Calich, 
H., ... & Salinas-de-Leon, P. (2017). Residency and movement patterns of an apex 
predatory shark (Galeocerdo cuvier) at the Galapagos Marine Reserve. PLoS One, 12. 

Afonso, A. S., & Hazin, F. H. (2015). Vertical movement patterns and ontogenetic niche 
expansion in the tiger shark, Galeocerdo cuvier. PLoS One, 10. 

Allendorf, F. W., Berry, O., & Ryman, N. (2014). So long to genetic diversity, and thanks 
for all the fish. Molecular ecology, 23, 23-25.  

Andreotti, S., von der Heyden, S., Henriques, R., Rutzen, M., Meÿer, M., Oosthuizen, H. 
and Matthee, C.A. (2016), New insights into the evolutionary history of white sharks, 
Carcharodon carcharias. Journal of Biogeography, 43, 328-339.  

Baum, J. K., Myers, R. A., Kehler, D. G., Worm, B., Harley, S. J., & Doherty, P. A. (2003). 
Collapse and conservation of shark populations in the Northwest Atlantic. Science, 299, 
389-392. 

Bearzi, G., Reeves, R. R., Notarbartolo-Di-Sciara, G., Politi, E., Canadas, A. N. A., 
Frantzis, A., & Mussi, B. (2003). Ecology, status and conservation of short‐beaked 
common dolphins Delphinus delphis in the Mediterranean Sea. Mammal Review, 33, 
224-252. 

Bell, G. (2013). Evolutionary rescue and the limits of adaptation. Philosophical 
Transactions of the Royal Society B: Biological Sciences, 368, 20120080. 

Bernard, A M., Feldheim, K. A., Heithaus, M. R., Wintner, S. P., Wetherbee, B. M., & 
Shivji, M. S. (2016). Global population genetic dynamics of a highly migratory, apex 
predator shark. Molecular Ecology, 25, 5312–5329.  

Bernatchez, L. (2016). On the maintenance of genetic variation and adaptation to 
environmental change: considerations from population genomics in fishes. Journal of Fish 
Biology, 89, 2519–2556. 
 
Bi, K., Linderoth, T., Vanderpool, D., Good, J. M., Nielsen, R., & Moritz, C. (2013). 
Unlocking the vault: next‐generation museum population genomics. Molecular 
Ecology, 22, 6018-6032. 
 
Bi, K., Linderoth, T., Singhal, S., Vanderpool, D., Patton, J. L., Nielsen, R., ... & Good, J. 
M. (2019). Temporal genomic contrasts reveal rapid evolutionary responses in an alpine 
mammal during recent climate change. PLoS genetics, 15, e1008119. 
 
Bigelow, H. B., & Schroeder, W. C. (1948). Fishes of the Western North Atlantic. Part 1 
(Lancelets, Cyclostomes, Sharks). 



28 
 

Bonanomi, S., Pellissier, L., Therkildsen, N. O., Hedeholm, R. B., Retzel, A., Meldrup, D., 
... & Wisz, M. S. (2015). Archived DNA reveals fisheries and climate induced collapse of 
a major fishery. Scientific Reports, 5, 1-8.  

Branstetter, S., Musick, J. A. & Colvolcoresses, J. A. (1987). A comparison of the age 
and growth of the tiger shark, Galeocerdo cuvier, from off Virginia and from the 
northwestern gulf of Mexico. Fishery Bulletin, 85, 269–279.  

Briggs, A. W., Stenzel, U., Johnson, P. L., Green, R. E., Kelso, J., Prüfer, K., ... & Pääbo, 
S. (2007). Patterns of damage in genomic DNA sequences from a 
Neandertal. Proceedings of the National Academy of Sciences, 104, 14616-14621. 

Brown, C. J., & Roff, G. (2019). Life-history traits inform population trends when assessing 
the conservation status of a declining tiger shark population. Biological 
Conservation, 239, 108230. 

Bruford, M. W., Davies, N., Dulloo, M. E., Faith, D. P., & Walters, M. (2017). Monitoring 
changes in genetic diversity. In The GEO handbook on biodiversity observation 
networks (pp. 107-128). Springer, Cham.  

Burrell, A. S., Disotell, T. R., & Bergey, C. M. (2015). The use of museum specimens with 
high-throughput DNA sequencers. Journal of Human Evolution, 79, 35–44.  
 
Campbell-Staton, S. C., Cheviron, Z. A., Rochette, N., Catchen, J., Losos, J. B., & 
Edwards, S. V. (2017). Winter storms drive rapid phenotypic, regulatory, and genomic 
shifts in the green anole lizard. Science, 357, 495-498. 

Cardeñosa, D., Merten, W., & Hyde, J. (2019). Prioritizing global genetic capacity building 
assistance to implement CITES shark and ray listings. Marine Policy, 106, 103544.  

Carmo, C. B., Ferrette, B. L. S., Camargo, S. M., Roxo, F. F., Coelho, R., Garla, R. C., … 
Mendonça, F. F. (2019). A new map of the tiger shark (Galeocerdo cuvier) genetic 
population structure in the western Atlantic Ocean: Hypothesis of an equatorial 
convergence centre. Aquatic Conservation: Marine and Freshwater Ecosystems, 29, 
760–772.  

Carroll, C., Fredrickson, R. J., & Lacy, R. C. (2014). Developing metapopulation 
connectivity criteria from genetic and habitat data to recover the endangered Mexican 
wolf. Conservation biology, 28(1), 76-86. 

Casey, J. M., & Myers, R. A. (1998). Near extinction of a large, widely distributed fish. 
Science, 281, 690-692. 

Castro, J. I. (2009). Observations on the reproductive cycles of some viviparous North 
American sharks. Aqua, 15, 205–222. 



29 
 

Cavole, L. M., Demko, A. M., Diner, R. E., Giddings, A., Koester, I., Pagniello, C. M., ... & 
Zill, M. E. (2016). Biological impacts of the 2013–2015 warm-water anomaly in the 
Northeast Pacific: winners, losers, and the future. Oceanography, 29(2), 273-285. 

Chapman, D. D., Feldheim, K., Papastamatiou, Y. & Hueter, R. E. (2015). There and back 
again: a review of residency and return migrations in sharks, with implications for 
population structure and management. Annual Reviews in Marine Science, 7, 547–570.  

Compagno, L. J. (1990). Alternative life-history styles of cartilaginous fishes in time and 
space. Environmental Biology of Fishes, 28, 33-75.Cone & Fairfax 1993 

Cone, R. W., & Fairfax, M. R. (1993). Protocol for ultraviolet irradiation of surfaces to 
reduce PCR contamination. Genome Research, 3, S15-S17. 

Corrigan, S., & Beheregaray, L. B. (2009). A recent shark radiation: molecular phylogeny, 
biogeography and speciation of wobbegong sharks (family: Orectolobidae). Molecular 
Phylogenetics and Evolution, 52, 205-216. 

Cortés, E. (2002). Incorporating uncertainty into demographic modeling: application to 
shark populations and their conservation. Conservation biology, 16, 1048-1062. 

Cridland, J. M., Ramirez, S. R., Dean, C. A., Sciligo, A., & Tsutsui, N. D. (2018). Genome 
sequencing of museum specimens reveals rapid changes in the genetic composition of 
honey bees in California. Genome Biology and Evolution, 10, 458-472. 

Dayton, P. K., Tegner, M. J., Edwards, P. B., & Riser, K. L. (1998). Sliding baselines, 
ghosts, and reduced expectations in kelp forest communities. Ecological Applications, 8, 
309-322. 

De Crosta, M. A. (1984). Age determination, growth, and energetics of three species of 
carcharhinid sharks in Hawaii (Doctoral dissertation, University of Hawaii at Manoa). 

Díez-del-Molino, D., Sánchez-Barreiro, F., Barnes, I., Gilbert, M. T. P., & Dalén, L. (2018). 
Quantifying temporal genomic erosion in endangered species. Trends in Ecology & 
Evolution, 33, 176-185. 

Driggers III, W. B., Ingram Jr, G. W., Grace, M. A., Gledhill, C. T., Henwood, T. A., Horton, 
C. N., & Jones, C. M. (2008). Pupping areas and mortality rates of young tiger sharks 
Galeocerdo cuvier in the western North Atlantic Ocean. Aquatic Biology, 2, 161-170. 

Dudgeon, C.L., Blower, D.C., Broderick, D., Giles, J.L., Holmes, B.J., Kashiwagi, T., 
Krück, N.C., Morgan, J.A.T., Tillett, B.J. & Ovenden, J.R. (2012), A review of the 
application of molecular genetics for fisheries management and conservation of sharks 
and rays. Journal of Fish Biology, 80, 1789-1843.  

Dugger, K. M., Ainley, D. G., Lyver, P. O. B., Barton, K., & Ballard, G. (2010). Survival 
differences and the effect of environmental instability on breeding dispersal in an Adélie 
penguin meta-population. Proceedings of the National Academy of Sciences, 107, 
12375-12380. 



30 
 

Dulvy, N. K., Sadovy, Y., & Reynolds, J. D. (2003). Extinction vulnerability in marine 
populations. Fish and Fisheries, 4, 25-64.  

Dulvy, N. K., Fowler, S. L., Musick, J. A., Cavanagh, R. D., Kyne, P. M., Harrison, L. R., 
Carlson, J. K., Davidson, L. N., Fordham, S. V., Francis, M. P., Pollock, C. M., 
Simpfendorfer, C. A., Burgess, G. H., Carpenter, K. E., Compagno, L. J., Ebert, D. A., 
Gibson, C., Heupel, M. R., Livingstone, S. R., Sanciangco, J. C., … White, W. T. (2014). 
Extinction risk and conservation of the world's sharks and rays. eLife, 3, e00590.  

Ferreira, L. C., Thums, M., Meeuwig, J. J., Vianna, G. M., Stevens, J., McAuley, R., & 
Meekan, M. G. (2015). Crossing latitudes—long-distance tracking of an apex predator. 
PLoS One, 10, e0116916. 

Fordham, D. A., Brook, B. W., Moritz, C., & Nogués-Bravo, D. (2014). Better forecasts of 
range dynamics using genetic data. Trends in ecology & evolution, 29, 436-443. 

Fowler, S. L., & Cavanagh, R. D. (2005). Sharks, rays and chimaeras: the status of the 
Chondrichthyan fishes: status survey (Vol. 63). IUCN. 

Frankham, R., Briscoe, D. A., & Ballou, J. D. (2002). Introduction to conservation 
genetics. Cambridge University Press, Cambridge. 

Gallagher, A. J., Hammerschlag, N., Shiffman, D. S., & Giery, S. T. (2014). Evolved for 
extinction: the cost and conservation implications of specialization in hammerhead 
sharks. BioScience, 64, 619-624.  

Gallagher, A. J., Hammerschlag, N., Danylchuk, A. J. & Cooke, S. J. (2017). Shark 
recreational fisheries: status, challenges, and research needs. Ambio 46, 385–398. 

García, V. B., Lucifora, L. O., & Myers, R. A. (2008). The importance of habitat and life 
history to extinction risk in sharks, skates, rays and chimaeras. Proceedings of the Royal 
Society B: Biological Sciences, 275, 83-89.  

Geissmann, T., Groves, C. P., & Roos, C. (2004). The Tenasserim lutung, Trachypithecus 
barbei (Blyth, 1847)(Primates: Cercopithecidae): description of a live specimen, and a 
reassessment of phylogenetic affinities, taxonomic history, and distribution. Contributions 
to Zoology, 73, 271-282.  

Ginolhac, A., Rasmussen, M., Gilbert, M. T. P., Willerslev, E., & Orlando, L. (2011). 
mapDamage: testing for damage patterns in ancient DNA sequences. Bioinformatics, 27, 
2153-2155.  

Hara, Y., Yamaguchi, K., Onimaru, K., Kadota, M., Koyanagi, M., Keeley, S. D., ... & 
Nozu, R. (2018). Shark genomes provide insights into elasmobranch evolution and the 
origin of vertebrates. Nature Ecology & Evolution, 2, 1761-1771. 

Hartley, C. J., Newcomb, R. D., Russell, R. J., Yong, C. G., Stevens, J. R., Yeates, D. K., 
... & Oakeshott, J. G. (2006). Amplification of DNA from preserved specimens shows 



31 
 

blowflies were preadapted for the rapid evolution of insecticide resistance. Proceedings 
of the National Academy of Sciences, 103, 8757-8762.  

Hauser, L., & Carvalho, G. R. (2008). Paradigm shifts in marine fisheries genetics: ugly 
hypotheses slain by beautiful facts. Fish and Fisheries, 9, 333-362. 

Hebsgaard, M. B., Phillips, M. J., & Willerslev, E. (2005). Geologically ancient DNA: fact 
or artefact?. Trends in Microbiology, 13, 212-220. 

Hedgecock, D., Barber, P. H., & Edmands, S. (2007). Genetic approaches to measuring 
connectivity. Oceanography, 20, 70-79. 

Heithaus, M. R. (2001). The biology of tiger sharks, Galeocerdo cuvier, in Shark Bay, 
Western Australia: sex ratio, size distribution, diet, and seasonal changes in catch 
rates. Environmental Biology of Fishes, 61, 25-36. 

Heithaus, M. R., & Dill, L. M. (2002). Food availability and tiger shark predation risk 
influence bottlenose dolphin habitat use. Ecology, 83, 480-491. 

Heithaus, M. R., Wirsing, A. J., Dill, L. M., & Heithaus, L. I. (2007). Long-term movements 
of tiger sharks satellite-tagged in Shark Bay, Western Australia. Marine Biology, 151, 
1455-1461. 

Helyar, S.J., Hemmer-Hansen, J., Bekkevold, D., Taylor, M.I., Ogden, R., Limborg, M.T., 
Cariani, A., Maes, G.E., Diopere, E., Carvalho, G.R., Nielsen, E.E. (2011). Application of 
SNPs for population genetics of nonmodel organisms: new opportunities and challenges. 
Molecular Ecology Resources, 11, 123-136. 

Henriques, R., Potts, W. M., Sauer, W. H., Santos, C. V., Kruger, J., Thomas, J. A., & 
Shaw, P. W. (2016). Molecular genetic, life‐history and morphological variation in a 
coastal warm‐temperate sciaenid fish: evidence for an upwelling‐driven speciation event. 
Journal of Biogeography, 43, 1820-1831. 

Hoffberg, S. L., Kieran, T. J., Catchen, J. M., Devault, A., Faircloth, B. C., Mauricio, R., & 
Glenn, T. C. (2016). RAD cap: sequence capture of dual‐digest RAD seq libraries with 
identifiable duplicates and reduced missing data. Molecular Ecology Resources, 16, 
1264-1278. 

Hofreiter, M., Jaenicke, V., Serre, D., Haeseler, A. V., & Pääbo, S. (2001). DNA 
sequences from multiple amplifications reveal artifacts induced by cytosine deamination 
in ancient DNA. Nucleic acids research, 29, 4793-4799. 

Holland, K., Anderson, J., Coffey, D., Holmes, B., Meyer, C., & Royer, M. (2019). A 
perspective on future tiger shark research. Frontiers in Marine Science, 6, 37. 

Holmes, B. J., Sumpton, W. D., Mayer, D. G., Tibbetts, I. R., Neil, D. T., & Bennett, M. B. 
(2012). Declining trends in annual catch rates of the tiger shark (Galeocerdo cuvier) in 
Queensland, Australia. Fisheries Research, 129, 38-45. 



32 
 

Holmes, B. J., Pepperell, J. G., Griffiths, S. P., Jaine, F. R. A., Tibbetts, I. R., & Bennett, 
M. B. (2014). Tiger shark (Galeocerdo cuvier) movement patterns and habitat use 
determined by satellite tagging in Eastern Australian waters. Marine Biology, 161, 2645–
2658.  

Holmes, B.J., Peddemors, V.M., Gutteridge, A.N., Geraghty, P.T., Chan, R.W.K., 
Tibbetts, I.R. and Bennett, M.B. (2015), Age and growth of the tiger shark Galeocerdo 
cuvier off the east coast of Australia. Journal of Fish Biology, 87, 422-448. 

Holmes, B. J., Williams, S. M., Otway, N. M., Nielsen, E. E., Maher, S. L., Bennett, M. B., 
& Ovenden, J. R. (2017). Population structure and connectivity of tiger sharks 
(Galeocerdo cuvier) across the Indo‐Pacific Ocean basin. Royal Society Open Science, 
4, 170309.  

Holmes, M. W., Hammond, T. T., Wogan, G. O., Walsh, R. E., LaBarbera, K., Wommack, 
E. A., ... & Nachman, M. W. (2016). Natural history collections as windows on evolutionary 
processes. Molecular Ecology, 25, 864-881. 

Hueter, R. E., Heupel, M. R., Heist, E. J., & Keeney, D. B. (2004). The implications of 
philopatry in sharks for the management of shark fisheries. Journal of Northwest Atlantic 
Fishery Science, 35, 239-247. 

Hung, C. M., Shaner, P. J. L., Zink, R. M., Liu, W. C., Chu, T. C., Huang, W. S., & Li, S. 
H. (2014). Drastic population fluctuations explain the rapid extinction of the passenger 
pigeon. Proceedings of the National Academy of Sciences, 111, 10636-10641. 

Hutchings, J. A., & Reynolds, J. D. (2004). Marine fish population collapses: 
consequences for recovery and extinction risk. BioScience, 54, 297-309. 

Jackson, J. B., Kirby, M. X., Berger, W. H., Bjorndal, K. A., Botsford, L. W., Bourque, B. 
J., ... & Hughes, T. P. (2001). Historical overfishing and the recent collapse of coastal 
ecosystems. Science, 293, 629-637. 

Jacoby, D. M., Croft, D. P., & Sims, D. W. (2012). Social behaviour in sharks and rays: 
analysis, patterns and implications for conservation. Fish and Fisheries, 13, 399-417. 

Jennings, S., & Kaiser, M. J. (1998). The effects of fishing on marine ecosystems. 
In Advances in marine biology, 34, 201-352. 

Johri, S., Doane, M. P., Allen, L., & Dinsdale, E. A. (2019). Taking Advantage of the 
Genomics Revolution for Monitoring and Conservation of Chondrichthyan Populations. 
Diversity, 11, 49.  

Jones, M. R., & Good, J. M. (2016). Targeted capture in evolutionary and ecological 
genomics. Molecular ecology, 25(1), 185-202. 

Kneebone, J., Natanson, L. J., Andrews, A. H., & Howell, W. H. (2008). Using bomb 
radiocarbon analyses to validate age and growth estimates for the tiger shark, 
Galeocerdo cuvier, in the western North Atlantic. Marine Biology, 154, 423-434.  



33 
 

Laurrabaquio-A, N. S., Islas-Villanueva, V., Adams, D. H., Uribe-Alcocer, M., Alvarado-
Bremer, J. R., & Díaz-Jaimes, P. (2019). Genetic evidence for regional philopatry of the 
Bull Shark (Carcharhinus leucas), to nursery areas in estuaries of the Gulf of Mexico and 
western North Atlantic ocean. Fisheries Research, 209, 67-74. 

Laws, R. M. (1985). The ecology of the Southern Ocean. American Scientist, 73, 26-40. 

Lea, J. S. E., Wetherbee, B. M., Queiroz, N., Burnie, N., Aming, C., Sousa, L. L., … Shivji, 
M. S. (2015). Repeated, long-distance migrations by a philopatric predator targeting 
highly contrasting ecosystems. Scientific Reports, 5, 11202.  

Lester, S. E., Ruttenberg, B. I., Gaines, S. D., & Kinlan, B. P. (2007). The relationship 
between dispersal ability and geographic range size. Ecology Letters, 10, 745-758.  

MacLean, H. J., Nielsen, M. E., Kingsolver, J. G., & Buckley, L. B. (2019). Using museum 
specimens to track morphological shifts through climate change. Philosophical 
Transactions of the Royal Society B, 374, 20170404.  

Manuzzi, A., Zane, L., Muñoz-Merida, A., Griffiths, A. M., & Veríssimo, A. (2019). 
Population genomics and phylogeography of a benthic coastal shark (Scyliorhinus 
canicula) using 2b-RAD single nucleotide polymorphisms. Biological Journal of the 
Linnean Society, 126, 289-303.  

Marra, N. J., Stanhope, M. J., Jue, N. K., Wang, M., Sun, Q., Bitar, P. P., ... & Stanhope, 
B. J. (2019). White shark genome reveals ancient elasmobranch adaptations associated 
with wound healing and the maintenance of genome stability. Proceedings of the National 
Academy of Sciences, 116, 4446-4455. 

Matsumoto, T., Saito, H., & Miyabe, N. (2005). Report of observer program for Japanese 
tuna longline fishery in the Atlantic Ocean from August 2003 to January 2004. Col. Vol. 
Sci. Pap. ICCAT, 58, 1694-1714.  

McGaughran, A., Terauds, A., Convey, P., & Fraser, C. I. (2019). Genome‐wide SNP data 
reveal improved evidence for Antarctic glacial refugia and dispersal of terrestrial 
invertebrates. Molecular ecology, 28, 4941-4957. 

Mead, J. G., & Mitchell, E. D. (1984). Atlantic gray whales. The gray whale, Eschrichtius 
robustus, pp. 33-53. 

Mikheyev, A. S., Tin, M. M., Arora, J., & Seeley, T. D. (2015). Museum samples reveal 
rapid evolution by wild honey bees exposed to a novel parasite. Nature 
Communications, 6, 7991.  

Mimura, M., Yahara, T., Faith, D.P., Vázquez‐Domínguez, E., Colautti, R.I., Araki, H., 
Javadi, F., Núñez‐Farfán, J., Mori, A.S., Zhou, S., Hollingsworth, P.M., Neaves, L.E., 
Fukano, Y., Smith, G.F., Sato, Y.‐I., Tachida, H. and Hendry, A.P. (2017), Understanding 
and monitoring the consequences of human impacts on intraspecific variation. 
Evolutionary Applications, 10, 121-139.  



34 
 

Moritz, C., Patton, J. L., Conroy, C. J., Parra, J. L., White, G. C., & Beissinger, S. R. 
(2008). Impact of a century of climate change on small-mammal communities in Yosemite 
National Park, USA. Science, 322, 261-264. 

Nielsen, E. E., Hansen, M. M., & Loeschcke, V. (1997). Analysis of microsatellite DNA 
from old scale samples of Atlantic salmon Salmo salar: a comparison of genetic 
composition over 60 years. Molecular Ecology, 6, 487-492. 

Nielsen, E. E., Morgan, J. A. T., Maher, S. L., Edson, J., Gauthier, M., Pepperell, J., ... & 
Ovenden, J. R. (2017). Extracting DNA from ‘jaws’: high yield and quality from archived 
tiger shark (Galeocerdo cuvier) skeletal material. Molecular Ecology Resources, 17, 431-
442.  

Ovenden, J. R. (2013). Crinkles in connectivity: combining genetics and other types of 
biological data to estimate movement and interbreeding between populations. Marine and 
Freshwater Research, 64, 201-207. 

Papastamatiou, Y.P., Meyer, C.G., Carvalho, F., Dale, J.J., Hutchinson, M.R. & Holland, 
K.N. (2013). Telemetry and random‐walk models reveal complex patterns of partial 
migration in a large marine predator. Ecology, 94, 2595-2606.  

Pauly, D., Christensen, V., Guénette, S., Pitcher, T. J., Sumaila, U. R., Walters, C. J., ... 
& Zeller, D. (2002). Towards sustainability in world fisheries. Nature, 418, 689-695. 

Pazmiño, D. A., Maes, G. E., Simpfendorfer, C. A., Salinas-de-León, P., & van 
Herwerden, L. (2017). Genome-wide SNPs reveal low effective population size within 
confined management units of the highly vagile Galapagos shark (Carcharhinus 
galapagensis). Conservation Genetics, 18, 1151-1163. 

Peterson, C. D., Belcher, C. N., Bethea, D. M., Driggers III, W. B., Frazier, B. S., & Latour, 
R. J. (2017). Preliminary recovery of coastal sharks in the south‐east United States. Fish 
and Fisheries, 18, 845-859. 

Pinsky, M. L., & Palumbi, S. R. (2014). Meta‐analysis reveals lower genetic diversity in 
overfished populations. Molecular Ecology, 23, 29-39. 

Pirog, A., Jaquemet, S., Ravigné, V., Cliff, G., Clua, E., Holmes, B. J., … Magalon, H. 
(2019). Genetic population structure and demography of an apex predator, the tiger shark 
Galeocerdo cuvier. Ecology and Evolution, 9, 5551–5571.  

Portnoy, D. S., Hollenbeck, C. M., Bethea, D. M., Frazier, B. S., Gelsleichter, J., & Gold, 
J. R. (2016). Population structure, gene flow, and historical demography of a small coastal 
shark (Carcharhinus isodon) in US waters of the Western Atlantic Ocean. ICES Journal 
of Marine Science, 73, 2322-2332. 

Randall, J. E. (1992). Review of the biology of the tiger shark (Galeocerdo cuvier). 
Australian Journal of Marine and Freshwater Research, 43, 21-31. 



35 
 

Rice, D. W. (1998). Marine mammals of the world. Systematics and distribution. Society 
for Marine Mammalogy. 

Roberts, C. M., & Hawkins, J. P. (1999). Extinction risk in the sea. Trends in Ecology & 
Evolution, 14, 241-246. 

Robinson, L. M., Elith, J., Hobday, A. J., Pearson, R. G., Kendall, B. E., Possingham, H. 
P., & Richardson, A. J. (2011). Pushing the limits in marine species distribution modelling: 
lessons from the land present challenges and opportunities. Global Ecology and 
Biogeography, 20, 789-802.  

Rodewald, A. D., Shustack, D. P., & Jones, T. M. (2011). Dynamic selective environments 
and evolutionary traps in human‐dominated landscapes. Ecology, 92, 1781-1788.  

