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Abstract 

Sharks, rays and skates (elasmobranchs) are a group of cartilaginous fishes 

currently facing mass declines from overfishing. As of 2014, 25% of elasmobranch species 

were classified as threatened with extinction by The International Union of the Conservation 

of Nature (IUCN) Red List. It is estimated that 100 million are killed every year through 

illegal, unregulated and unreported (IUU) fishing, often for their fins which are in high 

demand for shark fin soup. As elasmobranchs have been on the planet for nearly 450 million 

years, the function that each species has within the environment is vital for the marine food 

web structure and function which ultimately regulates biomass density and therefore 

balancing ecosystem functions. However, more information is still required on the general 

biology and population structure of most elasmobranch species, which will assist in 

management at in-situ and ex-situ sites, to conserve populations.  

To address some of these issues, this thesis uses a range of molecular techniques 

to investigate species identification and population dynamics by genetics and non-

invasive/non-intrusive tagging methodologies. All samples collected and analysed were 

either a discard elasmobranch product from fish markets or from non-invasive/non-intrusive 

mucus swabs, which ensures each chapter has not contributed to the decline of wild 

populations. By focusing on non-invasive techniques, the thesis developed a new method of 

collecting non-intrusive DNA samples by mucus swabbing individuals underwater, collected 

by scuba divers.  Non-intrusive and invasive discard product samples from the undulate ray 

Raja undulata revealed 6 new distinct genetic clusters throughout their distribution and the 

application of capture mark-recapture using photographs and recognition software provided 

consistent population sizes and evidence of female to female or female to male pairing 

between individuals. Photo recognition was also successfully applied to the small-spotted 

catshark Scyliorhinus canicula in early-stage development (within the first 60 weeks of life) 

as an alternative for invasive tagging, especially focusing on ex-situ conservation. Genetic 

analysis using microsatellite markers was applied to two species of captive sharks for ex-situ 

management and found genetically diverse populations with little signs of inbreeding. Wild 

samples of discard products of elasmobranchs and chimaeras (chondrichthyans) caught in 

Morocco in June 2015 and 2016 were utilized for two chapters. By employing DNA 
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barcoding methods and observational field methods, the first analysis of the diversity of 

chondrichthyans was conducted and provided evidence of targeted fishing for 

elasmobranchs and IUU fishing. These samples were also used to investigate the ability of 

identifying the proteins in elasmobranch fins, which could possibly be applied as an 

alternative method of identifying species. We found that 5 main protein groups define the 

composition of elasmobranch fins; collagen, actin, tubulin, tropomyosin and myosin. Finally, 

the use of genetics found the first evidence of twins and heteropaternal superfecundation, 

whereby twins were formed from two different fathers in the same egg.  

Following the outcomes of the thesis, further research is advised to focus on 

revealing and understanding the full genome sequence of species to better understand 

individual characteristics and population differences, which may influence the their success 

or demise for future conservation. As elasmobranchs continue to decline, it is imperative that 

further studies are not only conducted but applied in order to conserve elasmobranchs for 

the future. The outcomes of this thesis have successfully generated a deeper understanding 

of the biology, connectivity and utilisation of elasmobranch populations in both in-situ and 

ex-situ sites. However, it is the responsibility of scientists and governments to continue the 

research into elasmobranch biology and population structure, to influence management, 

conservation and social change. 
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PhD, to produce beneficial research for the conservation of the endangered undulate ray Raja 

undulata off the south coast of England. The collaboration has included sample collection, scuba diving 

and grant funding from the British Sub Aqua Club (BSAC). Duration: October 2016 ï September 2019 

3. ZSL 

A collaboration of the Angel Shark Project to process non-intrusive samples collected in the UK to 
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the Gran Canaries. Funded provided by the National Lottery and Welsh government. Duration: August 

2018 ï May 2019 

4. THE CARBON LITERACY PROJECT 

A collaboration to produce and deliver a new course titled ñCarbon Literacy for Labsò, making the 

University of Manchester the University institute to provide such accreditation to their staff and 

students. Duration: September 2018 ï January 2019 

5. FIN FIGHTERS  

A collaboration to conduct investigative fieldwork in Morocco on the illegal, unregulated and unreported 

fishing activity of sharks, rays and their relatives (chimaeras). The work commenced before the PhD 

and was concluded during the second year of the PhD to form Chapter 1. Duration: January 2015 ï 

September 2017 
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Society 
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Madagascar as part of the 
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2
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1
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3
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2
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Media and Public Engagement 

Certifications and Awards 

 