Rodwell, L. D., Barbier, E. B., Roberts, C. M., & McClanahan, T. R. (2003). The 
importance of habitat quality for marine reserve fishery linkages. Canadian Journal of 
Fisheries and Aquatic Sciences, 60, 171-181.  

Roff, G., Brown, C. J., Priest, M. A., & Mumby, P. J. (2018). Decline of coastal apex shark 
populations over the past half century. Communications Biology, 1, 1-11.  

Rowe, K. C., Aplin, K. P., Baverstock, P. R., & Moritz, C. (2011). Recent and rapid 
speciation with limited morphological disparity in the genus Rattus. Systematic 
Biology, 60, 188-203. 

Roycroft, E. J., Le Port, A., & Lavery, S. D. (2019). Population structure and male-biased 
dispersal in the short-tail stingray Bathytoshia brevicaudata (Myliobatoidei: 
Dasyatidae). Conservation Genetics, 20, 717-728. 

Russ, G. R. (2002). Yet another review of marine reserves as reef fishery management 
tools. Coral reef fishes: dynamics and diversity in a complex ecosystem, 24, 421. 

Ryman, N., Utter, F., & Laikre, L. (1995). Protection of intraspecific biodiversity of 
exploited fishes. Reviews in Fish Biology and Fisheries, 5, 417-446. 

Schwartz, M. K., Luikart, G., & Waples, R. S. (2007). Genetic monitoring as a promising 
tool for conservation and management. Trends in Ecology & Evolution, 22, 25-33. 

Shiffman, D. S., Gallagher, A. J., Wester, J., Macdonald, C. C., Thaler, A. D., Cooke, S. 
J., & Hammerschlag, N. (2014). Trophy fishing for species threatened with extinction: a 
way forward building on a history of conservation. Marine Policy, 50, 318-322. 

Simpfendorfer, C. (1992). Biology of tiger sharks (Galeocerdo cuvier) caught by the 
Queensland shark meshing program off Townsville, Australia. Marine and Freshwater 
Research, 43, 33-43. 

Simpfendorfer, C. A., Goodreid, A. B., & McAuley, R. B. (2001). Size, sex and geographic 
variation in the diet of the tiger shark, Galeocerdo cuvier, from Western Australian 
waters. Environmental Biology of Fishes, 61, 37-46. 



36 
 

Smyth, K., & Elliott, M. (2020). Effects of changing salinity on the ecology of the marine 
environment. In Stressors in the Marine Environment (Solan, M. & Whiteley, N., eds). 
Open University Press.  

Stevens, J. D., Bonfil, R., Dulvy, N. K., & Walker, P. A. (2000). The effects of fishing on 
sharks, rays, and chimaeras (chondrichthyans), and the implications for marine 
ecosystems. ICES Journal of Marine Science, 57, 476-494.  

Stronen, A. V., Iacolina, L., Pertoldi, C., Kusza, S., Hulva, P., Dykyy, I., ... & Faurby, S. 
(2019). The use of museum skins for genomic analyses of temporal genetic diversity in 
wild species. Conservation Genetics Resources, 11, 499-503.  

Staats, M., Erkens, R. H., van de Vossenberg, B., Wieringa, J. J., Kraaijeveld, K., Stielow, 
B., ... & Bakker, F. T. (2013). Genomic treasure troves: complete genome sequencing of 
herbarium and insect museum specimens. PLoS One, 8.  

Suchan, T., Pitteloud, C., Gerasimova, N. S., Kostikova, A., Schmid, S., Arrigo, N., ... & 
Alvarez, N. (2016). Hybridization capture using RAD probes (hyRAD), a new tool for 
performing genomic analyses on collection specimens. PloS one, 11.  

Sulikowski, J. A., Wheeler, C. R., Gallagher, A. J., Prohaska, B. K., Langan, J. A., & 
Hammerschlag, N. (2016). Seasonal and life-stage variation in the reproductive ecology 
of a marine apex predator, the tiger shark Galeocerdo cuvier, at a protected female-
dominated site. Aquatic Biology, 24, 175-184. 

Sunday, J., Bennett, J. M., Calosi, P., Clusella-Trullas, S., Gravel, S., Hargreaves, A. L., 
... & Morales-Castilla, I. (2019). Thermal tolerance patterns across latitude and 
elevation. Philosophical Transactions of the Royal Society B, 374, 20190036.  

Therkildsen, N. O., Hemmer‐Hansen, J., Als, T. D., Swain, D. P., Morgan, M. J., Trippel, 
E. A., ... & Nielsen, E. E. (2013). Microevolution in time and space: SNP analysis of 
historical DNA reveals dynamic signatures of selection in Atlantic cod. Molecular 
Ecology, 22, 2424-2440.  

van der Valk, T., Díez-del-Molino, D., Marques-Bonet, T., Guschanski, K., & Dalén, L. 
(2019). Historical genomes reveal the genomic consequences of recent population 
decline in eastern gorillas. Current Biology, 29, 165-170. 

Veríssimo, A., Sampaio, Í., McDowell, J. R., Alexandrino, P., Mucientes, G., Queiroz, N., 
... & Noble, L. R. (2017). World without borders—genetic population structure of a highly 
migratory marine predator, the blue shark (Prionace glauca). Ecology and Evolution, 7, 
4768-4781. 

Wandeler, P., Hoeck, P. E., & Keller, L. F. (2007). Back to the future: museum specimens 
in population genetics. Trends in Ecology & Evolution, 22, 634-642. 

Werry, J. M., Planes, S., Berumen, M. L., Lee, K. A., Braun, C. D., & Clua, E. (2014). 
Reef-fidelity and migration of tiger sharks, Galeocerdo cuvier, across the Coral Sea. PloS 
one, 9, e83249. 



37 
 

Whitney, N. M., & Crow, G. L. (2007). Reproductive biology of the tiger shark (Galeocerdo 
cuvier) in Hawaii. Marine Biology, 151(1), 63-70. 

Wintner, S. P., & Dudley, S. F. J. (2000). Age and growth estimates for the tiger shark, 
Galeocerdo cuvier, from the east coast of South Africa. Marine and Freshwater 
Research, 51, 43-53. 

Wirsing, A. J., Heithaus, M. R., & Dill, L. M. (2006). Tiger shark (Galeocerdo cuvier) 
abundance and growth in a subtropical embayment: evidence from 7 years of 
standardized fishing effort. Marine Biology, 149, 961-968. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



38 
 

 
 
 
 
 

MANUSCRIPT I 

 
Coming together: calibration of Tiger Shark (Galeocerdo cuvier) microsatellite 

databases for investigating global population structure and assignment of 
historical specimens 

 
In preparation for Conservation Genetics 

 
Matilde Sort, Alice Manuzzi, Belén Jiménez‐Mena, Jennifer R. Ovenden, Bonnie J. 

Holmes, Andrea M. Bernard, Mahmood S. Shivji, Dorte Meldrup, Mike Bennett, Einar E. 
Nielsen 

 
 

 
Image: The Ocean Foundation © 

 
 
 
 
 
 



39 
 

Coming together: calibration of tiger shark (Galeocerdo cuvier) microsatellite 
databases for investigating global population structure and assignment of 
historical specimens. 

 

Authors: Matilde Sort1, Alice Manuzzi1, Belén Jiménez‐Mena1, Jennifer R. Ovenden2, 

Bonnie J. Holmes3, Andrea M. Bernard4, Mahmood S. Shivji4, Dorte Meldrup1, Mike 

Bennett5, Einar E. Nielsen1,5  

 

Affiliations: 

1National Institute of Aquatic Resources, Technical University of Denmark, Vejlsøvej 39, 

8600 Silkeborg, Denmark  

2Molecular Fisheries Laboratory, School of Biomedical Sciences, University of 

Queensland, St Lucia Campus, Brisbane, Queensland, 4072 Australia 

3School of Science & Engineering, University of the Sunshine Coast, 90 Sippy Downs Dr, 

Sippy Downs, Queensland 4556, Australia 

4Save Our Seas Shark Research Center, Halmos College of Natural Sciences & 

Oceanography, Nova Southeastern University, 8000 N. Ocean Drive, Dania Beach, FL, 

33004 USA 

5School of Biomedical Sciences, University of Queensland, St Lucia Campus, Brisbane, 

Queensland 4072, Australia 

 

Article type: Original research article in preparation for Conservation Genetics  

 

 

 

 



40 
 

Abstract 

We present here the first standardized global microsatellite database for a shark species, 

the tiger shark (Galeocerdo cuvier). Genotyping of reference individuals was used to 

develop and apply a calibration key for data from eight microsatellite loci produced by 

three different laboratories, thereby allowing merging of genotypes into a single dataset. 

The unified data helped to elucidate global population structure of the species and 

provided improved statistical power, by increasing the total number of samples per 

location compared to the original studies from which the samples were obtained. Pairwise 

FST estimates and PCA plots showed significant genetic differentiation between Atlantic 

and Indo-Pacific samples, confirming previous findings of a strong genetic break between 

tiger sharks inhabiting the two ocean basins. The standardized database (n = 799) also 

allowed archived historical samples to be genotyped and assigned back to their 

population (ocean basin) of origin. The importance of calibration tests in population 

structure studies using microsatellite data is discussed, as well as factors of importance 

for successful assignment analysis, and how the possibility of assigning historical 

samples of unknown origin back to the population, increases sample value. Our results 

demonstrate that global calibration of microsatellite and other genetic datasets can 

improve the statistical power and resolution of population structure analysis when working 

with highly mobile globally distributed species such as the tiger shark, where only 

opportunistic sampling is possible. 
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Introduction 

Genetic methods can provide vital information for sustainable management and 

conservation of natural aquatic resources and for securing marine resources in the future 

(Haaland et al. 2011; Bernatchez et al. 2017). Among a multitude of applications, a key 

use of genetics has been to infer population structure of widely distributed marine species 

(Nielsen et al. 2009; Ovenden et al. 2019). However, good sample coverage across 

species’ distributions and sufficiently large samples sizes are required for robust 

biological and statistical inferences. This is essential when studying large migratory 

marine species, with wide and even global distributions, for which the task of collecting 

and processing samples can be costly and time consuming for individual research 

projects (Ellis et al. 2011). Therefore, utilizing already existing genetic datasets by 

merging them into a single global database can save time and money, and provide 

stronger biological and statistical inferences for population structure across larger 

distributional areas. Thus, calibrated databases represent highly beneficial tools to 

elucidate population structure, and act as a high-resolution baseline to assign individuals 

of unknown origin for management or even forensic purposes (Koljonen et al. 2007; 

Nielsen et al. 2016).  

For the past decades DNA microsatellite loci have been the most easily and widely 

applied molecular markers for characterizing population structure and relatedness of 

individuals in marine species (Larson and Daly-Engel 2017), making multiple datasets 

generated with the same microsatellite panel readily available. Despite their great 

potential, the number of calibrated microsatellite databases remains low, as the merging 

of such datasets is fraught with difficulties (Ellis et al. 2011). The interchange of 

microsatellite data often proves problematic as different laboratories use unique pipelines 

for generating microsatellite data, including PCR protocols, thermo-cyclers, fragment 

labelling systems, size-standards, genotyping platforms, or multiplexes. As microsatellite 

genotyping traditionally relies on scoring the relative migration of different DNA fragments 

in an electrophoretic gel matrix, different systems will provide different allele sizes, 

providing the basis for incompatible inter-laboratory results. Therefore, data from different 

laboratories cannot readily be pooled in their raw form, as the output likely contains 
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systematic biases in allele sizes (Moran et al. 2006; Ellis et al. 2011). Although a number 

of examples of calibrated databases can be found for fish, in particular related to salmonid 

management (Moran et al. 2006; Seeb et al. 2011; Stephenson et al. 2009; Ellis et al. 

2011), standardization of microsatellites for inter-lab comparisons is not commonly 

applied. This is particularly true for elasmobranchs, even though the same set of 

microsatellite loci have often been applied by different authors (e.g. shortfin mako: Schrey 

and Heist 2002; Corrigan et al. 2018; white sharks: Gubili et al. 2011; O’Leary et al. 2013, 

2015). Lack of calibrated microsatellites is particularly unfortunate for sharks, as many of 

the studied species are highly migratory and have worldwide distributions, making them 

difficult to sample and encompass within a single study. In addition, coordination of 

sampling is often challenging and opportunistic, so spatial coverage and sample numbers 

are commonly highly variable, making robust statistical inferences challenging. Moreover, 

samples are rarely shared or exchanged between labs, particularly as the species 

become more charismatic or iconic. Thus, creating common baseline databases that 

allow integration of genetic data across the total distributional range of a species could 

be an important and resourceful tool for understanding shark population structure and 

ultimately aid for their proper conservation and management.   

The tiger shark is the fifth largest shark in the world, inhabiting warm and temperate 

waters of all oceans (Ebert et al. 2013). The tiger shark is caught as both target species 

and as by-catch and is listed as “Near Threatened” on the IUCN’s Red List of Threatened 

Species (Ferreira & Simpfendorfer 2019). Several tagging and tracking studies using 

satellite telemetry have shown long-term movement behaviour within oceanic basins, with 

adult males annually undertaking repeated, round-trip migrations of over 7,500 km in the 

northwest Atlantic (Hammerschlag et al. 2012; Lea et al. 2015; Domingo et al. 2016). The 

trans-boundary nature of tiger shark populations pose a challenging problem for 

management and conservation. Since single individuals can move such great distances, 

it is likely that individuals from different populations potentially co-occur in the same area 

or habitat. Accordingly, there is a large interest in understanding the global population 

structure of tiger sharks as well as knowing the population of origin of single individuals. 

Recently, the global genetic population structure of tiger sharks has been explored by 

several authors (Bernard et al. 2016; Holmes et al. 2017; Carmo et al. 2019; Pirog et al. 
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2019), using more or less overlapping samples, with highly variable sample sizes from 

different locations across their distributions. A general conclusion is that the species 

shows a clear genetic break between the Atlantic and the Indo-Pacific oceans, with little 

gene flow between the two major populations. However, these studies have also resulted 

in somewhat variable conclusions, especially regarding the genetic affinity of the 

individuals sampled around Hawaii. A way to circumvent the shortcomings of individual 

datasets and limited samples has been by conducting a “meta-analysis” with direct 

comparisons of four different microsatellite datasets, with variable number of overlapping 

loci (Pirog et al. 2019). However, it is still expected that a full data integration through 

calibration of genotypes involving the largest possible number of microsatellite loci across 

studies will provide higher resolution power for inferring population structure, as well as 

for sample tracking and forensic applications, in tiger sharks. As “proof of concept” and 

to test the efficacy of calibrating microsatellite loci across genetic datasets from multiple 

studies of elasmobranchs, we here present a method for obtaining a higher overall 

resolution of population composition, relationships and spatial dynamics for tiger sharks. 

Firstly, we developed a calibration method to combine three existing microsatellite genetic 

datasets into a single unified database. Secondly, as an example of potential application 

of the calibrated database, samples of both contemporary and historical tiger sharks of 

both known and unknown origin were genotyped and assigned to their population of 

origin. This combined historical-modern database provides new insights into the 

population structure of the tiger sharks further adding to the findings in previous studies. 

Materials and Methods 
Sample collection 
The common baseline database of microsatellite genotypes was built from data and tiger 

shark samples collected by Holmes et al. (2017) and Bernard et al. (2016). Detailed 

information on the full sample collection can be found in these papers. In addition to the 

samples already incorporated from Holmes et al. (2017) and Bernard et al. (2016), 10 

additional not previously genotyped tissue samples from the US Virgin Islands were 

included. In total, the baseline dataset consisted of 734 samples of which 149 were from 

the Atlantic Ocean, and 585 from the Indo-Pacific. Samples were obtained from 18 
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different locations (Figure 1). In addition, a total of 65 ‘historical’ samples were collected 

in 2017 and 2018 from different museums and private collections. Of these, 33 samples 

were historical tiger shark specimens, caught between 1852 and 2005, and consisted of 

material drilled out of shark jaws, so-called “bio-swarf”, collected following the protocol of 

Nielsen et al. (2017), and one dried fin. The remaining 32 samples were fin-clips collected 

between 1963 and 2018.  Of the total 65 ‘historical’ samples, 26 had a reported catch 

location and 39 were of unknown geographical origin. The samples with and without 

metadata were included in the database to test the efficacy of the calibrated database for 

population assignment, with the individuals of known origin serving as controls. More 

detailed information on origin and catch dates, or lack thereof, is shown in Table S1. For 

simplicity, the 65 samples are hereafter referred to as ‘archival samples’, as they originate 

from repositories around the world. Thus, a total of 799 tiger shark genotypes were 

included in this study. 

 

Calibration 

In order to remove potential biases among tiger shark datasets due to the different 

genotyping pipelines among laboratories, re-calibration of genotypes was performed 

using fin clip samples from three specimens from each sampling location reported in 

Bernard et al. (2016) and Holmes et al. (2017). Three shark fin clips from each of the 18 

sampling sites were used, along with the original genotype data for all 734 individuals. 

These 54 samples were then re-genotyped at DTU Aqua (Silkeborg, Denmark), for allelic 

designation of the genotypes at each of the eight microsatellite loci. The newly obtained 

genotypes were then compared with the genotype designation from the two original 

studies. Consistent differences in allelic designations across all microsatellite loci were 

recorded across the three datasets and the fixed number of base pair differences among 

genotypes was included in the “calibration key” (Table 1). The fixed differences in allelic 

designation among datasets was then used for adding or subtracting base-pairs (bp), 

according to the calibration key, for all 734 samples, and the calibrated data included in 

a new database with the merged genotypes. The genotype designations of the Silkeborg 

lab were used as the calibration standard, as this was most convenient in relation to the 

subsequent genotyping of additional archived tiger shark samples.   
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DNA extraction  

We expected low concentrations of and partly degraded DNA in the 65 archival samples. 

Thus, in order to optimize DNA yield, two different DNA extraction kits were tested. We 

compared the E.Z.N.A tissue DNA kit and the Qiagen QIAamp DNA Investigator Kit for 

isolation of total DNA for Bones and Teeth following the manufacturer’s protocol (Omega 

Bio-tek, Inc, Norcross, GA, USA and QIAamp ® DNA Investigator Handbook) with minor 

changes (see below). DNA was measured on a Qubit ® 3.0 Fluorometer. The E.Z.N.A kit 

provided the highest concentration of DNA (ng/μL). Consequently, DNA extraction was 

performed exclusively using the E.Z.N.A kit. The bio-swarf from the archival samples was 

digested overnight at 55°C in 1800 μL TL buffer instead of the standard 200 μL, in order 

to allow total covering of the rather fluffy sampling material for optimal lysis. To increase 

concentrations of DNA for the archived samples, elution volume was downscaled from 

the protocol’s 200 μL to 80 μL.  

 

Genotyping 

All tiger shark samples were re-genotyped at microsatellite loci with identical multiplexes. 

Genotypes were obtained for nine microsatellite loci developed for tiger sharks (Bernard 

et al. 2016). The composition of the two microsatellite multiplexes followed Holmes et al. 

(2017): Multiplex 1 (MP1) consisted of tgr_1157, tgr_212, tgr_47, tgr_233, and tgr_348. 

Multiplex 2 (MP2) contained the loci: tgr_1033, tgr_1185, tgr_891 and tgr_943. PCR 

reactions were prepared using the Multiplex PCR Master Mix from Qiagen (QIAGEN Inc., 

Valencia, CA, USA) with 6 μL total: 3.2 μL of PCR MasterMix, 0.63 μl primer mix (2 pmol), 

0.3 μL genomic DNA, and 2.3 μL of water.  

Two different PCR amplification protocols were applied for the contemporary and 

the historical samples respectively. The DNA extraction of the 54 contemporary tiger 

shark samples included in Holmes et al. (2017) and Bernard et al. (2016) was performed 

using the E.Z.N.A kit, following the manufacturer's protocol. Loci were amplified in the two 

multiplexes using the following protocol: Hot start of 95°C for 15 min to activate the 

HotStarTag DNA polymerase, followed by 30 cycles of: 94°C for 30 sec, 57°C for 3 min 

and 72°C for 1 min. Annealing time at 57°C was 90 sec. After closing of the cycles, a final 
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extension step was run at 60 c for 30 min, as suggested by QIAGEN PCR Handbook. 

Amplicons were stored at 8°C before further analysis. Amplicons were diluted in HiDi 

including GeneScan™ 500 LIZ ® Size Standard (Applied Biocity, Foster City, CA, USA): 

1 mL HiDi was mixed with 12 μL size standard. Subsequently, for each sample 9 μL of 

the HiDI and LIZ mixture was added to 1 μL of the amplicon. The sample was then 

denatured on a HyBaid OmniGene at 75°C for 3 min, before being gel-separated by 

capillary electrophoresis (Applied Biosystems 3130), following the manufacturer’s 

recommendations. Alleles were scored using GeneMapper 4.0 against the included size 

standard. 

The PCR amplification protocol for the historical samples was designed from the 

QIAGEN® Multiplex PCR Handbook, focusing on longer annealing times (from 90 sec to 

3 min) and higher cycle number (30 to 35), in order to maximise chances of successful 

amplification for low target template concentrations. The two multiplexes were amplified 

using the following protocol: Hot start at 95°C for 15 min, followed by 35 cycles at: 94°C 

for 30 sec, 57°C for 3 min and 72°C for 1 min. After completion of the PCR cycles, a final 

extension step was run at 60°C for 30 min. Alleles were sized and scored in the same 

matter as the contemporary samples.  

 

Analysis of genetic variation and population differentiation  

Genotypes of the archival samples were checked for scoring errors and duplicates using 

the Microsoft Excel extension program Microsatellite Toolkit. Tests for Hardy-Weinberg 

Equilibrium (HWE) and Linkage Disequilibrium (LD) among pairs of loci in each baseline 

population were performed in the GenePop package (Rousset, 2008) in R, using the 

following Markov Chain Monte Carlo (MCMC) parameters for all tests (dememorization: 

100,000, batches: 100, and iterations per batch: 10,000). Population pairwise standard 

diversity indices were estimated for the contemporary samples using GenAlEx v. 6.5, 

including number of alleles (Na), expected (HE) and observed heterozygosity (HO), and 

inbreeding coefficient (FIS). Allelic richness corrected for sample size was measured using 

the R package PopGenReport (Adamack and Gruber 2014). To estimate genetic 

divergence among baseline samples, pairwise FST (Weir & Cockerham 1984) values were 

estimated using the package “StAMPP” (Pembleton, Cogan, & Forster, 2013). The 
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percentile for the confidence interval was set at 95, while the level of significance was 

calculated using a permutations test with the number of permutations set at 10,000. False 

Discovery Rate (FDR) corrections were applied to control the expected proportion of 

rejected null hypotheses that are false positives, when testing for HWE, LD and FST. FDR 

was applied, as this correction calculates the expected number of false discoveries 

divided by the number of discoveries (Yoav and Yosef 1995). Finally, the ancestry 

proportions per individual tiger shark was analysed using STRUCTURE v. 2.2 (Pritchard 

et al. 2000). Simulation series were run with clusters (K) ranging from 1 to 8, with 10 

iterations per value of K. Each run was 1,500,000 steps with a burn-in of 500,000 steps. 

We used the admixture model with correlated allele frequencies and sample location 

information as priors (by site). PopHelper v2.0.2 (Francis 2017) was used for 

visualization.  

 

Individual assignment and structure analysis 

The calibrated global microsatellite genotype database was used as a baseline for 

population assignment with the program GeneClass (Piry 2004) applying the Bayesian 

method of Rannala and Mountain (Rannala 1997). First, self-assignment of the individuals 

of known origin in the baseline samples was carried out (Table S4). Subsequently, the 

genotypes of the archival samples of unknown origin were assigned to the most likely 

geographical population of origin (see also Nielsen et al. 2016 for procedure). We applied 

a 70% probability cut-off for positive population assignment. The percentage is defined 

as the likelihood value of observing an individual genotype in a given baseline population 

divided by the total likelihood of that individual in all baseline populations. Thus, if an 

individual did not achieve a probability score >70% in any population it was categorized 

as “Not Assigned” and left out of further analysis. Increasing thresholds will naturally 

decrease the rate of assigned individuals (i.e. the proportion of successfully assigned 

individuals), (Henriksen 2015). To explore population structure and to further compare 

the genetic similarity between individuals of unknown origin and baseline samples, we 

performed a Principal Component Analysis (PCA), with the R package “adegenet” 

(Jombart & Ahmed 2011).  
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Results 
Calibration 

Allelic designations among studies differed in a consistent and predictable way ranging 

from 9 to 20 bp difference across the genotyped loci. As example, we re-genotyped one 

tiger shark sampled in the Bahamas (Bah375; Bernard et al. 2016) at the microsatellite 

locus TGR1033. The original genotype was 179-189 bp, while the new (DTU Aqua) 

genotype was 170-180 bp. This 9 bp difference in allelic designation was consistent 

across all tiger sharks from Bernard et al (2016) included in the re-genotyped calibration 

samples. Hence, all remaining 380 samples from Bernard et al (2016), which had not 

been re-genotyped at TGR1033, were then readily included in the new unified database 

through using the calibration key and subtracting 9 bp from their original allelic 

designations (Table 1). Following the same procedure, a similar calibration key was 

developed for the Holmes et al. (2017) samples. We successfully calibrated all three 

databases by subtracting between 9 and 14 bp for the Bernard genotypes, and between 

13 and 20 bp for the Holmes genotypes, into the unified database (Table 1). 

 

Analysis of genetic variation and population differentiation  

After checking for possible scoring errors and presence of sample duplicates, it was 

evident that archival samples “ts_NA_6” (jaw) and “ts_NA_10” (fin) were identical. Thus, 

only a single genotype was included for further analysis. Additionally, one microsatellite 

locus (Tgr891) was removed due to a high level of missing data (40% missing genotypes 

among “archival” samples). The final panel of eight microsatellites, had a higher 

percentage of missing data (7.6% on average across all loci) for the archival samples of 

unknown origin, than for the calibrated dataset of contemporary samples ranging from a 

minimum of 0.3% for the Hawaii samples to 4% in the SWAtlantic samples (see  Table 

S2). No linkage disequilibrium was observed for any of the loci in any of the samples 

following FDR correction. Likewise, no deviations from Hardy-Weinberg equilibrium, were 

found for any locus in any sample. After calibration, genetic diversity estimates for the 

eight microsatellites in the baseline samples showed considerable higher levels of 

heterozygosity in the Indo-Pacific (mean HO = 0.673, SE = 0.089; mean HE = 0.676, SE 

= 0.086; Table S3.A) than the Atlantic (mean HO = 0.556, SE = 0.106; mean HE = 0.549, 
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SE = 0.103; Table S3.A). Likewise, the average number of alleles corrected for sample 

sizes (AR) varied across locations (Table S3), ranging from a minimum of 5.472 ± 0.885 

in the SWAtlantic to a maximum of 8.278 ± 1.780 in the EIndian and 8.142 ± 1.729 in the 

SWPacific. Pairwise FST estimates showed significant genetic differentiation between 

Atlantic and the Indo-Pacific samples, ranging from a minimum of 0.0968 between Hawaii 

and NWAtlantic and a maximum of 0.155 between SWIndian and NWAtlantic samples, 

thus confirming the previously identified presence of a strong genetic break between tiger 

sharks from the two ocean basins. In contrast, pairwise FST comparisons within 

oceanographic basins showed little to no differentiation with values ranging between 0 

and 0.006 for Indo-Pacific collections and 0.0088 between the two groups of Atlantic 

samples. Significant P-values (0.000 to 0.012) were only found for pairwise comparisons 

between Atlantic and Indo-Pacific collections (Table 2).  

 

Individual assignment and structure analysis 

In agreement with the FST analysis, the PCA plot also showed two distinct and cohesive 

groups, with no apparent additional spatial resolution within groups for the markers 

employed. There was an Atlantic group including the samples from NWAtlantic and 

SWAtlantic collections, and an Indo-Pacific group formed by samples from the remaining 

four collection sites (Figure 2). Accordingly, these two overarching groups were used as 

assignment units for the archival samples, as there was no statistical support for 

additional groups. We also tested the approach of using all six sampling groups as 

individual baseline samples for assignment and as expected the overall success rate of 

assignment dropped to 31% (results not shown). Of the 16 mis-assigned samples from 

the Indo-Pacific baseline (four samples from EIndian, two from SWIndian, seven from 

SWPacific and three from Hawaii), 15 were assigned to SWAtlantic, perhaps due to the 

higher level of missing data (4%) and thus less informative genotypes in general for this 

collection when compared to the NWAtlantic. The Bayesian STRUCTURE analysis 

supported the same distinct pattern. For the best K (K= 2), baseline samples clustered 

distinctly into Atlantic and Indo-Pacific groups (Figure 3), with low levels of admixture 

found between groups. Of the 149 samples from the Atlantic only one had a 50/50 chance 

(0.46 Atlantic versus 0.54 Indo-Pacific) of being miss-identified as Indo-Pacific. All the 
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others were correctly identified with 100% likelihood to the Atlantic. For the Indo-Pacific, 

89 samples had a likelihood to be assigned to the correct population different from 100%, 

between 0.99 to 0.68. One sample had a 50/50 chance of being assigned to both (0.48 

Atlantic and 0.52 Indo-Pacific) and one sample from SWIndian was mis-identified (0.66 

Atlantic versus 0.34 Indo-Pacific, no missing data, Table 3). Likewise, the archival 

samples showed very low levels of admixture, confirming their oceanographic basins of 

origin with high certainty. The 64 archival samples were assigned to baseline samples, 

and of the archival samples of unknown origin, 31 were identified as originating from the 

Atlantic, and seven from the Indo-Pacific. All control samples of known origin were 

correctly assigned to their designated population (Table 4), except one sample 

(TS_K_15) from Hawaii that was mis-assigned to the Atlantic group by GeneClass 

(assignment values of -10.84 for the Atlantic and -11.1 for the Indo-Pacific, Table S5), but 

correctly assigned to the Indo-Pacific group by STRUCTURE. All of the archival samples 

showed high probability scores as provided from both the STRUCTURE analysis and the 

assignment test, except for one individual (TS_U_22) that displayed almost equal 

probability of originating from one or the other group  (Table S5). 

 

Discussion 
The calibration approach applied in this study provided means to generate the first 

standardized microsatellite loci database for a shark species, the tiger shark, across its 

global range. The use of a calibration key allowed us to merge datasets produced by 

three different laboratories into one unique standardized dataset, thus helping to elucidate 

the global population structure of the species by providing a higher number of sampling 

points and more samples per location compared to the previous studies from which the 

samples were obtained. Moreover, it demonstrated the power and resolution of this 

approach for assigning unknown samples back to their population of origin, as well as 

testing for samples uniqueness, for example with the presence of duplicates between and 

within collections.  

The results from the population structure analysis confirm the findings from 

previous studies (Bernard et al. 2016, Holmes at al. 2017, Carmo et al. 2018 and Pirog 

et al. 2019), by identifying a strong genetic break between the Atlantic and the Indo-Pacific 
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oceans with samples clearly belonging to either population group. No further signs of 

stratification within oceanographic basins were observed given the number and nature of 

markers applied and the sample sizes provided. We were not able to confirm any 

difference between the Hawaiian collection and the other Pacific locations, a hypothesis 

discussed in Bernard et al. (2016), despite having some of the original Hawaiian samples 

included in the calibrated dataset. This outcome supports Holmes et al. (2017) hypothesis 

that the signal of separate structure for the Hawaiian population was weak due to a 

relatively low number of samples from the southwest Pacific Ocean. However, it is likely 

that the observed results are due to the type and number of markers used, and fine-scale 

population sub-structuring should be investigated further using a better genomic coverage 

and including regions that might be under selection. We detected a higher level of genetic 

diversity within the Indo-Pacific compared with the Atlantic populations, suggesting a 

recent expansion of the former population, as previously identified by Pirog et al. (2019). 

Despite the distinct separation between populations of the two ocean basins, the values 

of FST were not high enough to suggest a complete lack of genetic connectivity between 

the two populations, and thus point to relatively recent and possibly ongoing gene flow 

between ocean basins. There was, however, little evidence of migrants or introgressed 

individuals among our samples. The strong genetic differentiation between the 

assignment groups ensured a very high success rate for the individual assignment tests 

despite the relatively low number of markers included in the study. 

 

The importance of calibration tests for studies of population structure using microsatellites 

It is particularly important to consider the construction of a calibration key when comparing 

results from different studies to avoid inter-laboratory bias (Ellis et al. 2011). As many 

studies have been published recently focusing on the worldwide population genetic 

structure of tiger sharks, calibrated genetic datasets across studies represent an 

important step toward a better understanding of the species structure and connectivity 

allowing to merge a high number of samples originating from independent studies into a 

single dataset. The increased power and resolution of using a calibrated dataset has also 

been shown in other studies (e.g. see Ellis et al. 2011 and references therein). Our results 

show that calibration is fundamental to the reconciliation of datasets generated in different 
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laboratories. In particular in a context of low or lacking genetic differentiation among tiger 

sharks from different sampling sites. Calibration has significant implications on the 

identification of population units, assignment tests and estimates of genetic diversity, such 

as the case for tiger sharks (Pirog et al. 2019). 

Assignment methods have been applied extensively for fisheries targeting Illegal, 

Underreported and Unregulated (IUU, Ogden 2008; Nielsen et al. 2012; Nielsen 2016), 

identification of hatchery fish (Karlsson et al. 2011, 2016; Renshaw et al. 2006), migration 

between populations (Hellberg et al, 2002, Reeb et al, 2000), and for composition and 

abundance of populations in the study area (Manel et al. 2005, Potvin & Bernatchez 

2001). For tiger sharks, in particular, assignment methods can greatly aid in assessing 

the impact of IUU across its distribution by, for example, detecting the origin of fins in 

markets. Several factors play a role in the success of an assignment analysis. Strong 

genetic differentiation between assignment units, large sample sizes for reference units, 

type and number of markers used and the quality of DNA, especially when dealing with 

archival or forensic-quality samples, have an important role on the power and resolution 

of such tests (see Nielsen et al. 2016 and references therein). In general, population 

genetic studies greatly benefit from good sampling coverage and from an elevated 

number of markers (Hale et al, 2012; Nei et al 1978). However, obtaining both is not 

always possible, due to time and resource limitations, especially when working with non-

model large, relatively rare marine species with vast global distributional ranges. Thus, 

the genetic resources are often limited in terms of available markers and sampling is 

opportunistic and highly variable across time and space. To overcome the limitations of 

studies with a limited geographical scope and sample availability, previous studies have 

compared newly generated data with those obtained in other studies on tiger sharks that 

used different microsatellites panels and samples distribution (Pirog et al. 2019). This 

approach, while highlighting important points on the genetic structure of the tiger sharks, 

also illustrates how results obtained from different datasets are not always congruent. In 

fact, while the dataset with the highest number of loci (n = 10, Bernard et al. 2016) 

identified a possibly sub-structured population within the Indo-Pacific, this was not 

consistent with the results obtained here that included a higher number of samples from 

the Indo-Pacific region, but a reduced number of loci. It is likely that, despite the increased 
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statistical power provided by additional samples, that the lower number of loci could 

explain the inability to detect a fine scale structure. Although 25-30 individuals should be 

sufficient for accurately estimating allele frequencies and related FST values (Hale et al. 

2012), a limited number of microsatellites may not be representative of the overall 

genomic differentiation between population samples (Fischer et al. 2017). Thus, if more 

subtle population differentiation should be investigated, the application of a high number 

of loci (such as Single Nucleotide Polymorphisms, SNPs, at least 1500), is needed to 

obtain accurate estimates of FST even with very small sample sizes (Nazareno et al. 

2017). As microsatellites are non-coding and therefore most often neutral (Nielsen et al. 

2006), including other genomic regions for SNP-based analyses would potentially allow 

detection of adaptive genetic differentiation among populations, which in turn would 

provide higher power for detection of population structure and also for population 

assignment (Nielsen et al. 2012). Still, with the relatively large sample sizes of the joint 

microsatellite dataset (between 28 and 229 per location), there is likely to be sufficient 

power to detect major genetic breaks within the Atlantic and the Indo-Pacific populations 

of tiger sharks and also to predict that if additional structure is present within the species, 

it is expected to be relatively subtle. At the same time, the resulting accurate estimates of 

allele frequencies provide almost unambiguous assignment of individuals back to ocean 

basins, which was a central purpose of this study. 

 

Assigning archival samples to populations of origin using a calibrated microsatellite 

dataset 

The inclusion of museum samples in population genetics/genomics studies represents a 

growing field, allowing researchers to study temporal trends in demographic changes (Bi 

et al. 2015; Burrell et al. 2015) and to investigate genetic effects of past environmental 

change and exploitation (Hansen et al. 2012; Fenderson et al. 2019). However, sample 

information for museum specimens is often lacking or incomplete, hindering their use, in 

particular if the sampling location is not known. The use of a calibrated reference data 

using a reference set of genetic loci helps overcome this issue, allowing a fast and 

efficient method to confirm or identify the origin of unknown samples, which in turn can 

then be included for further genetic/genomic studies. For example, if more extensive 
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genomic analysis such as DNA capture is undertaken for generation of genomic scale 

data for tiger sharks (see Nielsen et al. 2017), there is a significant investment associated 

with the processing of each individual sample. Thus, a simple and quick method, which 

works on historical DNA, for confirming sample origin is of high value for planning which 

samples should be included and processed in depth. Still, working with historical DNA 

can be challenging, due to the relatively poor quality of the DNA extracted, which could 

affect the analysis, e.g. by reducing the number of loci reliably genotyped. Nonetheless, 

recently it has been shown that relatively high quality DNA can be obtained from sharks’ 

skeletal material (e.g. tiger shark jaws, Nielsen et al. 2017). In this study, the 64 (26 

control and 38 unknown) samples from museum collections were successfully genotyped 

(44 samples were genotypes for all eight loci), with an average of 7.4 loci genotyped 

overall (Table S5). All specimens, except a single sample, which was only genotyped at 

three loci, still assigned back with a high level of certainty to the baseline populations.  

So, not surprisingly, the power of assignment was related to the completeness of the 

multilocus genotype. In short, by applying protocols developed for historical or ancient 

DNA (aDNA) extraction from jaws, using a species-specific microsatellite panel and a 

global database, identification of population of origin through population assignment can 

be carried out, before further extensive sequencing analysis is conducted. Thus, 

increasing the sample value for the museums and for further studies using archival shark 

samples.  

 

Conclusions 

Many large elasmobranchs are globally distributed highly mobile species, which are 

difficult to sample in sufficient numbers for population genetic analysis. Opportunistic 

sampling is often the only option, however; reaching a statistically sufficient number of 

samples is prone with difficulties for the individual researchers. Our study demonstrates 

that calibration of microsatellite and other genetic datasets can be done relatively easily 

using calibration samples to develop a calibration key. The joint datasets can improve the 

power and resolution of population structure analysis for this type of animal. Given the 

challenges associated with gathering samples and developing suitable microsatellite loci, 

calibrated dataset offers the possibility to incorporate and merge data from several 
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studies into unique joint analysis and compare results from different laboratories, thus 

making the data more reliable, less prone to bias and with a better geographical coverage. 

Further, such a global database allows for assignment of individuals with unknown origin, 

such as museum or trophy samples, back to the population of origin. This will greatly aid 

not only on on-going population structure studies, but also for the development of 

conservation measures, as better coverage will greatly aid in understanding long-distance 

connectivity patterns and population sub-structuring.  
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Tables  
 
Table 1. Calibration key for the three microsatellite datasets: Holmes et al. (2017); 

Bernard et al. (2016) and the present study (DK). The table shows the number of base-

pairs to be subtracted for the genotypes at each locus to match the single locus genotype 

produced in DK.  

Base pair 
distance 

Tgr_1
033 

Tgr_1
157 

Tgr_1
185 

Tgr_2
12 

Tgr_2
33 

Tgr_3
48 

Tgr_4
7 

Tgr_8
91 

Tgr_9
43 

Holmes  -13 -16 -14 -13 -15 -16 -15 -20 -17 

Bernard  -9 -13 -13 -13 -11 -13 -11 -14 -13 

 

 
Table 2. Pairwise FST values (lower diagonal) between collection sites and p-values after 

FDR correction (upper diagonal). 

 NWAtlantic SWAtlantic SWIndian EIndian SWPacific Hawaii 

NWAtlantic  0.1628 0.0075* 0.0000* 0.0000* 0.0005* 

SWAtlantic 0.0088*  0.0257* 0.0124* 0.0115* 0.0115* 

SWIndian 0.1065* 0.1551*  0.4204 0.3852* 0.3880* 

EIndian 0.1091* 0.1452* 0.0051  0.6930* 1.0000* 

SWPacific 0.1021* 0.1448* 0.0060 -0.0004  0.4950* 

Hawaii 0.0968* 0.1280* 0.0027 -0.0032 0.0006  
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Table 3. Results of self-assignment test using two oceanic macro groups; Atlantic and 

Indo-Pacific as baselines and using GeneClass and STRUCTURE (G|S). Shown are the 

sample sizes (N), the number assigning to the population group of origin (Self-Pop), the 

number assigning to the other population group (Other Pop), the number assigning to 

either population with equal likelihood (between 0.45-0.55 probability of assignment) and 

the percentage correctly assigned (% success).  

Pop N Self-Pop (G|S) Other Pop 
(G|S) 

Uncertain 
(G|S) 

% success 
(G|S) 

Atlantic 149 149 | 148 0 | 0 0 | 1 100 | 99.3 

Indo-Pacific 585 569 | 583 16 | 1 0 | 1 97.3 | 99.7 

 

 
Table 4. Assignment test for the ‘’unknown’’ group. Result of assignment tests for the 

“unknown” group, including both controls (n=16 for the Atlantic and n=11 for the Indo-

Pacific) and truly unknown samples (n=38). The number of samples correctly assigned 

back to their ocean of origin using GeneClass and STRUCTURE (G|S) is reported. For 

individual assignment probabilities see Supplementary Material (Table S5). 

Oceans of origin N Atlantic (G|S) Indo-Pacific (G|S) 

Unknown 38 31|30 7|8 

Control (Atlantic) 16 16|16 0|0 

Control (Indo-Pacific) 11 1|0 9|10 

Total 65 48|46 16|18 
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Figures 

 

 
Figure 1. Distribution of G. cuvier samples used to create the calibrated dataset. The 

triangle identifies the samples used for the population structure study of Bernard et al. 

2016, while the circle represents the samples from Holmes et al. 2017. The 18 sampling 

locations were pooled together into 6 sampling regions. 
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Figure 2. PCA analysis of 798 tiger sharks assessed using eight microsatellites. Each 

dot represents a single sample, color-coded by sampling region. Unknown samples are 

purple triangles. 

 

Figure 3. Results of STRUCTURE  analysis for K = 2. Each line in the plot displays the 

proportional membership of each tiger shark sample to either Atlantic (orange) or Indo-

Pacific (light blue) cluster. 
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Supplementary Materials 

 
Table S1. The archival collection. The table reports detailed information about the 

archival collection (n=65). It includes both control samples and samples of unknown 

origin. It provides information about sample ID, type of tissue, origin and year of collection, 

whenever such information was available. If missing the sample was designated as 

“Unknown”. Finally, name of the collector or museum where the sample was preserved. 

Acronyms: r. = received, RI = Rhode Island, MCZ = Museum of Comparative Zoology, 

ZM = Zoological Museum. 

Sample ID Type Location Year  Collector 
TS_K_01 fin clip  Bahamas (Atlantic) 2018 Austin Gallagher 
TS_K_02 fin clip  Bahamas (Atlantic) 2018 Austin Gallagher 
TS_K_03 fin clip  Bahamas (Atlantic) 2018 Austin Gallagher 
TS_K_04 fin clip  Bahamas (Atlantic) 2018 Austin Gallagher 
TS_K_05 fin clip  Bahamas (Atlantic) 2018 Austin Gallagher 
TS_K_06 fin clip  Bahamas (Atlantic) 2018 Austin Gallagher 
TS_K_07 fin clip  Bahamas (Atlantic) 2018 Austin Gallagher 
TS_K_08 fin clip  Bahamas (Atlantic) 2018 Austin Gallagher 
TS_K_09 fin clip  Bahamas (Atlantic) 2018 Austin Gallagher 
TS_K_10 fin clip  Bahamas (Atlantic) 2018 Austin Gallagher 
TS_K_11 fin clip  Bahamas (Atlantic) 2018 Austin Gallagher 
TS_K_12 fin clip  Hawaii (Indo-Pacific) 2009 Holmes 
TS_K_13 fin clip  Hawaii (Indo-Pacific) 2009 Holmes 
TS_K_14 fin clip  Hawaii (Indo-Pacific) 2009 Holmes 
TS_K_15 fin clip  Hawaii (Indo-Pacific) 2009 Holmes 
TS_K_16 fin clip  Hawaii (Indo-Pacific) 2009 Holmes 
TS_K_17 bio-swarf New York (Atlantic) 1905 Smithsonian 
TS_K_18 bio-swarf East Coast USA (Atlantic) 1905 Virginia Institute 
TS_K_19 bio-swarf East Coast USA (Atlantic) 1974 Virginia Institute 
TS_K_20 bio-swarf Florida  1998 Florida Museum 
TS_K_21 bio-swarf Florida  1978 Florida Museum 
TS_C_50 fin clip  Queensland (Indo-Pacific) 2011 Holmes 
TS_C_51 fin clip  Queensland (Indo-Pacific) 2010 Holmes 
TS_C_52 fin clip  Queensland (Indo-Pacific) 2010 Holmes 
TS_C_53 fin clip  New South Wales (Indo-Pacific) 2005 Holmes 
TS_C_54 fin clip  Coral Sea (Indo-Pacific) 2015 Holmes 
TS_U_22 fin clip  Unknown 1979 NOAA, RI 
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TS_U_23 fin clip  Unknown 1979 NOAA, RI 
TS_U_24 fin clip  Unknown 1979 NOAA, RI 
TS_U_25 fin clip  Unknown 1979 NOAA, RI 
TS_U_26 fin clip  Unknown 1975 NOAA, RI 
TS_U_27 fin clip  Unknown 1980 NOAA, RI 
TS_U_28 fin clip  Unknown 1979 NOAA, RI 
TS_U_29 fin clip  Unknown 1979 NOAA, RI 
TS_U_30 fin clip  Unknown 1979 NOAA, RI 
TS_U_31 fin clip  Unknown 1963 NOAA, RI 
TS_U_32 fin clip  Unknown 1963 NOAA, RI 
TS_U_33 bio-swarf Unknown 1991 NOAA, RI 
TS_U_34 bio-swarf Unknown r. 1999 NHM Barcelona  
TS_U_35 bio-swarf Unknown NA Florida Museum 
TS_U_36 bio-swarf Unknown 2005 Florida Museum 
TS_U_37 bio-swarf Unknown NA Florida Museum 
TS_U_38 bio-swarf Unknown NA Florida Museum 
TS_U_39 bio-swarf Unknown NA Florida Museum 
TS_U_40 bio-swarf Unknown 1970 Virginia Institute 
TS_U_41 bio-swarf Unknown NA Virginia Institute 
TS_U_42 bio-swarf Unknown NA MCZ, Harvard 
TS_U_43 bio-swarf Unknown NA MCZ, Harvard 
TS_U_44 bio-swarf Unknown NA MCZ, Harvard 
TS_U_45 bio-swarf Unknown 1986 MCZ, Harvard 
TS_U_46 bio-swarf Unknown 1986 MCZ, Harvard 
TS_U_47 bio-swarf Unknown NA MCZ, Harvard 
TS_U_48 bio-swarf Unknown NA MCZ, Harvard 
TS_U_49 bio-swarf Unknown r. 1993 Stuttgart 
ts_NA_1 bio-swarf Unknown XIX c. Copenhagen, ZM 
ts_NA_2 bio-swarf Unknown 1869 Copenhagen, ZM 
ts_NA_3 bio-swarf Unknown XIX c. Copenhagen, ZM 
ts_NA_4 bio-swarf Unknown 1852 Copenhagen, ZM 
ts_NA_5 bio-swarf Unknown 1852 Copenhagen, ZM 
ts_NA_6 bio-swarf Unknown 1886 Copenhagen, ZM 
ts_NA_7 bio-swarf Unknown XIX c. Copenhagen, ZM 
ts_NA_8 bio-swarf Unknown XIX c. Copenhagen, ZM 
ts_NA_9 bio-swarf Unknown XIX c. Copenhagen, ZM 
ts_NA_10 dried fin Unknown XIX c. Copenhagen, ZM 
ts_NA_11 bio-swarf Unknown XIX c. Copenhagen, ZM 

 

 



67 
 

Table S2. Percentage of missing data calculated for the eight microsatellite loci per sampling region. 

Group Tgr115
7 

Tgr21
2 

Tgr23
3 

Tgr4
7 

Tgr34
8 

Tgr103
3 

Tgr1185 Tgr943 Mean 

NWAtlantic 0.083 0.008 0.050 . 0.017 . 0.025 0.025 0.026 
SWAtlantic . . . 0.036 0.179 . 0.071 0.036 0.040 
SWIndian 0.018 0.018 0.036 . 0.018 . 0.036 0.055 0.023 
EIndian 0.005 0.005 0.009 . 0.023 . 0.023 0.023 0.011 
SWPacific 0.022 . 0.035 0.013 0.031 0.009 0.013 0.009 0.016 
Hawaii . . 0.012 . . . . 0.012 0.003 
Unknown 0.125 0.016 0.063 0.031 0.078 0.047 0.109 0.141 0.076 
Total 0.031 0.005 0.029 0.008 0.031 0.006 0.028 0.030 0.021 
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Table S3. Average microsatellite diversity indexes (A) per collection (mean ± SE) and (B) per locus per collection. Listed 

are allelic richness (AR), number of alleles per locus (Na), observed heterozygosity (Ho), expected heterozygosity (He) and 

the inbreeding coefficient (Fis). The first column (N) represents the sample size of each collection (A) and the effective 

number of samples used for the estimates per locus (B).  