PRESS RELEASES  

BLUE PLANET UK, SEASON 1, EPISODE 2 BBC 1, 26
TH

 OF MARCH 2019 

ñHow a retired couple are researching undulate rays and contributing to scienceò 

BSAC NEWSLETTER MARCH 2019 

ñScuba diving with Undulate Raysò 

Members newsletter 

MIB NEWSLETTER NOVEMBER 2018 

ñRecognition of award announcementò 

Internal newsletter 

BSAC DUKE OF CAMBRIDGE AWARD PRESS RELEASE 

ñBSAC members receive Duke of Cambridge Scuba Awardò 

BBC FOUR, INVITED SPEAKER AUGUST 2018 

 ñBeach Live: the Jurassic coast revealedò 

Six-minute segment on the application of genetics for the conservation of the undulate ray, as part of 

the Undulate Ray Project on behalf of the University of Manchester.  

NERC EAO DTP ARTICLE 

ñReviewing Cohort 2 team building and management workshopò 

Internal newsletter. 

THE GUARDIAN UK EDITION ARTICLE 2015 

ñThe Black Fish: undercover with the vigilantes fighting organised crime at seaò 

Description: An article covering an undercover investigation into the illegal, unregulated and 
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6. CARBON LITERACY FOR LABS CERTIFIED (2018) 

DUKE OF CAMBRIDGE COMMENDATION AWARD 
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DTP CONFERENCE 2018 2
ND

 PLACE COHORT PRESENTATION June 2018 

DTP CONFERENCE 2017 2
ND

 PLACE 15 MINUTE PRESENTATION  June 2017 
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Chapter 1 

Introduction and Literature Review 

Biodiversity loss is one of the most critical environmental problems that threaten the 

natural world (Stachowicz et al., 1999; Cardinale et al., 2012; Hooper et al., 2012). The claim 

that we are facing our sixth mass extinction is heavily supported by current extinction rates, 

which are thought to be at least 100 times faster than any pre-human background rate 

(Barnosky et al., 2011; Pievani, 2014; Ceballos et al., 2015; McCallum, 2015; Ceballos, 

Ehrlich and Dirzo, 2017; Sonne and Alstrup, 2019). Evidence suggests that humans are 

causing this sixth mass extinction through habitat fragmentation, climate change, 

introduction of non-native species, transmission of pathogens and overexploitation of 

resources (Barnosky et al., 2011; Dulvy et al., 2014; Pievani, 2014; Ceballos et al., 2015; 

McCallum, 2015; Ceballos, Ehrlich and Dirzo, 2017; Sonne and Alstrup, 2019). Due to these 

high extinction rates and a lack of detailed knowledge about extant biodiversity, there is a 

high probability that a species will become extinct before it is even discovered (Mora et al., 

2011). To protect the environment, and ultimately human existence, a multitude of global 

conservation efforts are being applied. However, these conservation efforts to protect 

species have not slowed the rate of biodiversity loss (Butchart et al., 2010; Hooper et al., 

2012; McCallum, 2015). 

One of the habitat types most vulnerable to biodiversity loss is the oceans (Costello 

and Chaudhary, 2017). Due to climate change and overfishing, we are observing a rapid 

decline in healthy marine environments. It is estimated that we are losing on average 21% of 

the oceanôs diversity, and that approximately 60% of all commercially fished stocks are 

overexploited, depleted or recovering from mass overfishing (Hooper et al., 2012). The 

ocean is one of our main life supports, providing at least one third of the planetôs oxygen and 

feeding roughly one billion people worldwide (Engelhaupt, 2007). Elasmobranchs, which 

include sharks, rays and skates are amongst the oldest ocean predators that are now most 

threatened by extinction (Stevens et al., 2000; Dulvy et al., 2014). As of 2014, roughly a 
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quarter of the worldôs elasmobranch species were classed as threatened with extinction 

(IUCN, 2014; Dulvy et al., 2014). The largest threat to elasmobranchs is overfishing (Dulvy 

et al., 2014). Typically, elasmobranchs are slow growing, with late sexual maturity and low 

reproductive fecundity (Dulvy et al., 2014). The majority of elasmobranch life history traits fall 

under the K-selection theory, which characterises such species as having slower 

development/growth, lower resource thresholds, late reproduction, larger body sizes, later 

attainment of sexual maturity, longer life spans, low fecundity and longer gestation periods 

(Dulvy et al., 2008). These traits, which were once an evolutionary success, render them 

particularly vulnerable to fishing pressures, slowing their ability to recover from mass 

depletion from overfishing (Stevens et al., 2000; Carrier, Musick and Heithaus, 2010; Dulvy 

et al., 2014; Almerón-Souza et al., 2018). It is estimated that 100 million elasmobranchs are 

killed every year (Worm et al., 2013) as a result of accidental by-catch and illegal, 

unreported and unregulated (IUU) fishing which contributes to 50% of global elasmobranch 

catch (Stevens et al., 2000; Gilman, Brothers and Kobayashi, 2005; Worm et al., 2013). 

Generally, elasmobranchs are defined as a key species, playing roles of predator and prey 

within each of their niche environments (Navia, Cortés and Mejía-Falla, 2010; Sekerci and 

Petrovskii, 2015; Navia et al., 2017). The roles of the apex shark species have been found to 

be the most important within an environment, regulating biomass density and therefore 

balancing ecosystems (Stevens et al., 2000; Navia, Cortés and Mejía-Falla, 2010; White and 

Sommerville, 2010; Sekerci and Petrovskii, 2015; Navia et al., 2017). These roles are 

fundamental in the marine food web structure and function (Sekerci and Petrovskii, 2015; 

Navia et al., 2017). 

The following literature review provides an insight into the evolutionary biology of 

elasmobranchs, the potential illegal, unregulated and unreported fishing of elasmobranch 

species, and the current conservation legislation designed to reduce the risk of extinction. It 

explains the methods applied within conservation to uncover species identification, 

population dynamics and genetic health, and reviews new techniques which could be 

applied to species identification. Lastly, it summarises the aims and objectives of this thesis 

which investigates species identification and population dynamics providing new scientific 

information which it applies to conservation practise. 
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1.1 The evolutionary biology of elasmobranchs 

Elasmobranchs are a diverse vertebrate subclass comprised of sharks and their 

relatives the batoids (guitarfishes, sawfishes, skates and rays) (Moy-Thomas, 1939; Fowler 

and Cavanagh, 2005). Elasmobranchs are one of two subclasses within the 

chondrichthyans, known commonly as the cartilaginous fishes; the second subclass is the 

Holocephali, also known as the modern chimaeroids. Today, there are as many as 1,250 

species of chondrichthyans found in both fresh and marine environments across the globe. 

Elasmobranchii which is roughly translated to óstrap-gillsô refers to five to seven gill slits 

which are a general trait throughout all elasmobranchs (Grigg, 1970; Maisey, 2012). 

óModernô elasmobranchs or Neoselachain elasmobranchs are the extant survivors of 

one of the earliest offshoots in the vertebrate evolutionary tree, dating back around 450 

million years ago (Moy-Thomas, 1939; Maisey, Naylor and Ward, 2004; Naylor, Fedrigo and 

Andrés López, 2005). Neoselachain elasmobranchs are the result of concentrated bursts of 

adaptation throughout the Jurassic and Cretaceaous period (Mesozoic era), and a further 

split of sharks and batoids towards the end of the Devonain period (Sorenson, Santini and 

Alfaro, 2014). Sharks are characterised predominantly by their lack of a swim bladder (found 

in most bony fish) dermal denticle skin, an upper jaw detached from the cranium and 

continual production along with serial shedding of teeth (Grigg, 1970; Maisey, 2012). Batoids 

are further characterised by their ódorsoventrally compressed bodiesô (Schaefer and 

Summers, 2005), which range from rhomboidal to circular shapes (Compagno, 1977). Their 

pectoral fins are fused to the cranium and greatly enlarged, forming wing-like structures, 

which are used as the primary locomotor propulsors (Heine, 1992). Sharks and batoids now 

inhabit a vast array of aquatic environments, such as the Greenland sharks Somniosus 

microcephalus in the North Atlantic and Arctic Oceans (MacNeil et al., 2012), bull sharks 

Carcharhinus leucas which can inhabit both fresh and salt water environments (Thorson, 

Cowan and Watson, 1973) and deepwater dwelling frilled sharks Chlamydoselachus 

anguineus, which exist between 500 and 1000 metres deep (Kubota, Shiobara and 

Kubodera, 1991). Today elasmobranchs exhibit some of the most unique morphologies in 

the world, with the greatest number of reproductive modes of all vertebrates. 
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All extant elasmobranchs employ internal fertilization and have adapted unique 

organ systems, claspers, siphon sacs and sperm storage, for reproduction (Pratt, Jr. and 

Carrier, 2001). Traditionally, the reproductive modes of elasmobranchs are defined as 

vivparity, ovovivparity and oviparity (Wourms, 1981; Wourms and Demski, 1993; Hamlett, 

2001; Castro, 2013). Viviparity is a two stage nourishment system where a fertizilised egg is 

wrapped in a thin egg-like capsule and fed off a store of yolk (Wourms, 1981; Wourms and 

Demski, 1993; Hamlett, 2001; Castro, 2013). When the yolk supply is exhausted a placenta-

like highly vascularised connection (psuedoplacenta) between the mother and offspring 

develops, providing nutrients and gas exchanged (Snelson Jr., Burgess and Roman, 2008). 