(A) 

Group N Ar Na Ho He FIS 

NWAtlantic  121 
7.141 ± 
1.239 

9.875 ± 
1.894 

0.575 ± 
1.101 

0.583 ± 
0.098 

0.016 ± 
0.021 

SWAtlantic 28 
5.472 ± 
0.885 

6.000 ± 
1.035 0.536 ± 0.11 

0.515 ± 
0.108 

-0.055 ± 
0.020 

SWIndian 55 
7.969 ± 
1.692 

9.875 ± 
2.715 

0.679 ± 
0.094 

0.671 ± 
0.094 

-0.017 ± 
0.017 

EIndian 215 
8.278 ± 
1.780 12.5 ± 3.495 

0.687 ± 
0.080 0.69 ± 0.081 

0.003 ± 
0.007 

SWPacific 229 
8.142 ± 
1.729 12.5 ± 3.480 

0.667 ± 
0.086 

0.679 ± 
0.081 

0.026 ± 
0.014 

Hawaii 86 
8.064 ± 
1.836 

10.625 ± 
3.168 0.66 ± 0.094 

0.664 ± 
0.088 0.02 ± 0.021 

 

 

(B) 

Group Loci N Ar Na Ho He FIS 

NWAtlantic 
Tgr115
7 111 8.945 11 0.856 0.829 -0.032 

 Tgr212 120 2.749 4 0.133 0.127 -0.051 
 Tgr233 115 6.964 15 0.348 0.367 0.053 
 Tgr47 121 4.447 5 0.545 0.617 0.116 
 Tgr348 119 13.953 19 0.891 0.896 0.006 
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Tgr103
3 121 5.919 8 0.587 0.566 -0.036 

 
Tgr118
5 118 3.872 5 0.356 0.386 0.079 

 Tgr943 118 10.275 12 0.881 0.875 -0.008 

SWAtlantic 
Tgr115
7 28 7.152 8 0.75 0.771 0.027 

 Tgr212 28 1.000 1 0 0 #N/A 
 Tgr233 28 4.837 6 0.321 0.288 -0.115 
 Tgr47 27 3.990 4 0.63 0.633 0.005 
 Tgr348 23 9.473 10 0.913 0.867 -0.053 

 
Tgr103
3 28 4.411 5 0.321 0.288 -0.118 

 
Tgr118
5 26 4.789 5 0.5 0.464 -0.078 

 Tgr943 27 8.127 9 0.852 0.807 -0.056 

SWIndian 
Tgr115
7 54 7.379 9 0.815 0.8 -0.018 

 Tgr212 54 2.736 3 0.185 0.172 -0.079 
 Tgr233 53 16.432 25 0.906 0.897 -0.009 
 Tgr47 55 3.578 4 0.418 0.43 0.028 
 Tgr348 54 14.244 17 0.944 0.915 -0.032 

 
Tgr103
3 55 5.523 6 0.564 0.553 -0.019 

 
Tgr118
5 53 4.000 4 0.792 0.736 -0.077 

 Tgr943 52 9.864 11 0.808 0.867 0.068 

EIndian 
Tgr115
7 214 8.446 11 0.813 0.802 -0.014 

 Tgr212 214 3.084 4 0.318 0.322 0.013 
 Tgr233 213 16.133 28 0.864 0.889 0.029 
 Tgr47 215 3.156 4 0.423 0.432 0.021 
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 Tgr348 210 15.722 27 0.91 0.918 0.009 

 
Tgr103
3 215 4.418 6 0.558 0.538 -0.037 

 
Tgr118
5 210 4.750 6 0.729 0.732 0.004 

 Tgr943 210 10.514 14 0.886 0.886 0.001 

SWPacific 
Tgr115
7 224 8.248 11 0.804 0.826 0.027 

 Tgr212 229 2.973 3 0.306 0.322 0.051 
 Tgr233 221 16.147 32 0.891 0.858 -0.038 
 Tgr47 226 3.304 7 0.376 0.418 0.1 
 Tgr348 222 14.875 22 0.91 0.912 0.003 

 
Tgr103
3 227 4.313 6 0.493 0.517 0.047 

 
Tgr118
5 226 4.750 6 0.69 0.695 0.007 

 Tgr943 227 10.529 13 0.868 0.882 0.016 

Hawaii 
Tgr115
7 86 8.372 9 0.791 0.812 0.026 

 Tgr212 86 2.766 3 0.244 0.288 0.154 
 Tgr233 85 17.499 28 0.894 0.88 -0.016 
 Tgr47 86 2.687 3 0.453 0.449 -0.01 
 Tgr348 86 13.870 19 0.93 0.9 -0.034 

 
Tgr103
3 86 4.572 6 0.395 0.398 0.007 

 
Tgr118
5 86 3.999 4 0.663 0.695 0.046 

 Tgr943 85 10.751 13 0.906 0.891 -0.016 
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Table S4. Self-assignment. Likelihoods of observing multilocus genotypes calculated for all individuals within baseline 

samples and assigned back to the sample (population) where they have the highest likelihood of occurring (Self-

assignment). Results of the self-assignment test performed with Geneclass when using the six groups of collection sites.  

Groups N 
Self-
Pop 

Other 
Pop 

% 
success Atlantic 

Indo-
Pacific 

% 
success 

NWAtlantic 121 60 61 49.59 120 1 99.17 
SWAtlantic 28 26 2 92.86 28 0 100 
SWIndian 55 36 19 65.45 0 55 100 
EIndian 215 66 149 30.7 6 209 97.21 
SWPacific 229 71 158 31 7 222 96.94 
Hawaii 86 47 39 54.65 3 83 96.51 
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Table S5. Assignment tests. Results of assignment tests for samples in the “unknown” 

group (control and truly unknown samples). Results from both Geneclass and 

STRUCTURE are included, with probabilities of assignment for the latter. The symbol (*) 

identifies samples with  uncertain assignment to ocean basin. The last column reports the 

number of loci screened for each sample, to assess whether the efficacy of the 

assignment test is significantly affected by the level of missing data.  

    GENECLASS STRUCTURE 
probabilities  

SampleID Location Assigned Pop Atlantic Indo-Pacific n. 
loci 

TS_K_01 Bahamas (Atlantic) Atlantic 1 0 8 
TS_K_02 Bahamas (Atlantic) Atlantic 1 0 7 
TS_K_03 Bahamas (Atlantic) Atlantic 1 0 8 
TS_K_04 Bahamas (Atlantic) Atlantic 1 0 8 
TS_K_05 Bahamas (Atlantic) Atlantic 1 0 8 
TS_K_06 Bahamas (Atlantic) Atlantic 1 0 8 
TS_K_07 Bahamas (Atlantic) Atlantic 1 0 8 
TS_K_08 Bahamas (Atlantic) Atlantic 1 0 7 
TS_K_09 Bahamas (Atlantic) Atlantic 1 0 8 
TS_K_10 Bahamas (Atlantic) Atlantic 1 0 7 
TS_K_11 Bahamas (Atlantic) Atlantic 1 0 8 
TS_K_12 Hawaii (Indo-Pacific) Indo-Pacific 0 1 8 
TS_K_13 Hawaii (Indo-Pacific) Indo-Pacific 0 1 8 
TS_K_14 Hawaii (Indo-Pacific) Indo-Pacific 0 1 8 
TS_K_15 Hawaii (Indo-Pacific) Atlantic 0 1 8 
TS_K_16 Hawaii (Indo-Pacific) Indo-Pacific 0 1 8 
TS_K_17 New York (Atlantic) Atlantic 1 0 8 
TS_K_18 East Coast USA (Atlantic) Atlantic 1 0 8 
TS_K_19 East Coast USA (Atlantic) Atlantic 1 0 4 
TS_K_20 Florida  Atlantic 1 0 8 
TS_K_21 Florida  Atlantic 1 0 8 
TS_C_50 Queensland (Indo-Pacific) Indo-Pacific 0 1 8 
TS_C_51 Queensland (Indo-Pacific) Indo-Pacific 0 1 8 
TS_C_52 Queensland (Indo-Pacific) Indo-Pacific 0 1 8 
TS_C_53 New South Wales (Indo-Pacific) Indo-Pacific 0 1 8 
TS_C_54 Coral Sea (Indo-Pacific) Indo-Pacific 0 1 8 
TS_U_22 Unknown Atlantic 0.34* 0.66* 4 
TS_U_23 Unknown Atlantic 0.95 0.05 6 
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TS_U_24 Unknown Atlantic 0.98 0.02 6 
TS_U_25 Unknown Atlantic 1 0 7 
TS_U_26 Unknown Indo-Pacific 0 1 7 
TS_U_27 Unknown Atlantic 1 0 8 
TS_U_28 Unknown Atlantic 1 0 3 
TS_U_29 Unknown Indo-Pacific 0.03 0.97 4 
TS_U_30 Unknown Atlantic 1 0 5 
TS_U_31 Unknown Atlantic 1 0 8 
TS_U_32 Unknown Atlantic 1 0 8 
TS_U_33 Unknown Atlantic 1 0 8 
TS_U_34 Unknown Atlantic 1 0 8 
TS_U_35 Unknown Atlantic 1 0 8 
TS_U_36 Unknown Atlantic 1 0 8 
TS_U_37 Unknown Atlantic 1 0 8 
TS_U_38 Unknown Atlantic 1 0 8 
TS_U_39 Unknown Atlantic 1 0 7 
TS_U_40 Unknown Atlantic 1 0 8 
TS_U_41 Unknown Atlantic 1 0 8 
TS_U_42 Unknown Atlantic 1 0 8 
TS_U_43 Unknown Atlantic 1 0 7 
TS_U_44 Unknown Atlantic 1 0 7 
TS_U_45 Unknown Atlantic 1 0 6 
TS_U_46 Unknown Atlantic 1 0 8 
TS_U_47 Unknown Atlantic 1 0 8 
TS_U_48 Unknown Atlantic 1 0 6 
TS_U_49 Unknown Indo-Pacific 0.03 0.97 7 
ts_NA_1 Unknown Atlantic 1 0 8 
ts_NA_2 Unknown Indo-Pacific 0 1 7 
ts_NA_3 Unknown Atlantic 1 0 8 
ts_NA_4 Unknown Atlantic 1 0 8 
ts_NA_5 Unknown Indo-Pacific 0 1 8 
ts_NA_7 Unknown Atlantic 1 0 8 
ts_NA_8 Unknown Atlantic 1 0 8 
ts_NA_9 Unknown Indo-Pacific 0.09 0.91 8 
ts_NA_10 Unknown Atlantic 1 0 7 
ts_NA_11 Unknown Indo-Pacific 0 1 8 
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Abstract 

Intraspecific genetic diversity is essential but often neglected in efforts to conserve global 

biodiversity. Over the last century, many populations of large sharks have been reduced 

in numbers by overexploitation or attempts to mitigate human shark conflicts. Still, there 

is a general perception that genetic populations of large ocean predators cover wide 

areas and therefore their diversity is less susceptible to habitat changes or human 

activities at local scales. We here report on retrospective genomic analysis of DNA from 

archived jaws of the tiger shark (Galeocerdo cuvier) from Eastern Australia. Using 1840 

SNP loci, we documented a significant overall change in genetic composition of sharks 

born between 1910 and 2012. The change was most likely due to a shift over time in the 

relative contribution of two well-differentiated (FST = 0.015), but hitherto cryptic 

populations. One population dominated among the oldest samples and decreased in 

abundance over time, with very few detections in more recent samples. Our data strongly 

indicate a dramatic shift in relative contribution of the two populations to the overall tiger 

shark abundance of the east coast of Australia, possibly associated with differences in 

direct or indirect exploitation rates. 

Keywords: bait capture, micro-evolutionary processes, population structure, temporal 

trend, historical DNA, elasmobranchs 
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Introduction 

Intraspecific genetic diversity is essential for population persistence in terms of avoiding 

effects of inbreeding (Hoffman et al. 2014), buffering against short-term environmental 

variation in time and space (Schindler et al. 2015) and assuring adaptability to a changing 

environment (Merilä and Hendry 2014). At the same time, genetic diversity may also have 

positive ecosystem effects by promoting productivity, abundance and interactions with 

other species. Thus, generally facilitating stability of ecosystems and their services 

through the so-called ‘portfolio-effect’, caused by population diversity (Schindler et al 

2010; Mimura et al. 2017 and references therein). Even though intraspecific diversity 

protection is a specified objective of the Convention on Biological Diversity (CBD; 

www.cbd.int), it is rarely an integral part of monitoring activities, in particular for species 

that are not critically endangered (Laikre et al. 2010; Hoban et al. 2013). One reason for 

this is the lack of dedicated sampling programs for species and their populations and the 

large number of species that require monitoring. However, also that high-resolution 

genetic method are needed to estimate intraspecific genetic diversity when sample sizes 

are low or when tissue samples vary in age, composition and provenance (Dudgeon et 

al. 2012). The use of DNA from museum samples, in combination with modern molecular 

analytical tools, has revolutionized the ability to assess genetic changes at contemporary 

time scales in order to study micro-evolutionary processes (Bi et al 2013; Burrell et al. 

2015). Studies on processes such as intra-population loss of diversity, adaptive change 

caused by evolutionary drivers in the environment can now be made, as can the 

movement, decline or extirpation of populations through time and space (Mimura et al 

2017; van der Valk et al. 2019). In the marine realm, there are numerous examples of 

local population reductions and extinctions, in particular for large sharks and rays (Dulvy 

et al. 2003; Dulvy et al. 2014), but closely coupling these incidences with genetic/genomic 

data is challenging. Consequently, there is a lack of temporal genetic data for 

elasmobranch species that can test the stability of patterns of population structure, levels 

of genetic variability and potential adaptive genetic changes in the time-frame of recent 

environmental change or exploitation.  

http://www.cbd.int/
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The tiger shark is one of the world’s largest predatory sharks. It has a circumglobal 

distribution in tropical and sub-tropical waters and the species is subject to various fishing 

operations, ranging from targeted commercial, artisanal and recreational fishing to shark 

control operations to improve bather safety. It is currently listed as “Near Threatened” by 

the IUCN (Ferreira and Simpfendorfer 2019). Tiger sharks are subject to large public 

awareness, as well as a multitude of obvious management and conservation issues. Still, 

many biological aspects are unknown, such the identification of specific mating, pupping 

and gestation areas (Holland et al. 2019). Satellite tracking studies have shown that 

individuals can undertake extensive migrations of several thousand kilometers both within 

the Atlantic (Lea et al. 2015) and Indo-Pacific (Ferreira et al. 2015) and, possibly, even 

cross the Indian Ocean (Heithaus et al. 2007). This apparent high connectivity suggests 

limited genetic structuring, which has been corroborated by a number of microsatellite 

genetic studies showing a clear inter-basin genetic split between the Atlantic and Indo-

Pacific, but generally lacking intra-basin structuring (Pirog et al.2019; Sort et al. in prep). 

Accordingly, tiger sharks in Australia are thought to be part of a large Indo-Pacific 

population. On the Australian east coast they are found from tropical Queensland to 

temperate New South Wales, (Stevens and McLoughlin 1991), with satellite tracking 

documenting long distance migrations from the east coast to New Caledonia and Papua 

New Guinea (Holmes et al 2014; Werry et al. 2014). Throughout this distribution, tiger 

sharks have been subject to intense commercial, recreational and shark control fishing 

for decades, with clear indications of decreases in population numbers and average sizes 

(Holmes et al. 2012; Roff et al. 2018). Here, we investigated a possible link between this 

apparent decline in tiger shark numbers off the Australian east coast and the genetic 

diversity of tiger sharks. In order to collect genetic data over the widest spatial and 

temporal range, we used DNA extracted from shark jaws, archived in museums and as 

trophies from anglers, and performed genomic analyses (Nielsen et al. 2017). We 

expected to find a single panmictic population in eastern Australia as previously reported 

(Holmes et al. 2017), but we were alert to the possibility of significant changes to the 

population over the last century as a consequence of documented population reductions.  
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Materials and methods 

Studied range and sampling 

The tiger shark specimens included in this study were caught over a time-span of 80 

years (1939-2015). All samples originated from northeastern and eastern Australia, 

extending from the Gulf of Carpentaria (GCA), through the Coral Sea (CRS) to the 

Tasman Sea (TAS), (See Figure 1). Contemporary tissue samples (2000-2015) were fin-

clips obtained from sharks caught in the Queensland Shark Control Program, the New 

South Wales Shark Meshing Program, commercial and recreational landings as well as 

from sharks caught for tagging and tracking research purposes (Figure 1 and 

Supplementary Table S1). Historical samples (1939-2000) of dried tiger shark jaws and 

vertebrae were obtained from museum collections, anglers and other private or public 

collectors. The initial dataset used in this study consisted of 116 unique individuals 

grouped into four time periods based on estimated decade of birth. Tiger sharks are long-

lived animals and as the sampled individuals were highly variable in age, we estimated 

the year of birth of individual sharks in order to provide a more accurate temporal genetic 

comparison. For example, a large shark sampled in 2010, could have been born the same 

year as a smaller shark sampled in 1990. The year of birth for each individual was 

estimated using locally derived relationships of total length/age, with growth rate 

estimation based on vertebral aging for both females and males (Holmes et al. 2015), 

using the Von Bertalanffy growth function (VBGF) as t = ln ((-LT+ L∞) / (L∞ -L0)) / -k). Where 

no information on sex was available, combined parameters were used (L∞ = 433.7 cm, K 

= 0.06, and L0 = 121.5 cm). For individuals with only fork length information (LF), it was 

converted to total length using the relationship LT =22.607 +1.096 LF. For the 20 sharks 

without length information, the weight (kg) was used to first obtain LF using a regression 

equation (Kohler et al. 1995) parameterized for tiger sharks in the western North Atlantic 

(Kneebone et al. 2008): LF = ((WT/2.5281) x 10-6) (1/3.2603), despite the fact that values can 

vary between regions (e.g. southwest Indian Ocean, Wintner and Dudley 2000).  

DNA extraction and target capture 

DNA from historical tissue material (in the form of calcified cartilage from jaws), was 

collected following the protocol described in Nielsen et al. (2017) involving drilling out “bio-
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swarf” from jaws with a 3.5-mm drill bit. Extraction of DNA was performed with the Bioline 

ISOLATE II Genomic DNA kit according to manufacturer’s protocol, using between 18 

and 37 mg (average 27 mg) of cartilage material per extraction. DNA from contemporary 

material was extracted using the same method. Before genomic library preparation, DNA 

from contemporary samples was sheared to an average fragment size of 200 bp with an 

M220 focused ultrasonicator (Covaris, USA). DNA from historical material was 

fragmented due to degradation over time and therefore was used directly. Genomic-

capture libraries were prepared using the KAPA Hyper Prep Kit (Kapa Biosystems, USA) 

according to manufacturer’s instructions. 50 ng input DNA per sample was used with a 1 

in 5 dilution of the TruSeq DNA HT dual-index adaptors (Illumina, USA) and ten PCR 

cycles for library amplification was used for the contemporary samples, and twelve for the 

historical. Selected regions of genomic DNA was captured with a MyBaits (MYcroarray) 

target enrichment kit, consisting of biotinylated RNA baits (120 bp each) developed from 

pancreas, liver and brain derived transcriptome sequences (Mulley et al. 2014) of the 

lesser spotted catshark (Scyliorhinus canicula). At the time of bait development this was 

the most taxonomically similar species from which a large genomic resource was 

available for bait design that would likely capture tiger shark transcribed regions. All DNA 

samples were captured individually, using 135ng of DNA library as input, which had 

previously treated with a 1x AMPure XP beads cleanup.  Hybridization capture of tiger 

shark DNA was conducted for 24 h at 60 °C in solution for subsequent paired-end 

(2x125bp) sequencing on an Illumina HiSeq2000 v3. Prior to Illumina, the captured 

libraries were amplified using thirteen PCR cycles and purified using 0.8x AMPure XP 

beads. Before sequencing, QC steps were performed using a Bioanalyzer, thus the final 

libraries could be pooled in equal nM concentrations for sequencing. Samples were 

sequenced in two lanes, one “historical”, consisting of 38 jaw samples and five fin samples 

and a “contemporary” lane with 75 fin samples and two jaw samples. The difference in 

sample number per lane accounted for more variable template numbers among historical 

samples and thus secured a higher minimum number of sequences per individual. The 

two reciprocally included jaw samples were sequenced in both lanes, similar to one of the 

tissue samples in the historical lane allowing for estimation of “lane effects” and to 

evaluate reproducibility of multilocus genotypes through the molecular, bioinformatics and 
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population genomics pipelines. For more details about DNA extraction, library preparation 

and bait design see Nielsen et al. (2017). 

Bioinformatics pipeline and data filtering 

We customized a bioinformatics pipeline to ensure removal of potential contaminants, 

artifacts and low quality reads before proceeding with the downstream analysis, following 

the suggestions in Therkildsen and Palumbi (2017). Briefly, the demultiplexed reads were 

controlled for quality using FastQC (Andrews, 2010). All adaptors were removed using 

AdapterRemoval (Schubert et al., 2016) and reads were filtered by length and quality, 

with a minimum length of 30 bp and base quality of 28. Filtered reads were merged using 

FLASH (Magoč & Salzberg, 2011) with default parameters, and checked for contaminants 

using Kraken2 (Wood et al. 2019). Both unpaired and concordantly merged reads were 

then mapped against possible sources of contaminants (bacteria, fungi) using the 

Bowtie2 (Langmead & Salzberg 2012) “sensitive” option. The cleaned reads were also 

mapped against the mitochondrial genome of tiger shark (NCBI Reference Sequence: 

NC_022193.1; Chen et al. 2014). Previous studies have shown that off-target capture is 

common, resulting in the capture of genomic regions of both of nuclear and mitochondrial 

origin not matching the baits. For example, in highly degraded samples target template 

DNA may not bind and amplify as well as in good quality samples and templates, resulting 

in amplification of non-targeted regions of the genome (Bi et al.2013; Burrell et al. 2015). 

Moreover, a high amount of non-targeted mtDNA sequences are commonly captured, or 

directly sequenced, due to the high copy number of mitochondrial DNA compared to 

nuclear DNA (Picardi & Pesole, 2012; Johri et al. 2019). This phenomenon may even be 

desirable, as it allows assessment of mtDNA diversity or even assembly of complete mito-

genomes. After removal of mitochondrial sequences, the reads were mapped against the 

transcriptome of tiger shark (Swift et al. 2016), using the BWA-mem algorithm. This 

transcriptome includes 179,867 unique contigs above 200 bp length, with average length 

of 822 bp and maximum length of 15,892 bp. After mapping, we removed the reads 

flagged as PCR duplicates using Picard-tools (http://broadinstitute.github.io/picard/). We 

checked the patterns of DNA damage of the remaining reads, using Mapdamage2.0 

(Jónsson et al., 2013). Coverage and depth of the target regions were estimated using 
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Samtools (Li et al. 2009), and finally we called SNPs using Freebayes (Garrison & Marth 

2012) with default parameters. The raw set of variants obtained was further filtered to 

keep only biallelic SNPs with quality above 30 and minimum allele count of three. Only 

SNPs with a maximum level of missing data of 20% present in at least 80% of the 

individuals were maintained. Additionally, we filtered for excess depth to reduce the 

possible presence of paralogs and multicopy loci. We estimated the linkage disequilibrium 

(LD) between SNPs within bins of 800bp (maximum length of the merged reads plus 150 

bp each side) using the prune function in bcftools (SAMtools package), by calculating the 

square correlation between alleles of each pair of loci, r2 (Hill & Robertson, 1968) and 

keeping only SNPs with an r2 < 0.25. To test the reliability of our final SNPs we compared 

genotypes for duplicate control samples and only maintained SNPs that matched at least 

80% of the pairwise comparisons (to allow for missing data). Finally, we filtered for 

significant departure from Hardy-Weinberg Equilibrium (p-value < 0.05), to remove 

systematic genotyping errors. All filter steps but the LD pruning were done using VCFtools 

(Danecek et al. 2011). 

 

Data analysis for spatial and temporal genomic variability 

For the temporal analysis we both estimated temporal genetic differentiation using all 

samples, and a subset of samples from the Tasman Sea, where the majority of temporal 

samples originated. Samples were grouped according to estimated decade of birth (see 

above) for all downstream analysis. All estimations of pairwise FST (Weir & Cockerham, 

1984) between spatial and temporal samples were performed using the R package 

“StAMPP” (Pembleton, Cogan, & Forster, 2013) and their significance was tested using 

a permutation test with 1000 permutations over loci. A Principal Coordinate Analysis 

(PCoA) was applied to the pairwise FST matrix to summarize and plot the differences 

reported in the table using the pcoa function in the ape 5.0 package (Paradis & Schliep 

2018) in R. We performed an Analysis of Principal Component (PCA) to explore both the 

spatial and temporal structure of individual genotypes using the R package “adegenet” 

(Jombart, 2008; Jombart and Ahmed 2011). An initial PCA analysis of all samples 

revealed two tightly clustering genotypes, distinct from the remaining specimen, 
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subsequently identified as identical genotypes and one of them subsequently removed. 

An initial PCA of the contemporary spatial dataset (2000-2010) revealed two extreme 

outliers of which one of them was identified as another species (spinner shark; C. 

brevipinna) based on mtDNA sequences. Both samples were removed from further 

analysis. In order to test for possible differences in individual heterozygosity among 

population groups, we used an ad-hoc R script, to calculate the proportion of 

heterozygous loci out of all genotyped loci for an individual, thereby accounting for 

differences in total number of genotyped loci (i.e. missing data) across individuals. The 

boxplot was realized using the “ggplot2” package in R (Wickham 2016) to highlight the 

median of each cluster (horizontal line within each box), while the lower and upper limits 

of the box represent respectively the 25th and 75th percentile of the data. The extreme 

lines show the highest and lowest values, excluding possible outliers.   The distribution of 

FST across loci was plotted as a function of heterozygosity using ggplot2. Estimates of 

FST and heterozygosity were obtained using Vcftools. The FST was calculated between 

individuals belonging to different populations and in accordance with Weir and 

Cockerham's (1984). A test of selection was performed using pcadapt (Luu et al. 2017), 

with qvalue of 0.1 as cut-off to identify putative selective outliers and bayescan () with . 

To detect the presence of possible genetic clusters identified by the pairwise FST, a 

Discriminant Analysis of Principal Components (DAPC) was applied as it is better suited 

to detect the variability between population (Jombart et al. 2010) compared to a PCA, 

which highlights the overall variability across the sample. For the DAPC we used the 

adegenet package (Jombart, 2008) in R, with an a priori assumption of K=2, although the 

best supported number of clusters in the dataset, based on “The Bayesian Information 

Criterion (BIC)” was 1.  

 

Results 

Bioinformatics pipeline and data filtering 

After sequencing we obtained an average of 2,833,138 reads per individuals. Historical 

jaw samples had slightly lower number of reads (median 1,973,493) than contemporary 

tissue samples (median 2,301,001). After running the bioinformatics pipeline 78% of the 
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original sequences went into mapping. All samples showed a very low percentage of 

contaminants, confirming the validity of the capture strategy for enriching sequencing with 

DNA of shark origin. An average 0.12% of the cleaned reads were of mitochondrial origin 

and were excluded from further analysis, except for a few cases, where mtDNA data was 

used to confirm species status of samples. Out of the 20,000 catshark derived baits, 4,544 

(22.72%) were post-hoc mapped back to the tiger shark transcriptome (Swift et al., 2016) 

covering 4,137 scaffolds. Out of these 4,544 baits, 4,143 had captured reads with a depth 

of coverage higher than non-target regions. Scaffolds with a bait had an average 

coverage of 68.5X, while scaffolds from off-target regions had an overall average depth 

of 40.7X (35.8X for historical and 43.4X for contemporary samples). Coverage was higher 

and less variable in contemporary than in historical samples. SNPs were called from all 

transcriptomic sequences and we identified 35,061 raw variants for 123 samples in 2978 

reference scaffolds. After running the filtering steps we were left with 4580 SNPs. After 

filtering for significant departures from HWE, the final dataset consisted 1840 SNP loci 

genotyped in 112 samples sampled between 1939 and 2015. Four samples were 

removed due to levels of missing data above the set threshold of 80% call rate. Very low 

level of DNA damage was observed, confirming that it is well preserved in jaws (Nielsen 

et al. 2017), but also considering the relative short time period (~80 years) compared to 

true aDNA studies. Thus, it is highly unlikely that the final SNPs represent artefacts due 

to deamination or other DNA damage of DNA from the historical jaw samples.  

 

Data analysis for spatial and temporal genomic variability 

To examine the stability of patterns over time, we used the temporal genetic analysis, 

based on the back calculated decade of birth, which showed clear evidence of temporal 

genetic differentiation. This was apparent for the temporal dataset as a whole (Table 1), 

where estimates of FST´s increased with time and with the largest break and significant 

values between the oldest samples (1910-1960) and both the 1990 and 2000 samples. 

The effect was also apparent when specifically evaluating temporal changes in samples 

from the Tasman Sea, where the majority of the oldest historical samples originated 

(Supplementary Table S1). In contrast, the contemporary tiger shark samples collected 
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between 2000 and 2010 covering the Gulf of Carpentaria (GCA), Coral Sea (CRS) and 

Tasman Sea (TAS), showed little evidence of genetic structuring, with estimated non-

significant pairwise FST´s ranging from 0.0000 between GCA and CRS to 0.0012 between 

CRS and TAS (Supplementary Table S2). A PCoA analysis of spatiotemporal FST´s 

(Figure 2) showed a clear temporal separation of samples along axis 1, explaining more 

than 65% of the variation. The 1910-1960 Tasman Sea sample was the most distinct, 

with the 1970-1980 TAS sample intermediately between the oldest samples and a cluster 

of the remaining non-differentiated samples. This group included all contemporary 

samples as well as the historical samples from the Gulf of Carpentaria (1970-1980). The 

PCA analysis of all spatiotemporally collected individuals (Figure 3A) supported the 

genetic differentiation of historical samples as they clustered differently and a proportion 

of the individuals formed a relatively distinct cluster from the contemporary samples. In 

contrast to Fig 3A an individual based PCA analysis of spatially collected contemporary 

samples only (Figure 3B), did not display any apparent clustering of individuals according 

to sea area. A distinct group of individuals in the historical samples was also illustrated 

by the hypothesized scenario of two populations (K=2) evaluated using DAPC (Figure 4), 

showing 60% (12/20) of ‘cluster 2’ individuals in the 1910-1960 TAS samples, 38% (5/13) 

in the 1970-1980 samples with only one (1/25) in TAS samples from the 1990 and 2000. 

For the GCA samples, only a single cluster 2 individual (1/23) was found (1990). Likewise, 

only one cluster 2 individual (1/16) was found among the CRS 2000 samples. When 

pooling all alleged cluster 1 and cluster 2 individuals across samples, the resulting mean 

FST between the two population groups was 0.015, thus significantly higher than between 

any pair of spatiotemporal samples, supporting a mixed populations hypothesis. The 

distribution of FST´s across loci showed that the differentiation between the two groups 

was caused by a high number of loci (Supplementary Figure 1), thus not suggesting that 

the differentiation between groups was caused by technical artefacts or contemporary 

evolution at one or a few loci. However, while bayescan did not detect any outlier, pcadapt 

identified 39 possible outlier loci between the two clusters. Most of these loci (34 out of 

39) showed an overall higher allele frequency for cluster 2. The mean level of 

heterozygosity in the two groups was significantly different (Figure 5), with 0.23 (+- 

0.0097) for cluster 1 and 0.26 (+- 0.0104) for cluster 2. Average missing data was lower 
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for cluster 1 than cluster 2 (0.04% and 2.3%, respectively), likely reflecting the average 

age of samples. However, there was no correlation between mean individual 

heterozygosity and proportion of missing data using a linear model (p-value=0.28; 

R2=0.0021). 

 

Discussion 

This study shows that archived samples in combination with modern genomic tools, can 

reveal temporal changes in biodiversity, which otherwise would have remained unnoticed. 

We identify genomic differentiation at a relatively local scale for a large migratory shark; 

however, the pattern is not apparent in contemporary samples. Our data is most 

compatible with a hypothesis of two distinct population groups, with varying contributions 

to spatiotemporal samples. One of the population groups was most abundant in the oldest 

and most southern samples, while it was almost completely absent from contemporary 

and most northern samples. Our data strongly support a scenario of shifts in the relative 

population abundance and/or distribution of two previously cryptic populations of tiger 

sharks.  

Identification of population structure in large sharks 

There is a strong need for identification of genetic populations of large sharks for 

conservation and management (Dudgeon et al. 2012; Chapman et al. 2015), as they 

represent both the unit of relevance for evolution and management in order to assure 

sustainable exploitation and ultimately long-term protection of biodiversity. A high number 

of tagging studies have shown that many large sharks are highly migratory, but also 

display residency and return migrations indicative of population structure on a smaller 

scale despite their long-range movement abilities (Chapman et al. 2015). At the same 

time, evidence of exploitation driven local depletions, also provide evidence for 

populations at a smaller spatial scale (Dulvy et al. 2003, 2014). Identification of putative 

genetic populations of highly migratory large sharks in space and time represents a 

significant challenge (Chapman et al. 2015). Compared to bony fishes that most often 

have distinct spawning locations and times, sharks have internal fertilization and are live-

bearers, making dedicated genetic sampling of the reproductive unit (=genetic 
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populations) virtually impossible. At the same time, individual abundance is naturally low, 

with opportunistic and sporadic sampling, resulting in inadequate sample numbers for 

robust population inferences in space and time (Dudgeon et al. 2012). In turn, the 

expectations are that samples are likely to consist, to some extent, of mixed aggregations 

of individuals from putative populations. Moreover, despite their public interest and 

conservation focus (Worm et al. 2013, Dulvy et al. 2014), genomic resources are relatively 

scarce, rendering high-resolution population genomics studies in their infancy for most 

species (Dudgeon et al. 2012; Ovenden et al. 2019; Johri et al. 2019).  

Effects of historical DNA and bioinformatics 

The use of unique historical collections and genomic scale analyses, provided larger 

sample sizes and sufficient statistical power for individual based clustering analyses, as 

well as a unique window to population composition in the past. There is strong evidence 

of changes in the genetic composition of tiger sharks on the east coast of Australia over 

time, which may be caused by varying proportions of two cryptic populations at the 

sampling locations. The genomic changes in time are unlikely to be due to technical 

artifacts, despite technical issues associated with the analysis of historical DNA (hDNA). 

In general, capture analysis of hDNA have lower sequencing depths and coverage 

leading to fewer mapped reads and thus more missing data with age of samples 

(McGaughran 2020). This can affect downstream population genomic inferences, such 

as heterozygosity (Parks and Lambert 2015; Nielsen et al. 2011; Wang 2019), and could 

also affect the clustering of individuals. Although our samples showed the same tendency 

of more missing data with age, the level was generally very low, even for the oldest 

samples. For example, in cluster 2 all except two individuals had less than 5% missing 

data, and generally showed a higher level of heterozygosity than individuals from cluster 

1. This is the opposite of the expected pattern of reduced individual heterozygosity with 

low coverage caused by allelic drop-out (Nielsen et al. 2011). Likewise, the genetic 

differentiation over time and between clusters was not caused by a few spurious high-

differentiation loci, but apparently spread across the genome in a pattern consistent with 

random genetic drift. Thus, genetic differentiation was unlikely to be caused by neither 

artefacts of the sequencing and bioinformatics pipeline nor strong signatures of intra-

population environmental selection.  
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Sampling and temporal genetic change 

The collection of historical and contemporary samples of tiger sharks from the east coast 

of Australia, comprised a huge logistic effort and, at least for the oldest specimens, 

represents the majority of high quality samples available and practically possible to 

sample in the community. Still, if we consider the spatiotemporal coverage of little over 

one hundred samples across a century and many thousand kilometers of coastline, then 

our samples are unlikely to provide a full picture of the genetic variation in space and 

time, including population mixing. As sampling was opportunistic, variation in composition 

of samples with respect to age and sex, as well as sampling time and method may have 

affected our results. As the oldest samples primarily consisted of large “trophy” fish 

selectively collected by game-fishermen, they are likely to include a higher proportion of 

mature females than contemporary samples originating from shark control (drumlines or 

nets) or research projects. Unfortunately, there is little information on sex for the historical 

samples, however; a large female bias in sex-ratio in drumline catches is apparent for 

sharks above approximately 280 cm (Holmes et al. 2012). Thus, it is likely that our 

historical samples are female skewed. If tiger sharks show natal site fidelity to specific 

parturition sites (see Chapman et al. 2015), then samples of large, mature females are 

likely to represent the local (Cluster 2) population better, than samples of immature fish 

with a more even sex ratio, i.e. where habitat choice is likely driven by feeding 

opportunities or predator avoidance (Chapman et al. 2015).  

Historical population structure of tiger sharks 

Despite possible sampling associated uncertainties, the observed patterns of temporal 

genetic divergence are remarkably clear. Firstly, our results at consistent with two recent 

studies (Holmes et al. 2017; Pirog et al. 2019) that detected only a single genetic 

population on the Australian east coast and compatible with the present understanding of 

population structure in the Indo-Pacific (Pirog et al. 2019; Sort et al. in prep). Secondly, 

the presence of the two alleged cryptic groups are not random in space and time. 

Individuals from cluster 2 are a) mostly detected in the southern part of the species 

distribution, b) most abundant in the oldest samples and c) mostly absent from 

contemporary samples from the Tasman Sea. Consequently we hypothesize tiger sharks 

in east Australian waters consisted of at least two populations in the past and possibly 



89 
 

only one population now. This may sound counterintuitive in the light of satellite tracking 

studies that has shown evidence of individuals migrating over 1000 kilometers (Holmes 

et al. 2012; Werry et al. 2014; Roff et al. 2018). However, large migrations and local 

populations at finer geographical scales are not mutually exclusive, but could be caused 

by basic “triangle migrations” (Harden Jones 1968; Chapman 2015) of fish between 

parturition site, juvenile and adult habitat (see also Krueck et al. 2020). Despite large 

migrations, tiger sharks have shown evidence of both site fidelity and residency 

(Papastamatiou et al. 2013; Chapman 2015), i.e. that they either stay in or return to 

specific areas after extensive migrations. This is similar to white sharks, which display 

similar migratory behavior and where population structure has been described in 

Australian waters (Blower et al. 2012). Little is known of whether tiger sharks show natal 

or regional philopatry as specific pupping grounds or regions have not been identified 

(Holland et al. 2019). For large sharks it may be further complicated as philopatric 

differences between the sexes are possible as only females are necessary for a 

parturition based live history, i.e. where males don’t show affinity to specific sites for 

reproduction (Chapman et al. 2015). The pattern of population mixing suggests a 

southern Australian distribution of one of the populations (cluster 2), while the apparently 

more abundant population (cluster 1) is found throughout the distribution. It is possible 

that the southerly population is a coastal and more resident ecotype and the other 

population is more widespread, more offshore and migratory type, as found in bony fishes 

such as Atlantic cod (Hemmer-Hansen et al. 2013) and European anchovy (Le Moan et 

al. 2016) as well as in marine mammals like the bottlenose dolphin (Lowther-Thieleking 

et al. 2015). Importantly, however, the southerly ecotype is declining in abundance.  The 

apparent local depletion of tiger sharks at the southeastern distribution of the species in 

Australia corroborates this hypothesis as local abundance, size and maturity of tiger 

sharks seems to be negatively correlated with local fishing pressure (Holmes et al. 2012; 

Roff et al. 2018; Brown and Roff 2019). Although the species is not directly targeted by 

commercial fisheries in the region, both recreational fishing and bather protection 

programs in Queensland and New South Wales have apparently had a large impact on 

population abundance where large individuals have been selectively removed (Holmes 

et al. 2012). Based on our data, these activities may have had the adverse effect of 
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selectively removing a specific localized, possibly inshore, population component, most 

likely through asserting a higher level of exploitation than on the more widespread 

population. Ongoing climate change could also contribute to shifting distributions and 

abundance of marine fish species and populations (Wisz et al. 2015), also in Australia 

(Poloczanska et al. 2007, 2012). Thus, in this case, it is possible that increasing sea 

temperatures could have negatively affected the alleged southern population or enhanced 

the northern population. However, it is too early to speculate in detail about the proximate 

causes of their apparent changed abundance. One way to shed more light on this issue 

would be to analyze more available contemporary samples across the east coast of 

Australia and elsewhere in the Indo-Pacific (see Holmes et al. 2017) using a targeted 

genotyping approach focusing on the most informative SNPs (Nielsen et al. 2012) for 

assigning individuals back to the two groups identified here. 

Monitoring and management of intra-specific diversity 

The apparent occurrence of localized cryptic populations in tiger sharks, at a finer 

geographical level than hitherto believed, raises a number of issues regarding 

identification and monitoring of intraspecific biodiversity in large sharks. First, it points 

towards the importance of development of high-resolution genomic resources for 

elasmobranchs and other high gene flow marine organisms (Ovenden et al. 2019; Johri 

et al. 2019). Thus, in order to identify putative populations, with general low levels of 

genetic differentiation, a high number of variable sites in the genome (e.g. SNPs) have to 

be genotyped in many individuals. More importantly, it also points to significant challenges 

regarding the scale of current management and biodiversity protection schemes for large 

sharks. At present many nations regard sharks exclusively as shared populations and 

therefore are focused on establishing regional or international management agreements 

rather than being concerned about local depletions (Chapman et al. 2015). Even for 

countries attempting to manage shark resources sustainably, exploitation efforts needs 

to be spread out to avoid local depletion, potentially resulting in the reduction of 

unidentified local populations as seen here for tiger sharks. Although governments often 

see local depletion by bather protection programs as a positive thing, documenting the 

effect of protective measures, they are likely to have severe negative effect on local shark 

populations, which is likely the case here.  Sustainable management of local populations, 
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through matching the scale of governance with population structure, is important for 

protection of the evolutionary legacy of the species and the potential for adapting to future 

environmental changes. However, it is also important in order to have heathy marine 

ecosystems providing services to human society. More research is needed in relation to 

identification of localized population structure in sharks. Coupling information on local 

depletion with historical samples provides a powerful tool for identification of putative 

populations. In addition, a research priority should be the coupling of genetics with 

ongoing high-resolution satellite tracking studies, thereby linking information on 

population of origin with life-history and behavioral traits of the individual. Specifically for 

tiger sharks, our studies suggest that localized populations may be much more common 

than anticipated from recent genetic studies using markers with lower resolution (Bernard 

et al. 2016; Holmes et al. 2017). Accordingly, management focus will need to include 

localized protection measures, such as local seasonal closures or marine reserves in 

order properly match the geographic scale of the population (Ward-Paige et al. 2012). 

Specifically, for the east coast of Australia it should be a priority to further confirm our 

findings, elucidate the current abundance and distribution of the two populations and 

establish measures to protect the alleged southern population component, which appear 

to have faced a significant historical decline driven by direct and indirect exploitation or 

environmental change. 
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Tables 

Table 1. Pairwise FST values (lower diagonal) and p-values (upper diagonal) to estimate 

overall genetic differentiation between temporal samples of tiger sharks from east coast 

Australia. Sample sizes per collection are: 1910-1960 N=21, 1970-1980 N=21, 1990 

N=40, 2000 N=25. The star symbol (*) identifies significant values. 

 1910-1960 1970-1980 1990 2000 
1910-1960   - 0.0900 0.0000* 0.0000* 
1970-1980         0.0012 - 0.1780 0.0900 
1990      0.0044* 0.0005 - 0.0640 
2000      0.0061* 0.0009 0.0009 - 
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Figures  

 

 
Figure 1. Sampling locations, groups and decades of birth for historical and contemporary 

tiger shark samples subject to genomic analysis. The group’s names refer to: Gulf of 

Carpentaria (GCA), Coral Sea (CRS) and Tasman Sea (TAS). The insert shows the 

difference between decade of catch and calculated decade of birth and associated 

sample numbers. 
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Figure 2.  Principal Coordinate Analysis (PCoA) of mean pairwise FST’s between 

spatiotemporal tiger shark samples from eastern Australia. Gulf of Carpentaria (GCA), 

Coral Sea (CRS) and Tasman Sea (TAS). The groups used here are based on back-

calculated ages.  
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Figure 3. A) PCA of all individual genotypes for the spatiotemporal samples with back-

calculated age of birth. B) PCA of contemporary samples based on decade of catch 

(2000-2010) covering the Gulf of Carpentaria (GCA), Coral Sea (CRS) and Tasman Sea 

(TAS). 
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Figure 4: DAPC analysis for K=2, illustrating the spatiotemporal occurrence of individuals 

from the two hypothesized clusters in time and space. 
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Figure 5. Average proportion of heterozygous SNP loci over total loci genotyped for the 

two clusters of tiger sharks. Cluster 1 is composed of mainly contemporary and northern 

samples, while cluster 2 individuals are almost exclusively found in southern historical 

samples (see Figure 4 for explanation). 
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Supplementary materials  

 

Table S1. Sample sizes for the spatiotemporal age back-calculated samples. Sample 

sizes below six were not analysed individually for estimates of temporal differentiation 

(FST). 

Year of 
birth/Location GCA CRS TAS 

1910-1960 0 1 20 
1970-1980 6 2 13 

1990 18 4 18 
2000 2 16 7 

Total per location 26 23 58 
 

 

Table S2. Pairwise FST estimates (lower diagonal) and p-values (upper diagonal) between 

all pairwise samples. Sample size per collection: GOC_1970-1980 (6), GOC_1990 (18), 

CORS_2000 (16), TAS_1910-1960 (20), TAS_1970-1980 (13), TAS_1990 (18), 

TAS_2000 (7). The star symbol (*) identifies significant values.  
 

GCA_ 
1970-
1980 

GCA_ 
1990 

CRS_ 
2000 

TAS_ 
1910-
1960 

TAS_ 
1970-
1980 

TAS_ 
1990 

TAS_ 
2000 

GCA_ 
1970-1980 

- 0.5310 0.5560 0.0060* 0.1630 0.6210 0.2610 

GCA_1990 0.0000 - 0.0760 0.0000* 0.0200* 0.2050 0.4810 

CRS_2000 0.0000 0.0013 - 0.0000* 0.0060* 0.0180* 0.6180 

TAS_ 
1910-1960 

0.0045* 0.0042* 0.0056* - 0.915 0.0000* 0.0040* 

TAS_ 
1970-1980 

0.0019 0.0021* 0.0028* 0.0000 - 0.0010* 0.1100 

TAS_1990 0.0000 0.0007 0.0018* 0.0045* 0.0031* - 0.5380 

TAS_2000 0.0015 0.0001 0.0000 0.0042* 0.0019 0.0000 - 
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Figure S1. Distribution of FST across 1840 SNP loci between the two clusters as a function 

of heterozygosity. 
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Abstract 
Large sharks are particularly vulnerable to human exploitation and are declining 

worldwide. In order to assure their conservation, there is an urgent need for identification 

of genetically isolated populations and their distributions, as they should be the focal units 

of management to secure  sustainable exploitation. However, for many large sharks the 

lack of high resolution genomic markers and low global sample coverage has hindered 

more detailed population mapping. Here we conduct an extensive analysis of global 

population structure in tiger shark (Galeocerdo cuvier) using a combination of 

contemporary and historical samples spanning 200 years. We apply DNA capture 

analysis of 20.000 ‘baits’ designed from the transcriptome of tiger shark to identify a large 

number of SNPs. Using population genomic analyses we confirm the large evolutionary 

split between tiger sharks from the Atlantic and Indo-Pacific. We also document extensive 

intra-basin population structuring in both oceans, suggesting at least eight genetically 

differentiated populations of tiger sharks in our spatiotemporal collections. For a number 

of geographical regions we evaluate temporal patterns in contributions from different 

populations to our collections. The results are discussed in relation to a changed future 

management paradigm of the species.    

 
Key-words: exome bait capture, micro-evolutionary processes, phylogeography, 

philopatry, elasmobranchs, historical DNA 
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Introduction  
Marine biodiversity is currently at risk. Decades of over-exploitation coupled with habitat 

destruction and on-going environmental changes has led to widespread population 

declines of several marine species (Pinsky & Palumbi 2014). Elasmobranchs (sharks and 

rays) are especially vulnerable, due to their general longer generation times, lower 

reproductive potential and smaller effective population sizes (White et al. 2012). 

Elasmobranchs are targeted both directly and indirectly by fisheries throughout their 

distribution ranges, while also being disproportionately impacted by beach protection 

measures such as nets and baited drum-lines (e.g. Andreotti et al. 2016; Daly et al. 2018; 

Roff et al. 2018). For example, localized population declines have been reported of up to 

90% of the original size for some species of sharks (Roff et al. 2018). These declines will 

have a cascading effect throughout the ecosystem, as most sharks are key-stone species 

(Estes et al. 2011). As such, conservation efforts are essential to protect this iconic group 

of fishes.  

Tiger sharks (Galeocerdo cuvier) are globally distributed, occurring in all tropical 

and subtropical oceans of the world. The species is long-lived, highly migratory, coastal 

and predatory (Gudger 1949; Castro 1983; Branstetter et al. 1987; Afonso & Hazin 2015), 

all features that expose them to different levels of threats, from targeted commercial and 

recreational fisheries, to by-catch and beach protection measures, making it particularly 

vulnerable to anthropogenic threats. For example, in Eastern Australia, the local 

population is reported to have declined by 74% in the last 25 years, mostly due to 

exploitation and beach protection measures (Roff et al. 2018). Similarly, the species was 

virtually absent from the northwest Atlantic waters during the 1990s, having slowly 

returned from the early 2000s, likely due to the establishment of the US Shark 

Management Plan in 1993 (Peterson et al. 2017). Currently, tiger sharks are listed as 

“Near Threatened” in the International Union for the Conservation of Nature (IUCN) Red 

List. 

Regardless of the reported worldwide population declines, little is known regarding 

its impacts on population structure or genetic diversity levels of tiger sharks, both 

fundamental for the long-term persistence and maintenance of the evolutionary potential 

of the species (Heithaus et al. 2010; Estes et al. 2016). Previous molecular studies have 
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focused mainly on assessing contemporary genetic population structure patterns, using 

a small number of molecular markers such as mitochondrial DNA (mtDNA) and nuclear 

microsatellite loci (Bernard et al. 2016; Holmes et al. 2017; Pirog et al. 2019a). Although 

the Atlantic vs. Indo-Pacific population divergence is well supported (Bernard et al. 2016; 

Holmes et al. 2017; Pirog et al. 2019a), and suggests long-term isolation and even 

speciation (Naylor et al. 2012), patterns of population substructure within each ocean 

basin remain unresolved. Furthermore, most of these studies relied on a single (or a few) 

sampling event, making it difficult to assess long-term trends in genetic diversity, 

population connectivity and demographic history of tiger sharks across the globe.  

In this context, historical samples hosted in museums, fishery institutes and private 

collections represent an invaluable resource to supplement contemporary collections, but 

also to understand how tiger shark populations have changed through time, as 

contemporary population dynamics will reflect historical changes in connectivity, as well 

as expansions and contractions events (Bi et al. 2013). Temporal genetic data can 

provide information on population range shifts, fluctuations in population size and direct 

adaptive genetic changes, which are fundamental to inform conservation management 

efforts for vulnerable species, such as tiger sharks (Domingues et al. 2018). Recently it 

has been shown that DNA can be readily extracted from archived shark collections, such 

as historical jaws and vertebrae stored in museums and with anglers as trophies, and 

used for population genomics analysis (Nielsen et al. 2017).  

The present work represents the first global retrospective genomic study of any 

large shark, with samples spanning two centuries and the entire distribution range of the 

species. We employed a targeted sequencing approach to assess 1) long-term population 

sub-structuring patterns; 2) how populations are connected through time and space; and 

3) if reported population declines correspond to a decline in genetic diversity. Our findings 

retrieved the same two ocean-based clusters (Atlantic and Indo-Pacific), but complex 

spatio-temporal connectivity patterns within basins, with several cryptic populations 

observed in time and space. These results shed light in the evolutionary and demographic 

history of tiger sharks, and can greatly aid in future conservation efforts for the species.  
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Materials and Methods 
Sample collection 

In total, 819 worldwide samples of tiger shark were collected throughout the Atlantic, 

Indian and Pacific Oceans, corresponding to a time-span of roughly 200 years (1820-

2018). The specimens came from 30 different sources, between museums (17), fishery 

institutions (7), and private collectors (6). The oldest sample was obtained at the Natural 

History Museum of Vienna from the jaw of a tiger shark caught off Cape Henry (St. 