Once a foetus is fully developed the pseudoplacenta is broken and the offspring are born 

retaining a faint umbilical scar (Wourms, 1981; Wourms and Demski, 1993; Hamlett, 2001). 

Viviparity is estimated to have evolved at least 18 times among chondrichthyans (Wourms 

and Demski, 1993). Ovoviviparity can be divided to contain oophagy and/or intrauterine 

cannibalism or trophonemata (Snelson Jr., Burgess and Roman, 2008; Castro, 2013). 

Ovoviviparity is the development of offspring inside eggs within the mother, however there is 

no pseudoplacenta once a yolk store is exhausted (Wourms, 1981; Dodd, 1983; Musick and 

Ellis, 2005). Ovoviviparity with oophagy is when the offspring feed off unfertilized yoked ova 

once their yolk store is exhausted (Blackburn and Evans, 1985) and this can been seen in 

species such as porbeagle shark Lamna nasus (Campana, Gibson and Fowler, 2010), 

bigeye thresher shark Alopias superciliosus (Benjamin et al., 2015) and the sand tiger shark, 

Carcharias taurus (Carlson et al., 2009). Intrauterine cannibalism, also known as 

adelphophagy, ñeating oneôs brotherò, or embryonic cannibalism is when the stronger (often 

more developed and larger) foetus will consume its smaller siblings during gestation 

(Chapman et al., 2013), rather than unfertilized yoked ova as seen in oophagy (Musick and 

Ellis, 2005). The basking shark Cetorhinus maximus, the sand tiger shark Carcharias taurus 

(Grant et al., 1993) and the porbeage shark Lamna nasus (Jensen et al. 2002) are examples 

of where both oophagy and intrauterine cannibalism can be observed (Compagno, 1984). 

Lastly oviparity is when fertilized eggs, encapsulated in an egg case with the entire nutrients 

the embryo will require, are released into the external environment (Hamlett, 2001; Snelson 

Jr., Burgess and Roman, 2008). These eggs are often referred to as mermaid purses and 
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are found in a vast array of shapes, sizes and external morphological differences which 

protect them while they develop in the ocean (Snelson Jr., Burgess and Roman, 2008). 

Around 515 species (55%) of elasmobranchs are vivparious; 270 of batoids and 

245-270 species of sharks (Wourms and Demski, 1993) and this is the most dominant mode 

of reproduction in elasmobranchs (Snelson Jr., Burgess and Roman, 2008). There has been 

a growing number in studies related to multiple paternities in elasmobranchs and this 

appears to be a common trait (Daly-Engel et al., 2006; Marino et al., 2015; Townsend et al., 

2015). Species include the leopard shark Triakis semifasciata (Nosal, Lewallen and Burton, 

2013), gummy shark Mustelus antarcticus (Boomer et al., 2013), bull shark Carcharhinus 

leucas (Pirog et al., 2017) and the grey nurse sharks Carcharias Taurus (Townsend et al., 

2015). Multiple paternity and hybridization has also been found between two smooth-hound 

sharks Mustelus mustelus and Mustelus punctulatus (Marino et al., 2015). Asexual 

reproductions, also known as facultative parthenogenesis or virgin births, have been 

documented in numerous captive and wild species such as the hammerhead shark Sphyrna 

tiburo (Chapman et al., 2007), smalltooth sawfish Pristis pectinata (Fields et al., 2015) and 

the white-spotted bamboo shark Chiloscyllium plagiosum (Feldheim et al., 2010). 

Elasmobranch young are born precocial, that is, often large and well developed 

(Wourms and Demski, 1993). The number of young is dependent on the species, for 

example the whale shark Rhincondon typus is ovoviviparous and has been found to carry up 

to 300 embryos at one time (Joung et al., 1996) whereas the great white shark Carcharodon 

carcharias (also ovoviviparous) will produce between two and ten at one time (Blower et al., 

2012). Gestation for elasmobranchs is between six and two years (Snelson Jr., Burgess and 

Roman, 2008) and body size and sexual maturity is an interspecies variable. Some 

elasmobranchs such as the great white shark female can take up to 33 years before 

reaching sexual maturity (Robbins, 2007), but most species of elasmobranchs take around 3 

and 8 years (Carrier, Musick and Heithaus, 2010). 