Domingo - Dominican Republic) in May 1820. The historical samples (1820-2000) 

consisted of different types of tissue (dried skin and tissue stored in ethanol, jaw tissue 

and vertebrae), while contemporary samples (2000-2018) mostly consisted of ethanol 

preserved fin clips. Samples were generally retrieved from the collections by the authors, 

by drilling jaws and vertebrae following the protocol developed by Nielsen et al. (2017). 

In a few instances, sampling was done by local museums and collaborators, using the 

same protocol.  

 

DNA extraction of historical and contemporary samples  

Genomic DNA was extracted for both historical and contemporary samples using the 

Omega EZNA Tissue DNA kit (Omega Bio-Tek, USA) following the manufacturer’s 

instructions with customized changes according to the age and type of tissue. DNA from 

historical and some contemporary samples (vertebrae and tissue stored in formalin) was 

extracted in a dedicated clean lab, with only 24 samples (including negative control) 

processed per extraction batch to reduce contamination risk. The extraction protocol was 

optimized for these samples, based on total weight of tissue (jaws: 50 ng, vertebrae: 100 

ng), digestion period (24 h at 56° C), volume of reaction (2x and 4x, respectively) and final 

elution volume (50 μl pre-heated at 72° C). For formalin samples, an initial cleaning step 

was included, where samples were incubated for three days at 55° C in ultra-pure water 

(Qiagen FFPE) before extraction. Contemporary samples were extracted in the general 

laboratory following the manufacturer’s protocol with a minor change (final elution in 100 

μl of Tris-EDTA, TE, buffer). DNA concentration was estimated with a Qubit dsDNA HS 

AssayⓇ kit in a Qubit 3.0, and the degradation profile of DNA extracts was assessed in 

BioAnalyzer (Agilent Technologies) for all challenging samples (historical, contemporary 
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vertebrae and formalin). Quality of contemporary extractions was verified on a 1% 

agarose gel stained with Ethidium Bromide for five samples per extraction batch. Samples 

with a DNA concentration above 1ng/ul were retained for library preparation and bait 

capture. 

 

Bait design 

A total of 20,000 baits with a length size of 120 base pairs (bp) were designed based on 

the available transcriptome of tiger shark, obtained from white muscle samples of 

individuals caught off The Bahamas (Atlantic; Swift et al. 2016). Baits were designed from 

contigs with lengths above 200 bp, to fall within four categories: 1) regions containing 

genes of interest, selected based on the annotation of the transcriptome in Blast2Go 

(Conesa et al. 2005); (2) regions containing previously identified SNPs (Manuscript II); 
(3) regions with previously designed baits (Manuscript II), and (4) randomly selected 

regions. A summary of targeted genes for bait design, and their position, as well as the 

specific protocol used can be found in Supplementary Material.  

 

Genomic library preparation  

The KAPA HyperPlusⓇ and Hyper PrepⓇ Kits were used for genomic library preparation 

for samples with high molecular and low molecular weight DNA, respectively, following 

the manufacturer’s instructions with some tailored modifications. These kits have similar 

protocols but for the absence of an initial enzymatic fragmentation step in the latter, which 

is recommended for historical and/or degraded DNA (Burrell et al. 2015). For 

contemporary samples, we used DNA concentration of 100 ng, diluted in TE buffer as 

needed. Enzymatic fragmentation was done in a final volume of 50 μl for 40 min at 37° C 

to obtain fragments of ~150 bp, as recommended. After fragmentation, samples were 

end-repaired for 30 min at 65° C, and adapters were ligated (15 mM) at 20° C for 15 min. 

Samples were cleaned of excess adapters and reagents using the magnetic AmPureⓇ 

Beads in a 1x reaction. Beads were resuspended in 22.5 μl of TE Buffer and incubated 

at room temperature for 2 min, from which 20 μl were used for library amplification. Here, 

we used the KAPA HiFi HotStart Ready MixⓇ (2x), and unique combinations of forward 

and reverse indices per individual, designed using the approach of Glenn et al. (2019). 
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The Polymerase Chain Reaction (PCR) protocol included an initial denaturation step at 

98° C for 45 s, followed by six cycles of 98° C for 15 s, 60° C for 30 s and 72° C for 30 s,  

and a final elongation step of 72° C for 60 s. Amplified libraries were cleaned using 

AmPure magnetic beads in a 1x reaction, and resuspended in 22.5 μl of TE buffer, with 

20 μl of clean library recovered and used for downstream analyses.  

For historical samples, library preparation was performed in the clean lab until the 

final amplification step. In general, the protocol was similar, starting with 100 ng per 

sample. However, samples with less than 100 ng of DNA were re-extracted, pooled and 

concentrated to obtain the desired concentration. In addition, samples were not 

fragmented, and final library amplification PCR was conducted for nine cycles. The profile 

of all libraries were quality controlled on a DNA P1000 BioAnalyzer chip (Agilent 

Technologies), to decide if additional enzymatic fragmentation was required (desired 

fragment size 200-400bp).  

 

Bait hybridization reactions and sequencing 

Hybridization reactions were performed as described in Nielsen et al. (2017). Briefly, 

hybridization reactions between genomic libraries and baits were performed at 60° C for 

24 h, followed by binding the captures to magnetic beads for clean-up, as recommended 

in MyBaitsⓇ Sequence Enrichment for Targeted Sequencing User Manual. Capture 

libraries were PCR amplified with the KAPA HiFi HotStart Mix, for an initial denaturation 

step of  98° C for 2 min, followed by 9 or 12 cycles (depending on original concentration) 

of 98° C for 20 s, 60° C for 30 s and 72° C for 30 s, and a final step of 72° C for 5 min.  

Genomic libraries with low DNA concentrations (<10 ng/μl, historical and 

contemporary) were hybridized independently to increase yield, while libraries with high 

DNA concentrations (>15 ng/μl, mostly contemporary and a few historical) were 

hybridized in pools of three samples per reaction to increase cost efficiency. In order to 

maximize variability and minimize a “pooling” effect, samples were pooled from different 

collections, regions, extraction batches and genomic libraries, as long as they had similar 

concentrations. The quantity of DNA per sample was identical between pooled and 

unpooled samples (167 ng/μl). All capture libraries were inspected with the P1000 
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BioAnalyzer chip and final DNA concentrations for the target capture region of 200-400bp 

was estimated.  

Capture libraries were normalized and pooled for Illumina HiSeq 4000 sequencing, 

using a 2x 150 bp pair-ended kit (University of Queensland). As before, we used two 

different pooling approaches depending on the type of samples. Historical samples (and 

samples with degraded/low molecular weight DNA) were sequenced independently with 

a maximum of 30 samples per lane to increase sequencing power (10x coverage per 

capture library, see McGaughran 2020), while samples with high molecular weight 

(contemporary and some historical) were sequenced with a maximum of 60 samples per 

lane (5x coverage per individual - 20 capture libraries per lane). In order to maximize 

variability and reduce the possibility of a “lane” effect, samples were pooled from different 

collections, regions and capture libraries for sequencing. As before, pooling was done for 

samples with similar DNA concentrations.  

In total, 427 samples were successfully extracted, library prepared, captured and 

sequenced. Of these, 400 were unique individuals (239 contemporary and 161 historical), 

and 27 were control samples for ensuring the efficacy of the target capture and the 

reliability of the final genotypes. These control samples followed both the genomic and 

capture libraries preparations protocols and were included in different sequencing lanes, 

representing all sampling collections (Caribbean Sea (4), East Australia (3), Equatorial 

Atlantic (1), Indian Ocean (1), North West Atlantic (3), Pacific Ocean (1), South Africa (2) 

and West Australia (7)). 

 

Bioinformatics 

The bioinformatics’ pipeline was based on Manuzzi et al. (Manuscript II). Briefly, 

sequenced samples were demultiplexed using Illumina bcl2fastq 2.20.0.422, with quality 

checked in FastQC (Andrews 2010). All adaptors were removed and reads were filtered 

by length and quality (reads of >30 bp and base quality >20 were kept), in 

AdapterRemoval (Schubert et al. 2016). Filtered reads were merged in FLASH (Magoč & 

Salzberg 2011), with default parameters, and checked for contaminants in Kraken2 

(Wood et al. 2019). Based on obtained results, reads were mapped against a selection 

of bacterial genomes, as well as the human genome, to remove contaminated reads. 
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Stringent mapping was done in BOWTIE2 (Langmead & Salzber 2012), using the 

“sensitive” option, and mapped reads were removed in samtools (Li et al. 2009). Trimmed 

and cleaned reads were mapped against the mtDNA genome (Chen et al. 2014) with the 

BWA-mem algorithm (Li & Durbin 2009). Reads that mapped against the mtDNA genome 

were removed in samtools. Finally, cleaned reads were mapped against a “masked” 

version of the tiger shark transcriptome, consisting of the 20,000 bait regions, while the 

rest of the reference was cancelled. Each of those 20,000 regions corresponded to the 

length of each bait (120 bp) plus a flanking sequence of 340 bp on each side, to account 

for the possibility that reads mapped at either end of the 120 bp of the bait (“on-target”). 

On-target mapping was thus considered successful if reads fell in this 800 bp fragment. 

After mapping, PCR duplicates were removed using Picard-tools (Broad Institute 2019). 

Patterns of DNA damage for the remaining reads were checked using Mapdamage 2.0 

(Jónsson et al. 2013), and the coverage and depth of the target regions were recorded 

using BEDtools. GATK4 was used to call SNPs (DePristo 2011; Van der Auwera 2017) 

for all the 427 samples against (1) the mtDNA genome, and (2) the masked transcriptome 

of the tiger shark. 

 

Data quality control and summary statistics 

Called SNPs on the on-target regions were filtered in VCFtools (Danecek et al. 2011) and 

BCFtools (SAMtools, Li et al. 2009). The filtering pipeline was as follows: only biallelic 

SNPs were selected; indels were discarded; only samples with reads in at least 4,000 of 

the on-target regions (about 25%) were kept. Only variants with a minimum allele count 

of 2 (MAC = 2), a minimum read depth per SNPs of 3 (DP > 3), and with less than 20% 

missing data (or at least 80% call rate) were kept. Further, we removed physically linked 

SNPs by keeping only 1 SNP per on-target region (i.e. 1 SNP each 800 bp, and with r2 < 

0.25). SNPs that were not consistently genotyped in 85% of the control samples were 

removed. SNPs fixed for the alternative allele (against the reference) were manually 

checked, as these could be caused by contaminated samples included during the SNPs 

calling process. In addition, SNPs with a FIS < -0.5, were removed to filter for the potential 

presence of paralogous loci. As a final step, individuals with more than 50% missing data 

were removed, and levels of missing data were estimated for the remaining individuals. 
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VCFtools was used to check relatedness among individuals, and to verify whether any 

samples had been erroneously pooled twice. The same filtering pipeline was applied for 

SNP-calling from the mtDNA genome, with the exception of the physical linkage step, due 

to the nature of the marker. Mitochondrial DNA was used to assess potential samples 

contamination  (Bi et al. 2012, 2013). In this case, a Principal Component Analysis (PCA) 

was performed using all sequenced samples (N = 427) to identify contaminated or 

mislabeled samples. Potential erroneous individuals were checked in IGV and BLAST 

(heterozygous individuals and dissimilar reads). If reads matched sequences from the 

NCBI database or contained heterozygous positions, the individuals were removed from 

the dataset. 

 

Global analyses of genomic diversity and population structure through space and time 

Estimates of genomic diversity levels and differentiation were obtained per sample 

collection and time period. Spatial-temporal analyses were performed under a 

hierarchical approach, going from global to ocean-based analyses (Atlantic and Indo-

Pacific), using a similar methodology.  

Based on preliminary clustering analyses and estimates of FST, samples were 

divided into groups depending on their geographical location and sampling year (capture). 

Some of the collections had samples sizes or temporal spans that made them unsuitable 

for accurate statistical inference within-basins (e.g. N < 3: NEP_1960, EIO_1850, 

EQA_1950, GOM_1970, MED_1990, WPO_1930, or CS_1820-1990; Figure 1) and were 

thus excluded from downstream analyses. They were, however, kept for all between-

basins and temporal-only analyses. Furthermore, it was not possible to reliably estimate 

the birth year for the majority of samples collected due to missing metadata (length and/or 

weight). As such, samples were clustered in groups at least 10 to 20 years apart, to 

account for the estimated generation time (10 - 11 years, as per Branstetter et al. 1987; 

Cortes 2002; Holmes et al. 2015). As some samples exhibited relatively high levels of 

missing data, correlation analyses were performed in R to assess its influence in 

observed results. 

Measures of genomic diversity (expected and observed heterozygosity, HE and 

HO, and inbreeding coefficient, FIS) were estimated using the function basic.stats in R 
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package hierfstat (Goudet 2005), and in VCFtools. Allelic richness, AR, was estimated 

using the function allel.rich in R package PopGenReport (Adamack & Gruber 2014). To 

assess changes in genetic variability over time, mean individual heterozygosity was 

estimated per individual for all locations and time periods by calculating the number of 

heterozygous SNP loci over the total number of SNPs successfully genotyped, using a 

customized R script. 

Patterns of spatial and temporal population differentiation were investigated using 

different methods to increase the robustness of the findings. First, a PCA of individuals 

was conducted in the R package adegenet (Jombart, 2008), to visualize the broad genetic 

relationships among samples between and within-basins, and across time. Secondly, 

Weir and Cockerham (1984) pairwise FST levels were calculated between the different 

groups with the R package StAMPP (Pembleton et al. 2013). Statistical significance was 

assessed after 10,000 bootstraps, and visualization of results was done through a 

heatmap. In addition, FST values were used to perform a Principal Coordinate Analysis 

(PCoA, Gower 1966) in the R package ape (Paradis et al. 2004). PCoAs reduce the 

complexity level of datasets, allowing to explore hidden population structure of the data. 

Finally, a Discriminant Analysis of Principal Components (DAPC, Jombart et al. 2010) 

was performed in adegenet, to investigate fine-scale structure patterns within each ocean 

basin. 

In order to understand if population differentiation was due to a few loci or 

widespread across the SNP dataset, locus FST pairwise levels were calculated in 

VCFtools (“weir-fst-pop” function) using the most differentiated clusters as identified from 

the population structure analyses and the results were mapped in a Manhattan plot. Loci 

with high FST levels (e.g. above 0.5) were identified, and their allelic frequencies plotted 

through time to understand how populations evolved in the last 200 years. As before, 

these analyses were conducted between- and within-basins. These loci were then subject 

to a BLAST search to identify possible known physiological functions.  

Lastly, in order to assess the possibility of philopatry in tiger sharks, we 

reconstructed mtDNA haplotypes using BCFtools to generate a fasta file of the complete 

mtDNA genome (16,703 bp). Estimates of genetic diversity (haplotype and nucleotide 

diversity, number of segregating sites and Tajima’s D) as well as a haplotype list were 
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obtained in DNAsp (Rozas et al. 2017). Reconstruction of phylogeographic patterns was 

conducted using a Median Joining Network (Bandelt et al. 1999) in popart (Leigh & Bryant 

2015).  

 

Results  
Data quality control 

Overall, 427 of 819 samples collected worldwide successfully passed all the wet lab 

requirements and were sent for sequencing (239 contemporary and 161 historical, 

including controls) (Supplementary Figure S1). Three main spatio-temporal collections 

were obtained: Northwest Atlantic (NWA), Eastern Indian Ocean (EIO) and South 

Western Pacific (SWP), which had the best temporal coverage in terms of number of 

samples (Supplementary Figure S1).  

The number of reads per sample varied between 321 (T_CS_4_13) and 

82,284,621 (T_EA_20_2), with an average of 7,313,801. The mean number of reads 

among historical and contemporary samples was 9,919,686 and 22,653,964 reads 

respectively. Total number of reads mapped to the masked tiger shark transcriptome and 

mitogenome varied between samples (Supplementary Figure S2). The majority of 

samples had a higher percentage of reads mapping against the masked transcriptome 

(mean 26.42%, min 2.55%, max 68.10%) than to the mitogenome (mean 0.79%, min 0% 

and max 12.41% - Supplementary Figure S2).  

In total, 17,772 on-target regions (out of 20,000) had at least three reads mapped, 

and average read depth per on-target region was 205.93, ranging from three to 705 reads 

per individual. Individuals with less than 4,000 baits mapped were removed 

(Supplementary Figure S3). Overall, the success of the target hybridization experiments 

varied more between collections and age of samples than according to technical issues 

such as sample pooling strategy, sequencing lane or type of tissue (Supplementary 

Figure S4). Collection location and year of catch significantly influenced the number of 

on-target reads obtained (Supplementary Table S1). 

The filtering protocol and removal of controls resulted in the loss of 84 individuals, 

with the final dataset containing 343 individuals spread across the collections (Figure 1). 

We found no related individuals (data not shown). A total of 386 SNPs were identified 
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across the mitogenome. Preliminary PCA results based on mtDNA SNPs identified 16 

samples that were either mislabelled or had contaminated reads (Supplementary Figure 

S5). These were removed from further analyses. For the on-target transcriptome 

mapping, a total of 643,499 raw variants (SNPs) were identified in 14,167 contigs before 

filtering, and the final filtered dataset consisted of 2,912 high quality SNPs.  

 

Global analyses of genomic diversity and population structure through space and time 

Overall levels of genetic diversity for the total collection (HE = 0.037, HO = 0.038, FIS = -

0.023) were in the same range as the estimates for each of the basins (HE = 0.033 in the 

Atlantic, and HE = 0.035 in the Indo-Pacific; HO = 0.036 in the Atlantic, and HO = 0.039 in 

the Indo-Pacific, AR = 1.034 in the Atlantic, and AR = 1.036 in the Indo-Pacific), while FIS 

values were slightly higher in the Indo-Pacific (FIS = -0.089 in the Atlantic, and FIS = -0.107 

in the Indo-Pacific) with some significantly higher values for most of the historical 

collections within the Indo-Pacific suggesting an excess of heterozygosity 

(Supplementary Table S2). While the average proportion of heterozygous sites seemed 

to vary between collections, it did not represent a significant trend across time and space. 

In fact, it was not possible to detect any significant changes in the proportion of 

heterozygous sites per individual over time in samples from either one of the ocean basins 

(Supplementary Figure S6).   

The PCA showed a clear split between all samples collected in the Atlantic and 

Indo-Pacific basins across all time periods (Figure 2.A), with the first two axis explaining 

11.4% of total differentiation. In particular, axis 1 explained most of the variability (PC1 

10.1%), allowing to distinguish between the two basins. There was no correlation between 

the PCA results (axis coordinates) and the level of missing data per individual (R = -0.001, 

p = 0.99). However, individuals converging towards zero (y-axis) had the highest levels 

of missing data. Pairwise FST values between pooled temporal collections of the Atlantic 

and Indo-Pacific basins corroborated the PCA analysis and showed in all cases a strong 

genetic differentiation between tiger sharks from the two basins, with FST values ranging 

from 0.109 between the 1980-1990 collections to a maximum of 0.127 between 1930-

1970 and 1850-1920 collections of the Atlantic and Indo-Pacific (Supplementary Table 

S3). The Principle Coordinate Analysis (PCoA) of FST values showed that the split 
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between Atlantic and Indo-Pacific accounted for most of the differentiation along the first 

axis (94.12% - Figure 2.B). However, temporal differentiation was also evident within 

pooled samples from both basins along the second axis (PCoA 2: 2.58%). Pairwise FST 

values for all loci calculated between the pooled Atlantic and the Indo-Pacific collections 

identified 16 loci with very high, FST > 0.5 (red), 33 loci with high, 0.2 < FST < 0.5 (orange), 

97 with moderate 0.05 < FST < 0.2 and 2,766 loci with low, FST < 0.05, levels of 

differentiation (green, Figure 2.C). Thirteen out of the 16 loci with high FST were also 

identified as the most discriminant SNPs in the PCA loading plot, driving differentiation in 

PC1 (data not shown). Individual PCAs for the four groups of loci (Supplementary Figure 

S7) showed that each of the groups of loci with FST > 0.05 could identify and separate all 

individuals from the two basins. It is noteworthy that the 16 loci with the highest FST alone 

can identify the basin of origin of individual tiger sharks. A BLAST search of these loci did 

not find any match for a large proportion of loci likely due to the lack of genomic 

information in elasmobranchs. Six of the 16 loci exhibited similarity with genes involved 

in structural and cellular processes (Supplementary Table S4).  

Mitochondrial-based analyses identified 386 SNPs, distributed throughout the 

mitogenome. A total of 275 haplotypes were retrieved from 343 individuals. Haplotype 

and nucleotide diversity measures were high (h = 0.996, π = 0.002, 386 segregating 

sites), and no deviations to the expectation of neutrality were detected (Tajima’s D = -

1.635, p > 0.05). As expected, no shared haplotypes were observed between the Atlantic 

and Indo-Pacific basins, with most individuals representing private haplotypes, one to two 

mutational steps apart (Figure 3). No obvious population structure was detected within 

basins, with all haplotypes well connected within each phylogroup (Figure 3). 

Interestingly, the southwest Atlantic (SWA_2000), Central Pacific (COP) and northeast 

Pacific (NEP) were composed of private haplotypes, not shared with any remaining 

collections (Figure 3).  

Atlantic basin 

Levels of HO ranged from a minimum of HO = 0.032 (GOM_2000) to a maximum of HO = 

0.039 (NWA_1850_1990 and NWA: 1980_1990). Expected Heterozygosity ranged from 

HE =0.029 (GOM_2010) to HE = 0.036 (NWA_1850-1900 and NWA_2010), FIS = -0.107 

(SWA_2000) to FIS = -0.057 (NWA_2010), and AR = 1.031 (GOM_2000) to AR = 1.037 
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(NWA_1850-1900, Table S5). No significant changes in heterozygosity through time was 

observed in any of the collections within basins (Supplementary Figure 6.A-C).  

Significant FST values were found between a number of collections from the 

Atlantic Ocean (Supplementary Table S5; Figure 4.D). In general, values were one order 

of magnitude lower than for the interbasin comparisons. The highest value (FST = 0.020) 

was found between the oldest and most northern collection (NWA_1850-1900, mostly 

samples collected between New York and Rhode Island, U.S.A.; Figure 4.A) and the most 

southern collection SWA_2000 (central Brazil). In fact, SWA_2000 showed the highest 

levels of divergence and was significantly differentiated from all other collections except 

EQA_2010. For EQA_2010 all but one of the pairwise FST values were non-significant 

(FST = 0.007, with NWA_1980-1990). For the NWA and GOM samples, more complex 

patterns of spatiotemporal differentiation were retrieved, which to some degree could be 

affected by differences in sample sizes and associated statistical power of analyses. The 

3-dimensional PCoA based on FST  values showed relatively good clustering according to 

region of collection, with SWA, GOM and NWA collections forming separate groups 

except for the most recent southern NWA_2010 samples, which showed closer affiliation 

to GOM and SWA samples (Figure 4.E). Within the NWA cluster, the oldest and most 

northern collection appeared to be the most distinct (Figure 4.E). Overall most of the 

individuals were overlapping around the centre of the PCA (Figure 4.B), confirming that 

the levels of genetic differentiation among groups are relatively low. However, the DAPC 

plot confirmed the appearance of distinct spatiotemporal genetic clusters (Figure 4.C) 

identified by the FST analysis, and also showed evidence of migration/mixing of individuals 

(Figure 4.C). Three relatively distinct groups of individuals were apparent, one consisting 

mainly of SWA samples, another of the oldest NWA samples and a third of the 

contemporary NWA and GOM samples, which were also the two most proximate samples 

from the two sea-areas (Figure 4.A). The remaining samples formed a central group 

without further distinct patterns (Figure 4.C, E). Analyses of pairwise genetic 

differentiation at individual loci for the most divergent collections identified from the 

population structure analyses showed that intrabasin genetic differentiation was caused 

by multiple loci (Supplementary Figure S8). Overall six loci were identified representing 

the top 10% of the FST distribution for the pairwise comparisons. The SNP at locus 
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comp503096_c0_seq1 also showed high values in both the comparisons between 

SWA_2000 - NWA_2010 and SWA_2000 - NWA_1850-1900 (Figure 4.C), with the 

highest estimate between SWA_2000 and NWA_1850-1900 (FST = 0.524 for one locus).  

 

Indo-Pacific basin 

Estimates of HO for the collections within the Indo-Pacific basin ranged from HO = 0.036 

(SWIO_2000_2010 and SWP_2010) to HO = 0.045 (CPO_1930-1970); HE = 0.032 

(SWIO_1980) to HE = 0.039 (CPO_1930-1970); FIS = -0.251 (CIO_1860-1874) to FIS = -

0.012 (SWP_2010); AR = 1.035 (SWIO_1980, WIO_1930-1980, PNG_2010, SWP_1890-

1930, CPO_2000, NEP_2010) to AR = 1.042 (CPO_1930-1970). No changes in 

heterozygosity through time were detected (Supplementary Figure 6.B-D, Table S6). 

Overall levels of genetic differentiation were low for the Indo-Pacific collections 

(Figure 5.A). Nevertheless, there were 53 significant, out of 153, pairwise FST 

comparisons, pointing to population sub-structuring within the basin (Figure 5.B; 

Supplementary Table S6). As before, the spatiotemporal pattern of differentiation 

observed likely reflects to some extent differences in sample size and related statistical 

power. Most significant values were found for comparisons involving the central 

(CIO_1860-1874 - Mauritius) and western (WIO_1930-1980 – Kenya, Somalia and 

Comoros Islands) Indian Ocean collections, the central Pacific collections (CPO_1930-

1980, CPO_2000 - Hawaii) and the northeast Pacific collection (NEP_2010 - Mexico) 

(Figure 5.B). For the remaining pairwise comparisons, few significant spatiotemporal 

divergences were evident (Figure 5.B). The PCoA based on pairwise FST values revealed 

distinct genetic clusters of CIO_1860-1874 and WIO_1930-1980 in the Indian Ocean, with 

the latter showing affinity to the SWIO_1980 collection (Figure 5.C, D). The CPO_1930-

1980 and CPO_2000 groups also appeared distinct, but clustered with each other and 

closer to NEP_2010, which also was distinct along axis 3 (Figure 5.D). In contrast, the 

PCA of individual genotypes did not show any clear clustering of individuals within the 

Indo-Pacific collections, as most individuals clustered around the centre, corroborating 

the relatively low levels of genetic differentiation among collections (Figure 5.A). Overall 

assessment of FST values throughout the transcriptome identified 14 loci, as the top 10% 

of the FST distribution for pairwise comparison of collections best representing the clusters 
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identified from the population structure analyses (Supplementary Figure S9). Of these, 

eight had FST values above 0.5 suggesting a stronger effect of individual loci within the 

Indo-Pacific compared to the Atlantic. In fact, comparisons involving the central and 

northeast Pacific identified loci with very high FST (FST > 0.5), with the highest estimate 

found for the NEP_2010 and WIO_1930-1980 comparison (FST = 0.876 for one locus).  

 

Discussion 

This study demonstrates the usefulness of high resolution genomic analyses (nuclear and 

mtDNA), in combination with archival samples, for elucidating worldwide spatiotemporal 

population structure in large oceanic predators with low sample numbers, widespread 

migrations and no apparent mating or pupping grounds.  

Here, we confirmed the previously identified deep evolutionary split between tiger 

sharks from the Atlantic and Indo-Pacific basins including demonstration of monophyly of 

mtDNA and identification of high FST nuclear markers, potentially involved in adaptive 

divergence. In addition, we documented for the first time the occurrence of cryptic intra-

basin population structure, as well as extensive mixing of different populations. In the 

western Atlantic we found a clear split between northern and southern ocean samples, 

and also significant divergence between putative populations in the northwest 

Atlantic/Gulf of Mexico region. For the Indo-Pacific the most extreme regions of the 

distribution range of tiger sharks, such as the western Indian Ocean, central Indian 

Ocean, central Pacific and northeastern Pacific Ocean, showed clear evidence of distinct 

populations, while the central part of its distribution in the eastern Indian Ocean and 

southwestern Pacific appeared relatively genetically homogenous. The pattern of genetic 

divergence among collections varied in time for both basins, likely reflecting varying 

temporal population mixtures, which might be linked, at least in part, to the opportunistic 

sampling of slightly different geographical locations.  

 

Spatio-temporal population structure of a highly migratory shark 

Unravelling the genetic population structure of large migratory oceanic predators like 

sharks is fraught with a series of challenges (Dudgeon et. al. 2012; Ovenden et al. 2019). 

First of all, sharks do not follow the basic triangle migrations of bony fishes between 
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spawning sites, nursery areas and adult habitat (Harden Jones 1968). For many species, 

mating or parturition sites and times have not been identified, thus the basic reproductive 

unit, like the annual spawning aggregation in ‘classical marine fish’ (Nielsen & 

Kenchington 2001), can or has not been identified and therefore cannot be accurately 

sampled. Furthermore, sharks have been shown to display extensive oceanic migrations 

(Chapman et al. 2015), suggesting low levels of genetic differentiation (Dudgeon et. al. 

2012; Ovenden et al. 2019), and many of them are non-model marine organisms (Helyar 

et al. 2011) with limited genomic resources (Johri et al. 2019), despite being iconic 

species with large public interest and management issues (e.g. threatened status and 

human-shark conflicts). Finally, as most sharks represent the top of the trophic web, they 

are naturally rare and difficult to sample in numbers necessary to draw solid inferences 

on population structure and mixing. In this study we used a combination of historical and 

contemporary sample collections for the tiger shark (Galeocerdo cuvier), which allowed a 

much more extensive global coverage than previous population genetics studies of the 

species (e.g. Pirog et al. 2019a), and also allowed us to draw inferences on temporal 

changes in population dynamics (Nielsen et al. 2009; Hansen et al. 2012).  

Despite our extensive spatial and temporal coverage, in some instances the number of 

samples were low, even for traditional population genetic studies standards (N < 10). 

Nevertheless, they should be sufficient for calculating robust FST values, due to the high 

number of loci retrieved with our sequencing approach (Nazarano et al. 2017). In fact, 

even accounting for the fact that several loci were variable between basins but not within-

basins, we still retained over 1,500 high-quality and variable SNPs for population 

comparisons (1,705 and 2,109 SNPs for the Atlantic and Indo-Pacific, respectively). 

Furthermore, estimates of intra-basin population divergence for variable-SNPs only 

retrieved the exact same patterns and magnitude of differentiation levels. Therefore, the 

dataset here presented is suitable to retrieve fine-scale spatiotemporal population 

patterns in tiger sharks. 

As expected, we identified a deep genetic split in both nuclear and mitochondrial 

data for tiger sharks between ocean basins, consistent with previous genetic studies of 

the species (Bernard et al. 2016; Holmes et al. 2017; Pirog et al. 2019a; Manuscript I). 
From the mitogenomic analyses, this global study significantly expanded and improved 
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the resolution of haplotype diversity with the identification of 275 unique haplotypes 

compared to the previous 23 identified from mtDNA Control Region sequences alone 

(Bernard et al. 2016). The higher resolution confirmed the deep split and clearly suggests 

reciprocal monophyly of Atlantic and Indo-Pacific haplotypes, thus lending support to the 

hypothesis of two allopatric ‘species’ (Naylor et al. 2012). All but one individual displayed 

a haplotype of their catch basin, suggesting very low or completely lacking spatiotemporal 

female mediated gene-flow. Curiously, the only sample with a divergent haplotype was a 

tiger shark sampled in the Mediterranean, which clustered with the Indo-Pacific 

phylogroup (1994, Malaga - Spain). This individual is likely to represent migration through 

the Suez Canal, thus suggesting a potential recently opened option for gene-flow between 

basins. The nuclear markers corroborated this deep split, thus there is no evidence of 

sex-biased dispersal between basins.  

The interbasin genetic split was supported by 146 loci with FST > 0.05 spread 

throughout the reference, suggesting an evolutionary scenario of isolation and long-term 

genetic drift (Charlesworth et al. 2003). Differentiation was also driven by a small number 

of loci with very high FST levels, which may imply adaptive divergence between tiger 

sharks from the two basins. In total, 16 loci had FST above 0.5 and 33 loci had FST between 

0.2 and 0.5. Since this study is based on transcriptome sequence divergence, it may be 

somewhat enriched/inflated for loci with high FST levels, as SNPs associated with coding 

regions are likely to be more subject to direct or hitch-hiking/background selection (Smith 

& Haigh 1974; Charlesworth 1994). However, overall FST levels are in the same range as 

previously reported for microsatellites (FST = 0.113 vs. FST = 0.129 in Bernard et al. 2016, 

and FST = 0.14 in Holmes et al. 2017), and only a very reduced proportion of loci exhibited 

elevated FST values (between 0.5% and 1.1%). This likely suggests that most loci involved 

in the observed differentiation are only affected by neutral evolutionary processes. The 

BLAST-search for the 16 SNPs with the highest FST was unsuccessful in most cases, 

resulting in lack of match within the nBLAST database for 10 out of 16 loci. The six SNPs 

that reported a hit indicated genes involved in structural and cellular processes. However, 

it is not possible to make robust inferences about the function of these genes and their 

possible adaptive functionalities at the moment due to the lack of genomic information for 

elasmobranchs. Interestingly, the high FST loci alone are able to identify the basin of origin 
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for individual fish, thus providing an opportunity for creating ‘minimum panels with 

maximum power’ (Nielsen et al. 2012), for individual assignment of tiger sharks to basin 

of origin, similar to microsatellites (Manuscript I), to aid in conservation efforts (e.g. 

forensic identification of fins). 

The large divergence between Atlantic and Indo-Pacific populations is similar to 

what has been observed in a range of other large shark species including whale sharks 

(Vignaud et al. 2014), white sharks (Marra et al. 2017) and bull sharks (Pirog et al. 2019b). 

Isolation of warm-temperate and tropical marine taxa between the Atlantic and Indo-

Pacific is thought linked to the presence of the Benguela Cold Current off southwestern 

Africa (e.g. Castro et al. 2007; Benavides et al. 2011; Henriques et al. 2014). In fact, tiger 

sharks do not commonly occur off the Atlantic coast of South Africa, with their distribution 

range limited to the warmer Indian coast (Heemstra & Heemstra, 2004). Unsuitable 

environmental conditions off the Benguela region are thus most likely responsible for the 

observed isolation between Atlantic and Indo-Pacific populations of tiger sharks, as  

previously suggested by Bernard et al. (2016). 

 

Population structure of tiger sharks within ocean basins 

Population genetic studies based on microsatellites have previously not been able to 

unequivocally identify intra-basin population structure for tiger sharks (Bernard et al. 

2016; Holmes et al. 2017), even after conducting a meta-analysis (Pirog et al. 2019a) or 

joint data analysis of inter-calibrated data (Manuscript I). Nevertheless, some indications 

of genetic differentiation have been put forward both within the Atlantic and Indo-Pacific 

basins (Bernard et al. 2016; Manuscript II). This inability to clearly identify population 

sub-structuring patterns is likely caused by a combination of relatively small sample sizes 

and the use of markers with limited power for detecting relatively subtle genetic 

differentiation. Medium- to small-scale genetic differentiation has been found previously 

for large sharks, such as white sharks (Blower et al. 2012), but evidence is relatively 

scarce for most species (see Vignaud et al. 2014; Junge et al. 2019; Pirog et al 2019b). 

However, the recent application of genomic scale markers have led to more evidence of 

local scale differentiation (e.g. see Pazmiño et al. 2017; Momigliano et al. 2017; Marie et 

al. 2019). By using almost three thousand transcriptome-derived SNPs, we identified 
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clear signs of widespread intra-basin population structure for tiger sharks in both the 

Atlantic, with at least three putative populations, and evidence suggesting the presence 

of at least five populations for the Indo-Pacific. 

For the Atlantic, our data strongly supports that tiger sharks from the southwest 

region represent a distinct genetic group, as also indicated by Bernard et al. (2016) based 

on mtDNA and nuclear microsatellites. Our mtDNA and nuclear results support this 

differentiation, with SWA_2000 not sharing haplotypes with the northern collections. In 

addition, previous tagging studies showed no evidence of migration across the equator 

(Hammarschlag et al. 2012; Afonzo & Hazin 2014; Lea et al. 2015), which would imply 

both genetic and ecological isolation of tiger sharks in the north and southwestern 

Atlantic. However, our data indicates at least an ecological connection across the equator, 

as the 2000 collection from the central Gulf of Mexico/Caribbean area (GOM_2000) 

showed closer affinity to the southwestern population and also the collection from 

Equatorial Africa (Figure 4.C, D, E). Recently, it has been shown that tiger sharks in the 

Atlantic may not be as coastal as generally believed and undertake extensive migrations 

into the open ocean (Lea et al. 2015; Domingo et al. 2016). Thus, there may even be 

ecological and genetic connectivity across the Atlantic towards the Northwest African and 

Gulf of Guinea tiger shark population(s), as individuals have been caught roughly in the 

middle of the central Atlantic (R. Coelho, personal communication). Unfortunately, the 

central East Atlantic (e.g. the Gulf of Guinea) is relatively inaccessible in relation to 

sampling, thus the population genetic status in this region remains unknown. Similar 

connectivity patterns across the western Atlantic have been documented for other large 

sharks (Karl et al. 2011; Karl et al. 2012; Ashe et al. 2015; Chapman et al. 2015; 

Domingues et al. 2018), and are likely linked to local oceanographic features (e.g. 

Amazon Barrier, ocean currents, and SSTs - e.g. Rocha et al. 2008; Briggs & Bowen 

2013). 

Despite evidence of spatiotemporal population mixing within collections from the 

northwest Atlantic region, our results suggest the existence of two separated populations 

(Figure 4.C). One population is identified through the historical and most northern 

collection (NWA_1850-1900) and the other from samples from both sides of the Florida 

peninsula (NWA_2010 and GOM_2010). The pattern could suggest a population affiliated 
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with the Gulf of Mexico, which also migrates into Atlantic waters. This hypothesis is 

supported by the observations of tiger sharks tagged at the western Florida coast, which 

displayed extensive migration into the Atlantic, as far as North Carolina (Hammerschlag 

et al. 2012). This might explain the grouping of the 2010 samples from the Gulf of Mexico 

and North West Atlantic, as they have been sampled very close to each other at either 

side of the tip of Florida. Likewise, tagging data showed that all tiger sharks tagged in the 

vicinity of Bermuda stayed exclusively in Atlantic waters for up to almost three years, 

displaying extensive round-trips of over 7,500 km between coral reef regions of the 

Caribbean (winter) and oceanic Atlantic waters (summer, Lea et al. 2015). This evidence 

combined with our genetic data, suggests there may be an open Atlantic population, 

which generally resides in more southern waters during winter and displays extensive 

northward and open ocean migrations in summer, and a Gulf of Mexico-resident 

population. Therefore, samples taken further north in open Atlantic waters are likely to 

contain higher representation of this putative Atlantic population than samples taken 

around Florida, where mixing appears to be more widespread. Another possible 

explanation to the observed changes in population composition is linked with the reported 

declines in tiger shark populations off the northwest Atlantic (Peterson et al. 2017). Catch 

data suggests a strong population decline between 1970 and 1990, with a slow recovery 

period from early 2000 (Peterson et al 2017). As discussed in Manuzzi et al. (Manuscript 
II), population collapses might lead to changes in population composition in tiger sharks. 

However, as the specific sample sea-area location co-varied with time, and likely also 

season, it is premature to speculate whether any biological changes in relation to 

anthropogenic pressures has taken place. Future studies could benefit from combining 

genomics and satellite tracking in order to link the specific migratory and life-history of 

tiger shark individuals in the Northwest Atlantic region with their genetic affinity.  

For the Indo-Pacific, the general patterns suggest isolated populations at the 

margin of the species distribution, with two alleged populations in the western and central 

Indian Ocean, two populations in the northeastern and central Pacific and a single 

population in the central distribution of the eastern Indian Ocean and the western Pacific 

Ocean. Interestingly, this pattern of isolation does not reflect the well-known 



130 
 

biogeographical barrier between the Indian and Pacific Oceans (Indo-Pacific Barrier - IPB 

reviewed in Bowen et al 2016), suggesting a strong connectivity across the two basins.  

A central Pacific isolated population around Hawaii has previously been intensively 

discussed. Bernard et al. (2016) found subtle but significant genetic differentiation 

between samples from Hawaii and all other collections from the Indo-Pacific for both 

microsatellites and mtDNA. This pattern was not confirmed by similar microsatellite 

studies (Holmes et al. 2017) and subsequent meta-analysis of the joint data (Pirog et al 

2019a; Manuscript I). Our SNP results and the private mtDNA haplotypes of central 

Pacific individuals documents the subtle differentiation between the central Pacific and 

the remaining Pacific samples. Migration studies suggest that tiger sharks in the Hawaiian 

islands show a closer local affinity than tiger sharks elsewhere (Papastamatiou et al. 

2013), providing the prerequisite for an isolated genetic population to evolve. In fact, 

Hawaiian Islands are known for supporting a high level of marine endemism (25%) 

(reviewed in Bowen et al. 2016). 

Similarly, the isolation of the NEP samples coincides with the rough position of the 

Eastern Pacific Barrier (EPB, reviewed in Bowen et al. 2016). The effectiveness of the 

EPB appears to be species-specific, with some fish species being able to transverse it 

(Lessios & Robertson 2006). Our results further corroborate this hypothesis, as the levels 

of genetic divergence documented here suggest limited migration and associated gene 

flow of tiger sharks across the Pacific. In fact, a recent tracking study (satellite and 

acoustic telemetry) of tiger sharks off the Galapagos Islands found a very high degree of 

site fidelity, even suggesting small scale population structure (<100 km - Salinas-de-Leon 

et al. 2019). These findings suggest that a more extensive genetic survey of tiger sharks 

in coastal areas of the eastern Pacific might reveal additional population structuring.  

In the Indian Ocean, the small historical sample from the central islands 

(CIO_1860-1874) appears to be significantly differentiated from all other samples. This 

suggests a local population in the region, possibly affiliated with coastal areas along the 

islands (e.g. Madagascar, Seychelles, Mauritius and Maldives). There is no contemporary 

genetic or ecological data to corroborate this, thus it should be a priority to achieve 

additional information and samples from this region, in order to inform on population 

status and elucidate their affinity with other populations. A similar case is evident for the 
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small historical western Indian Ocean collection (WIO_1930-1980), which appears to be 

genetically distinct from all other collections. Again little ecological information is evident. 

However, the population is likely associated with coastal east African regions, and it 

appears to be genetically closer to the oldest (SWIO_1980) but not the most recent 

(SWIO_2000-2010) collection from the South African Indian Ocean coast.  

This shift in genetic compositions off South Africa could be due to spatiotemporal 

and life history dependent sampling effects, i.e. exact location of sampling, season, age 

and sex of animal as witnessed for other temporal collections. Conversely, it could also 

reflect shifting distributions of the two populations due to anthropogenic pressures, such 

as the beach protection measures off KwaZulu-Natal and La Reunion Island and finning 

off Mozambique (Daly et al. 2018). Again, more information on current population status, 

migration routes and genetics is warranted in order to cast more light on the reason for 

these changes.  

Interestingly, the recent South African collection is genetically similar to the large 

group of eastern Indian Ocean/western Pacific Ocean tiger sharks. This may sound 

counterintuitive, however; there are indications of migration of tiger sharks between 

Australia and Southern Africa, where a tiger shark satellite-tagged in Shark Bay western 

Australia provided a signal from Southern Africa although no fixed position could be 

achieved (Heithaus et al. 2007), and more recently, tiger sharks tagged off South Africa 

were shown to undertake oceanic migrations (Daly et al. 2018). This pattern has also 

been documented for white sharks (Bonfil et al. 2005; Andreotti, personal 

communication), thus there could be strong ecological links supporting gene flow between 

the two Indo-Pacific regions despite the large geographical distance.  

For the eastern Indian Ocean/western Pacific group our analyses did not reveal 

any strong evidence of genetic differentiation. Thus, it is likely that population structure in 

this region is relatively shallow or missing altogether. This is generally in line with tagging 

studies that show extensive migrations of tiger sharks within the region (Holmes et al. 

2012, Werry et al. 2014; Ferreira et al. 2015; Roff et al. 2018). However, the meta-analysis 

of microsatellite data (Pirog et al. 2019a) suggested that there may be additional 

structuring within the region, e.g. in relation to tiger sharks from New Caledonia. Similar 

patterns of isolation between the Polynesia Islands and western Pacific have also been 
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reported for the gray reef shark (C. amblyrhynchos - Boissin et al. 2019), but here New 

Caledonia individuals grouped with samples from Eastern Australia. Moreover, a recent 

study by Manuzzi et al (Manuscript II) investigated local spatiotemporal population 

structure in tiger sharks from the Australian east coast, and found what appears to be 

cryptic population structure, with a previously abundant population component in Tasman 

Sea samples (1910-1960) almost disappearing from contemporary samples (2000-2010). 

Although the present global study was not designed to resolve cryptic population structure 

at such regional scales, the findings of Manuzzi et al. (Manuscript II) indicate that 

additional population structure may be present within this region, and also that some tiger 

shark populations could have been severely reduced in size and/or extirpated in the last 

decades.  

 

Technical challenges  

On a technical note, the work of Manuzzi et al. (Manuscript II) was based on SNP 

markers developed from eastern Australian tiger shark samples alone, which should be 

more effective for picking up subtle local signals of genetic differentiation, than the SNPs 

used in the present study, which were developed from the transcriptome of Atlantic tiger 

sharks. Given the observed genetic differentiation levels between the two ocean-based 

populations, it is likely that SNPs developed for one population exhibit some level of 

ascertainment bias, and thus do not adequately capture minute levels of divergence at 

very small scales. Nevertheless, the majority of SNPs utilized here segregated in 

populations in both  basins thereby allowing to resolve previously undescribed broad 

population patterns in tiger sharks, including three populations in the western Atlantic, a 

Hawaiian population and a northeast Pacific population, together with historical central 

Indian Ocean and eastern African populations. To elucidate population at a finer scale, it 

may be beneficial to attempt to call SNPs within regional samples only, thereby obtaining 

additional power for resolving spatiotemporal mixtures thereby unambiguously identifying 

the population of origin of individuals. This would allow population genomic metrics to be 

recorded on pure populations rather than on collections. 
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Population structure and implications for management 

This study strongly suggests significant intra-basin population structure in tiger sharks 

across its global distribution, and provides the first spatiotemporal population mapping in 

a shark species. However, there are still many blind spots of potential unsampled 

populations, and therefore no genomic information, for large regions of the Atlantic and 

Indo-Pacific oceans. In the Atlantic, it was not possible to obtain from the central east 

region, where thousands of kilometres of tiger shark habitat off the West African coastline 

remains unstudied. As such, a dedicated effort to collect samples from this region needs 

to be prioritized. Similarly, for the Indo-Pacific, we were not able to source a 

representative number of samples covering the northern Indian Ocean and the 

central/eastern Pacific, despite a relatively good coverage of the eastern Indian Ocean 

and western Pacific regions. In particular, there was a lack of coverage of contemporary 

samples for large sections of the Indo-Pacific basin, thus efforts to collaborate and share 

global samples of tiger sharks for genomic analysis is highly recommended.  

Given the insights here provided regarding the scale and frequency of isolated 

populations, it is highly likely that more extensive population structuring will emerge for 

tiger sharks. This should not be thought as genetic/genomic ‘stamp collection’ (Ferguson 

& Danzman, 1998), but to represent true biological units, as the genetic patterns of 

divergence here documented were typically supported by i) the geographical isolation of 

samples, ii) observations from tagging studies and iii) comparative genetic evidence from 

other species.  

The most significant overarching challenge for elucidating population structure in 

large migratory sharks, as well as other marine apex predators, is the combination of low 

differentiation among populations and extensive population mixing caused by migration. 

When dedicated sampling of the reproductive unit cannot be achieved, then modern 

genomic clustering methods, as applied here, are generally able to identify the most likely 

isolated genetic units in a mixed sample (Nielsen 2016). Still the relative population 

composition of any sample is dependent on many factors, such as year, season and exact 

location of sampling within a sea-area, life-stage and sex of individuals as well as specific 

environmental conditions and potentially also the occurrence of aggregations of prey. 

Here, the inclusion of historical collections has greatly aided in providing not only a better 
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sample coverage, but most importantly in pointing to temporal changes in population 

composition across different localities, while taking the above mentioned confounding 

factors into account.  

The previous findings of no intra-basin population structure, combined with 

evidence of extensive migrations, has led many managers to the misconception that 

management of tiger sharks, and other large sharks, should be done exclusively on a 

large international scale (Chapman et al. 2015). Our study highlights the importance of 

considering more local scale conservation and management of large sharks, such as local 

quota restrictions and closed seasons/areas (Ward-Paige et al. 2012). Again, our results 

corroborate findings from tagging studies that tiger sharks are highly migratory, but also 

display residency and return migrations (Chapman et al. 2015). In addition, local 

reductions and extinctions have been documented in large sharks and rays (Dulvy et al. 

2003; Dulvy et al. 2014; Worm et al. 2013), which is most likely to occur under a scenario 

of localised populations, as local depletion is expected to be a relatively ephemeral 

phenomenon without population isolation (Chapman et al. 2015). For tiger sharks, local 

depletions have been found, also associated with decreases in average sizes (Holmes et 

al. 2012; Roff et al. 2018). These are likely to have a negative effect on the local 

ecosystem health, but also increase the likelihood of erosion of genetic variability within 

populations, regionally and for the species as a whole.  

Intraspecific genetic diversity is a key aspect of population persistence in order to 

avoid effects of inbreeding (Hoffman et al. 2014), buffer short-term spatiotemporal 

environmental variation (Schindler et al. 2015) and serve as the fuel for adaptability to 

environmental change (Merilä & Hendry 2014). Generally, genetic diversity can have 

positive ecosystem effects per se through promoting productivity, abundance and 

interactions with other species (Mimura et al. 2016). Finally, the stability of ecosystems 

and their services can be enhanced through the so-called ‘portfolio-effect’ of population 

diversity (Schindler et al. 2010; Mimura et al. 2016 and references therein). Despite the 

reported world-wide declines of tiger sharks in the last decades, no reductions in genetic 

diversity were observed in the present study. Although some of the samples used here 

pre-date the reported population collapses in the northwest Atlantic and eastern Australia, 

there was no obvious change in heterozygosity levels through time. One of the possible 
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explanations for this genetic stability is linked to the longevity and migratory abilities of 

tiger sharks. Our samples contained, for the same location, tiger sharks of different 

sizes/ages, suggesting overlapping generations, which may act as a reservoir of diversity. 

Temporal genetic variation among cohorts might be due to the contribution of specific 

populations to different cohorts, increasing or maintaining genetic diversity levels (Song 

et al. 2006; Hedgecock et al. 2007). Furthermore, our results point to extensive mixing of 

populations, which will also increase (or maintain) local levels of genetic diversity. As 

such, the high connectivity between populations may be acting as a buffer against loss of 

genetic diversity in this species. 

There is a continued need for population identification and distribution mapping of 

large sharks for conservation and management (Dudgeon et al. 2012; Chapman et al. 

2015). The genetic populations represent the evolutionary unit, but should also be the 

unit management for protection of biodiversity through assuring locally sustainable 

exploitation. Although the tiger shark is not severely threatened, currently listed as “Near 

Threatened” by the IUCN (Ferreira & Simpfendorfer 2019), our findings, in conjunction 

with Manuzzi et al. (Manuscript II), call for a shifting focus in tiger shark management 

and monitoring. Intraspecific diversity protection is a specified objective in the Convention 

on Biological Diversity (CBD; www.cbd.int). It is, however; rarely integrated in monitoring 

activities in particular for species which are not critically endangered (Laikre et al. 2010; 

Hoban et al. 2013).  

The findings of this study highlight the importance of detecting and monitoring 

population structure and population mixing in tiger sharks and other large sharks using 

state of the art genomic tools. In this context the application of historical samples provides 

an important asset to genetic monitoring (Schwartz et al. 2007) and as the understanding 

of global population structure increases, may also become an even more important tool 

for documenting temporal changes. 

 
 
 
 
 

http://www.cbd.int/
http://www.cbd.int/
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Figures 
 

 
Figure 1. Map of sampling locations for the spatiotemporal collections of tiger sharks. 

Some coordinates are exact points of catch, while others are approximate locations. The 

symbols refer to either Atlantic (upward triangle), Indian or Pacific Oceans (dots) 

collections, while the colors represent the spatiotemporal collection. The collection names 

refer to both their spatial origin (location of catch) and time (year of catch): NWA = 

northwest Atlantic, GOM = Gulf of Mexico, CS = Caribbean Sea, EQA = Equatorial 

Atlantic, SWA = southwest Atlantic, SWIO = southwest Indian Ocean, WIO = west Indian 

Ocean, CIO = central Indian Ocean, MED = Mediterranean Sea, EIO = east Indian Ocean, 

PNG = Papua New Guinea, CORS = Coral Sea, SWP = southwest Pacific Ocean, WPO 

= west Pacific Ocean, CPO = central Pacific Ocean, NEP = northeast Pacific Ocean. 
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Figure 2. Result from the interbasin analyses. A) Principal Component Analysis (PCA) for all the 

34 collections analysed in this study. The x and y axis show the percentage of variability of the 

first and second components. B) Principle Coordinate Analysis (PCoA) based on FST values 

between pooled temporal collections. C) Pairwise FST (Weir & Cockerham 1996) for all loci 

between all tiger shark samples from the Atlantic and the Indo-Pacific.  
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Figure 3. Median-joining network of mtDNA haplotypes. The sizes of circles are 

proportional to the number of individuals per haplotype. The colors of the circles identifies 

the collection of origin identical to the colours used throughout the manuscript.  
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Figure 4. Results of the analyses carried out for Atlantic Ocean samples of tiger sharks. 

A) A zoomed version of the global sampling map for clarification of the spatial and 

temporal connection between collections. B) Principal Component Analysis (PCA) of 

individual samples. C) Discriminant Analysis of Principal Component (DAPC) for the nine 

collections to visualize their genetic relationships. D) Heatmap of pairwise FST values. The 

star symbol (*) indicates significant values (p < 0.05). E) 3D-PCoA based on FST distance 

matrix with reported estimates of variance explained by each axis. Three axes were 

plotted as they explain similar levels of variability. A 2D version of the PCoA results can 

be found in Supplementary Material (Figure S10). 
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Figure 5. Results of the analyses carried out for tiger shark samples within the Indo-

Pacific Ocean. A) Principal Component Analysis (PCA) for visualization of overall genetic 

differentiation among samples. B) Heatmap of pairwise FST values among collections. 

The star symbol (*) indicates significant values (p < 0.05). C) 2D-PCoA based on an FST 

value matrix showing the distribution of the different collections based on the first and 

second axis with reported estimates of variance explained by each axis and D) the first 

and third axis, with reported estimates of variance explained by each axis. Ar3D-PCoA of 

DAPC results can be found in Supplementary Material (Figure S11. DAPC and 3D-PCoA 

for the Indo-Pacific).  
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Supplementary Material  

Protocol for baits’ design  

Here we report in detail regarding the protocol used to design baits from the tiger shark 

transcriptome. 

Designing of baits was performed in BEDtools (Quinlan & Hall 2010). First, a “raw” 

bait dataset consisting of 100,000 random intervals of 120bp were generated with the 

option random. This dataset was then filtered for repeat regions and GC content (40-55%) 

with intersect. Baits covering regions containing genes of interest (1) or previously 

identified SNPs (2) were covered twice (2x-tiling), while remaining baits were designed 

with 1x-tiling. The “raw” bait dataset was sent to an external provider (Arbor Biosciences) 

for subsequent filtering. Input sequences with simple repeats or found in the 

Carcharhiniformes repeat database were discarded using the software RepeatMasker. 

For each of the four categories the “best” baits were identified according to hybridization 

melting temperature, repeat content, GC content and ∆G, (Brian Brunelle, pers.comm). 

All bait sequences were aligned against the reference transcriptome, and baits were kept 

only if they passed the melting temperature analysis, had less than 25% masked regions, 

a GC content between 40-55%, and a specific ∆G according to the type of bait. The final 

bait dataset consisted of 4,365 gene-targeted area, 743 baits SNP-targeted area, 247 

previously designed baits and 14,645 random baits. The bait RNA sequences were 

synthesized by Arbor Biosciences. 
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Sampling protocol for archived shark jaws 

This section reports the procedures followed to obtain enough material from shark jaw 

with minimum damage to the specimens and accounting for possible form of 

contamination. The overarching principles are reported in Nielsen et al. (2017). 

Necessary material is: 

- Drill and 3.5-mm drill bit 

- Full-strength (100 g/L sodium hypochlorite) ‘HYPO 10’ bleach 

- Alcohol 

- Millipore water or sterilized (free of DNA or RNA) water 

- Plastic tray (several) 

- Zip-lock bags and/or 2mL tubes 

- Cleaning material for the bench, the different tools and the jaw/vertebrae 

- Falcon tubes (or similar) for the water and the bleach to be changed between 

the different individuals 

Focus is to avoid cross-contamination between different individuals. As sampling may 

take place in the archives of a museum, and not in a clean lab, follow these precautions: 

1. If possible, use different drills bits for each individual. If using the same drill bit, 

clean it in full- strength (100 g/L sodium hypochlorite) ‘HYPO 10’ bleach and sterilized 

water (DNA and RNA free water, e.g. Millipore water) between different samples to avoid 

cross-contaminations. The same bleach can be used for all cleaning steps, but change 

water each time. 

2. Clean table with 1) bleach,  2) alcohol, and  3) sterilized water between each 

drilling session of each individual. Use disposable paper towels for each cleaning session. 

  3. Clean the area of sampling (on the jaw) with a cotton swab dipped in (1) bleach 

and (2) sterilized water, and discard the external layer of swarf (namely, powdered 

cartilage material). 
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Particularly old and delicate jaws can be placed on a sheet of bubble wrap for protection 

during drilling (Figure a). This plastic material can however increase static electricity, 

making the sampled material stick to everything else other than the collection tray. 

Figure b) shows suitable spots for drilling. Two or three holes of about 3.5mm 

proved to be the optimal solution for obtaining sufficient cartilage material. Focus on 

drilling in places where the cartilage is as thick as possible, and from angles least visible 

from the front of the jaw. The spot identified as n.5 - the articulation between the 

palatoquadrate and the Meckel’s cartilage – proved to be the best solution providing 

enough high-quality cartilage bio-swarf and making as little visual damage as possible to 

the specimen (Nielsen et al. 2017). For vertebrae, that can be further used for age 

determination (Holmes et al. 2015), drill in a radial direction from the outer circumference 

towards the centre of each vertebra to minimize visual damage and allow for possible 

future use of the specimen (Nielsen et al. 2017). 

  4. Place collecting tray beneath the jaw’s spot chosen for the drilling (Figure c). 

Screws are preferred to flakes as they are less prone to static electricity, and easier to 

handle for further analysis. Use a moderate speed to not damage the jaw and carefully 

collect the cartilaginous powder collected. 

5. Collect the bio-swarf in a small plastic tube of at least 2mL. If possible, collect 

enough material to fill up the 2mL tube. No limit on the maximum amount of material is 

imposed; feel free to fill up the tube! 

If the sampled material is sticking to sampling equipment and tubes, place each tube in 

its separate plastic bags (Figure d). Alternatively, close the lid of the plastic tube using 

parafilm. 

  6. Clearly label each bag/tubes with the collecting data - species, date, location 

and any capture details available. In addition to a photo of the jaw with cm scale, plus a 

close-up of teeth with scale. This is so we can infer animal length (and hence age) from 

jaw and teeth size. 
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C) 

 

D) 
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Sampling protocol for archived shark vertebrae 

This document aims to provide a clear procedure to cut slices of vertebrae columns. 

Follow these precautions to minimize cross-contamination between individual samples. 

By the end of this procedure, the desired outcome would be a 1-2 centimeter slice of a 

vertebrae column, collected in a zip-lock bag. 

Materials  

- Electrical saw 

- Full-strength (100 g/L sodium hypochlorite) ‘HYPO 10’ bleach 

- Alcohol 

- Millipore water or sterilized (free of DNA or RNA) water 

- Zip-lock bags 

- Paper towels 

Falcon tubes (or similar) for the water and the bleach to be changed between the different 

individuals. 

To minimize contamination you should, if possible, wear a disposable paper suit, 

hairnet, mask and gloves. The minimum requirement for sampling is the gloves, which 

should be changed between samples. 

The blade of the electrical saw should be cleaned between samples. Use full-

strength (100 g/L sodium hypochlorite) ‘HYPO 10’ bleach followed by sterilized water 

(DNA and RNA free water, e.g. Millipore water). The same bleach can be used for all 

cleaning steps, but change water each time. 

Clean the nearby surroundings around the saw with bleach, alcohol and then 

sterilized water. This should be done between each sample. Use disposable paper towels 

for each cleaning session. Clean the cut-off area of the vertebral column with a piece of 

disposable paper towel dipped in bleach and then rinse it with a paper towel dipped in 

sterilized water. 
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Cut a 1-2 centimetre piece of the vertebral column and place it in a zip-lock bag 

(Fig. E-F). 

Clearly label each bag with the collecting data - species, length and age of the 

specimen, date, location and any capture details available. 

E)          

 

 
 
F) 

 

  



159 
 

Supplementary Tables 

Table S1. Results for the General Linear Model (Baits_3read ~ Type of hybridization + Location 

of samples + Year of Catch + Flowcell + Sample type) used to test the influence of different factors 

in the number of baits successfully covered by at least three reads. Statistically significant values 

are in bold. 

Factor Degrees 
of 

freedom 

Deviance AIC F value P-value 

Type of 
hybridization 

1 271200136
1 

7264.8 2.263 0.133 

Location of 
samples 

16 299650220
1 

7273.3 2.412 0.002* 

Year of catch 17 309493962
7 

7283.7 3.009 0.000* 

Flowcell 4 274946789
0 

7264.1 1.762 0.136 

Sample type 3 271975285
3 

7261.9 1.084 0.356 
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Table S2. Diversity indices for the 27 collections used for population structure analyses and 

averaged per each ocean basin. The estimates reported are N = sample size per collection, AR = 

allelic richness, HO = observed heterozygosity, HE = expected heterozygosity, FIS = inbreeding 

coefficient 

Collections N AR Ho HE FIS 

NWA_1850-1900 9 1.037 0.039 0.036 -0.099 

NWA_1910-1970 7 1.032 0.033 0.030 -0.094 

NWA_1980-1990 22 1.036 0.039 0.035 -0.098 

NWA_2000 8 1.032 0.033 0.031 -0.066 

NWA_2010 17 1.037 0.038 0.036 -0.057 

GOM_2000 16 1.034 0.037 0.033 -0.105 

GOM_2010 6 1.031 0.032 0.029 -0.090 

EQA_2010 9 1.035 0.037 0.034 -0.083 

SWA_2000 9 1.035 0.038 0.034 -0.107 

Atlantic  110 1.034 0.036 0.033 -0.089 

SWIO_1980 4 1.035 0.037 0.032 -0.144 

SWIO_2000-2010 27 1.036 0.036 0.035 -0.016 

WIO_1930-1980 5 1.035 0.040 0.033 -0.211 

CIO_1860-1874 4 1.036 0.042 0.033 -0.251 
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EIO_1950-1970 4 1.036 0.041 0.034 -0.202 

EIO_1980-1990 8 1.037 0.040 0.036 -0.114 

EIO_2000 12 1.037 0.039 0.036 -0.062 

EIO_2010 32 1.037 0.039 0.037 -0.048 

PNG_2010 7 1.035 0.036 0.034 -0.075 

CORS_2000-
2010 

10 1.036 0.037 0.035 -0.070 

SWP_1890-1930 5 1.035 0.037 0.033 -0.113 

SWP_1950-1970 7 1.038 0.041 0.036 -0.118 

SWP_1980-1990 24 1.037 0.038 0.036 -0.037 

SWP_2000 29 1.038 0.038 0.037 -0.015 

SWP_2010 34 1.036 0.036 0.035 -0.012 

CPO_1930-1970 4 1.042 0.045 0.039 -0.157 

CPO_2000 5 1.035 0.038 0.033 -0.157 

NEP_2010 6 1.035 0.038 0.034 -0.123 

Indo-Pacific  233 1.036 0.039 0.035 -0.107 
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Table S3. Pairwise FST between pooled temporal groups for the Atlantic and the Indo-Pacific 

(lower diagonal) and p-values of permutation test (upper diagonal). Sample size per collection are 

Atlantic.1820-1920 N = 12, Atlantic.1930-1970 N = 10, Atlantic.1980-1990 N = 24, Atlantic.2000-

2010 N = 64, Indo-Pacific.1850-1920 N = 9, Indo-Pacific.1930-1970 N = 25, Indo-Pacific.1980-

1990 N = 38 and Indo-Pacific.2000-2010 N = 162. The star symbol (*) indicates significant values 

of FST and it is used consistently in all tables reporting pairwise FST values 

 Atlantic.
1820-
1920 

Atlantic.
1930-
1970 

Atlantic.
1980-
1990 

Atlanti
c.2000-
2010 

Indo-
Pacific. 
1850-
1920 

Indo-
Pacific. 
1930-
1970 

Indo-
Pacific. 
1980-
1990 

Indo-
Pacific. 
2000-
2010 

Atlantic.
1820-
1920 

- 0.058 0.002* 0.000* 0.000* 0.000* 0.000* 0.000* 

Atlantic.
1930-
1970 

0.006 - 0.112 0.040* 0.000* 0.000* 0.000* 0.000* 

Atlantic.
1980-
1990 

0.007* 0.004 - 0.000* 0.000* 0.000* 0.000* 0.000* 

Atlantic.
2000-
2010 

0.008* 0.005* 0.005* - 0.000* 0.000* 0.000* 0.000* 

Indo-
Pacific.
1850-
1920 

0.125* 0.127* 0.123* 0.126* - 0.128 0.012* 0.009* 

Indo-
Pacific.
1930-
1970 

0.115* 0.113* 0.110* 0.117* 0.003 - 0.306 0.003* 

Indo-
Pacific.
1980-
1990 

0.114* 0.112* 0.109* 0.113* 0.007* 0.001 - 0.33 

Indo-
Pacific.
2000-
2010 

0.120* 0.117* 0.114* 0.115* 0.007* 0.002* 0 - 
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Tables S4. List of genes identified after blasting the top 16 loci with FST > 0.5 obtained from the 

pairwise comparison between Atlantic and Indo-Pacific samples. Name, position, FST value and 

annotated gene identified (where possible) are reported for each SNP.   

SNP POS FST Annotation info 

comp68429_c3_seq1 1544 0.508 NA 

comp66561_c0_seq1 291 0.523 ATP-dependent RNA helicase DDX54 isoform X1     

comp49110_c0_seq1 375 0.558 NA 

comp68638_c5_seq3 1217 0.569 NA 

comp400476_c0_seq1 392 0.615 NA 

comp563904_c0_seq1 252 0.622 NA 

comp30039_c0_seq1 53 0.644 NA 

comp1487823_c0_seq1 182 0.674 NA 

comp1824381_c0_seq1 86 0.691 immunoglobulin superfamily member 3-like 

comp52306_c0_seq1 163 0.710 NA 

comp55434_c0_seq1 426 0.746 transcription factor SOX-7      

comp64397_c0_seq1 1866 0.837 zinc finger and BTB domain-containing protein 

comp26333_c0_seq1 464 0.849 NA 

comp65841_c0_seq1 239 0.876 neuropathy target esterase isoform 

comp1006878_c0_seq1 250 0.890 NA 

comp53706_c0_seq1 1032 0.974 nck-associated protein 1-like   

  
 



164 
 

Table S5. Pairwise FST between for the Atlantic collections (lower diagonal) and p-values of 

permutation test (upper diagonal). Sample sizes per collection are reported in Table S3 

  NWA_ 
1850-
1900 

NWA_ 
1910-
1970 

NWA_ 
1980-
1990 

NWA_ 
2000 

NWA_ 
2010 

GOM_ 
2000 

GOM_ 
2010 

EQA_ 
2010 

SWA_ 
2000 

NWA_ 
1850-1900 

- 0.196 0.009* 0.085 0.000* 0.000* 0.026* 0.171 0.000* 

NWA_ 
1910-1970 

0.005 - 0.054 0.461 0.698 0.147 0.943 0.434 0.001* 

NWA_ 
1980-1990 

0.008* 0.007 - 0.453 0.000* 0.008* 0.045* 0.009* 0.001* 

NWA_2000 0.007 0.001 0.001 - 0.358 0.36 0.537 0.497 0.121 

NWA_2010 0.011* 0 0.012* 0.002 - 0.000* 0.962 0.384 0.000* 

GOM_2000 0.013* 0.005 0.004* 0.002 0.009* - 0.046* 0.232 0.007* 

GOM_2010 0.011* 0 0.007* 0 0 0.008* - 0.415 0.002* 

EQA_2010 0.004 0.001 0.007* 0 0.001 0.003 0.002 - 0.195 

SWA_2000 0.017* 0.020* 0.001* 0.006 0.011* 0.009* 0.017* 0.003 - 
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Tables S6. Pairwise FST between for the Indo-Pacific collections (lower diagonal) and p-values of permutation test (upper diagonal). 
Sample sizes per collection are reported in Table S3 

 SWIO 
1980 

SWIO 
2000-
2010 

WIO_
1930-
1980 

CIO_
1860-
1874 

EIO_
1950-
1970 

EIO_
1980-
1990 

EIO_
2000 

EIO_
2010 

PNG_
2010 

CORS 
2000-
2010 

SWP
1890-
1930 

SWP
1950-
1970 

SWP 
1980-
1990 

SWP 
2000 

SWP
2010 

CPO_
1930-
1970 

CPO_
2000 

NEP_ 
2010 

SWIO_ 
1980 - 0.010

* 0.186 0.001
* 0.436 0.655 0.164 0.022

* 0.768 0.058 0.321 0.312 0.205 0.21 0.134 0.636 0.152 0.011* 
SWIO_ 

2000-2010 
0.015

* - 0.000
* 

0.000
* 0.070 0.263 0.322 0.000

* 0.956 0.015
* 0.303 0.178 0.151 0.255 0.127 0.000

* 
0.016

* 0.010* 

WIO_ 
1930-1980 0.007 0.018

* - 0.000
* 0.486 0.281 0.085 0.001

* 0.429 0.012
* 0.059 0.003

* 
0.021

* 
0.011

* 
0.000

* 
0.016

* 
0.043

* 0.000* 

CIO_ 
1860-1874 

0.029
* 

0.026
* 

0.033
* - 0.043

* 
0.001

* 
0.001

* 
0.000

* 
0.004

* 
0.004

* 
0.006

* 
0.008

* 
0.000

* 
0.000

* 
0.000

* 
0.032

* 
0.000

* 0.001* 

EIO_ 
1950-1970 0.002 0.009 0.000 0.015

* - 0.822 0.767 0.243 0.815 0.584 0.404 0.593 0.409 0.395 0.067 0.345 0.166 0.053 
EIO_ 

1980-1990 0.000 0.002 0.004 0.026
* 0.000 - 0.842 0.840 0.991 0.894 0.319 0.596 0.672 0.686 0.732 0.014

* 0.155 0.076 

EIO_2000 0.006 0.001 0.006 0.021
* 0.000 0.000 - 0.313 0.99 0.108 0.759 0.876 0.303 0.858 0.226 0.034

* 0.150 0.139 

EIO_2010 0.012
* 

0.005
* 

0.012
* 

0.025
* 0.004 0.000 0.002 - 0.552 0.059 0.440 0.561 0.154 0.023

* 0.172 0.000
* 

0.028
* 0.025* 

PNG_2010 0.000 0.000 0.001 0.021
* 0.000 0.000 0.000 0.000 - 0.788 0.772 0.732 0.997 1.000 0.981 0.430 0.278 0.110 

CORS_2000
-2010 0.010 0.006

* 
0.011

* 
0.022

* 0.000 0.000 0.005 0.003 0.000 - 0.414 0.295 0.427 0.101 0.089 0.001
* 

0.023
* 0.006* 

SWP_1890-
1930 0.004 0.002 0.013 0.021

* 0.002 0.003 0.000 0.001 0.000 0.001 - 0.412 0.679 0.503 0.280 0.572 0.037
* 0.083 

SWP_1950-
1970 0.004 0.004 0.015

* 
0.017

* 0.000 0.000 0.000 0.000 0.000 0.002 0.002 - 0.813 0.794 0.164 0.112 0.044
* 0.098 

SWP_1980-
1990 0.005 0.002 0.008

* 
0.021

* 0.001 0.000 0.002 0.001 0.000 0.000 0.000 0.000 - 0.768 0.934 0.001
* 

0.019
* 0.129 

SWP_2000 0.005 0.001 0.010
* 

0.022
* 0.001 0.000 0.000 0.003

* 0.000 0.003 0.000 0.000 0.000 - 0.379 0.024
* 0.160 0.192 

SWP_2010 0.007 0.001 0.015
* 

0.020
* 0.009 0.000 0.002 0.001 0.000 0.003 0.003 0.004 0.000 0.000 - 0.000

* 
0.026

* 0.201 
CPO_1930-

1970 0.000 0.021
* 

0.015
* 

0.015
* 0.003 0.013

* 
0.009

* 
0.021

* 0.001 0.018
* 0.000 0.007 0.017

* 
0.009

* 
0.015

* - 0.235 0.008* 

CPO_2000 0.010 0.014
* 

0.013
* 

0.031
* 0.008 0.006 0.006 0.010

* 0.004 0.014
* 

0.017
* 

0.010
* 

0.010
* 0.005 0.010

* 0.005 - 0.035* 

NEP_2010 0.020
* 

0.011
* 

0.032
* 

0.023
* 0.013 0.009 0.005 0.007

* 0.007 0.013
* 0.010 0.007 0.005 0.004 0.003 0.018

* 
0.012

* - 
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Supplementary Figures 
 

 
Figure S1. Distribution of sequenced samples per region and time period. The codes 

refer to periods: 0 - unknown, 4 - 1820, p6 - pre 1840, 7 to 11 – 1850 to 1890, 13 to 15 – 

1910 to 1930, p16 - pre 1940, 16 to 23 – 1940 to 2010. Regions are defined as in Figure 

1. 
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Figure S2. Plot showing the percentage of reads per individual mapped against the 

masked transcriptome (in orange) and the mitochondrial genome (in blue) of the tiger 

shark.  
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Figure S3. Coverage per individual in terms of number of baits with reads. Individuals 

with sequenced reads in less than 4000 baits were removed (20% of the total number of 

targeted regions). 
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Figure S4. Distribution plots depicting the number of baits successfully covered by reads 

relating to A) Location of collection; B) Year of catch; C) Capture type (1 = captured 

individually, 2 = captured in pools; top graph); D) Sequencing flowcell and E) Type of 

tissue.  
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Figure S5. Principal Component Analysis (PCA) based on the mt-SNPs that was used 

during filtering to assess the possible presence of contaminated/mislabelled individuals. 

In red the 16 excluded individuals. 
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Figure S6. Mean proportion of heterozygous loci per individual per collection. The black 

line in each boxplot represents the median. Sections A) and B) contain the collections 

from the Atlantic and Indo-Pacific basins, respectively. Sections C) and D) shows the 

(non-significant) relationships between proportion of heterozygous loci per individual with 

the collection time of the individual (C Atlantic and D Indo-Pacific). 
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Figure S7. Principal Component Analysis (PCA) using only the loci identified as possibly 

responsible for the divergence between the two populations. A) All loci with pairwise FST 

> 0.5 (red); B) all loci with pairwise FST > 0.2 but below 0.5 (orange); C) all loci with 

pairwise 0.05 < FST < 0.2 (green), and D) all the remaining loci with FST < 0.05 (black). 
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Figure S8. Pairwise FST (Weir and Cockerham 1996) for all loci between selected 

significantly different collections from the Atlantic. The plot shows the loci falling in the top 

10% of the FST distribution (red dots) for each of the six comparisons. The four collections 

(SWA_2000, GOM_2000, NWA_2010 and NWA_1850-1900) chosen for this analysis 

represent the most differentiated groups as identified by population structure analyses. 
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Figure S9. Pairwise FST (Weir & Cockerham 1996) for all loci between significantly 

different collections from the Indo-Pacific. The plot shows the loci falling in the top 10% 

of the FST distribution (red dots) for each of the ten comparisons. The five collections 

(CPO_2000, NEP_2010, CIO_1860-1874, WIO_1930-1980 and CORS_2000-2010) 

chosen for this analysis represent the most differentiated groups as identified by 

population structure analyses. 
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Figure S10. 2D-PCoA based on the FST distance matrix calculated for the Atlantic 

collection to visualize the distributions of PC1-PC2 (A) and PC1-PC3 (B) 

 

 

Figure S11. A) Discriminant Analysis of Principal Component (DAPC) for the a priori 

defined eighteen collections to visualize genetic relationships. B) 3D-PCoA based on FST 

distance matrix with reported estimates of variance explained by each axis.  
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