The biological characteristics found in elasmobranch reproduction have previously 

been advantageous traits for their survival as they have enabled the group to grow and live 

at the carrying capacity without outcompeting for resources (Brown and Choe, 2019). 
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However, the combination of relatively slow growth rate, late maturity and long gestations 

(often producing very few young), has left elasmobranchs vulnerable to overfishing (Dulvy et 

al., 2014). Overfishing has resulted in large declines of elasmobranch populations which in 

turn have had a negative effect on biodiversity within their environments. In order to recover 

elasmobranch populations, educational awareness and conservation efforts have begun to 

drive environmental policy across nations. The International Union for the Conservation of 

Nature (IUCN), The Convention on International Trade in Endangered Species of Wild 

Fauna and Flora (CITES), The Convention of Migratory Species of Wild Animals (CMS) and 

the Working Group on Elasmobranch Fishes (WGEF) ran by International Council for the 

Exploration of the Sea (ICES) all play vital roles, which have seen new restrictions on 

conservation and better implementations of elasmobranch fisheries worldwide (WGEF, 

2018; CITES, 2019b; CMS, 2019). 

1.2 Overexploitation of elasmobranchs and policy implications 

Elasmobranchs are utilized by humans in different ways across the globe; for 

example as a food source (Nalluri et al., 2014), tourist attraction (Vianna et al., 2012; Bentz 

et al., 2014; Haas, Fedler and Brooks, 2017), biodiversity indicator (Dulvy et al., 2014), killed 

for sport (Brunnschweiler and Ward-Paige, 2014) or culled in a method to reduce attacks 

(Trouwborst, Fleurke and Dubrulle, 2016). The greatest global economic benefactor from 

elasmobranch populations is the fishing industry, although due to levels of illegal, 

unregulated and unreported (IUU) fishing, the true revenue of the industry is unknown. It 

was estimated that around 97 million elasmobranchs were killed by the global fishing 

industry in 2010 alone however, due to IUU fishing this figure could be anywhere up to 273 

million (Worm et al., 2013). There has been an exponential growth in elasmobranch fishing 

since the 1950s, which has resulted in some species suffering up to a 90% decline in 

population size (Baum et al., 2003; Baum and Myers, 2004). The exploitation of 

elasmobranchs for profit takes many forms, however, generally shark fin trade is the main 

target with an annual revenue of between $306 and $419 million USD since the year 2000 

(Gallagher and Hammerschlag, 2011; Worm et al., 2013).  



32 
 

As well as shark fins, the torso of a select proportion of captured individuals will end 

in markets, bringing between 20% and 60% of the price of tuna species (Bonfil, 1994; Ward-

Paige et al., 2012). Mislabelling of shark meats can also create substantial profits, such as in 

Brazil, where shark species were sold as grouper fish increase market revenue by 25% 

(Bornatowski, Braga and Barreto, 2018). In many cases mislabelling occurs to hide the true 

identity of protected species, which continue to be caught due to inadequate governance 

both regionally and internationally (Griffiths et al., 2013). Unfortunately, elasmobranch 

populations are susceptible to poorly managed fisheries, which leave them exposed to 

overexploitation and IUU fishing. Of 173 commercially fished shark populations, comprising 

of 46 species, 87% were at high risk of ineffective fisheries management whilst the 

remaining 13% were classified as medium risk (Lack et al., 2014). In order to combat 

elasmobranch population declines and IUU fishing, multiple commercially exploited species 

have been added to the CITES and CMS Appendices. These are two international treaties 

that have a legal mechanism for biodiversity conservation, supporting the management of 

elasmobranchs at a national and regional level (Zeng et al., 2016). Currently, there are 183 

party members, which consist of nearly every trading country, that have signed the CITES 

agreement. In doing so, they agree to participate in assessments and to implement the 

majority ruling of any listing made by CITES. Policy milestones for the protection of 

elasmobranchs vary between the two international bodies as seen in Table 1.1.  

Table 1.1. An overview of the elasmobranch species held on either or both Appendices in The Convention 
on International Trade in Endangered Species of Wild Fauna and Flora (CITES) and The Convention of 
Migratory Species of Wild Animals (CMS) international policy. Information derived from CITES, 2019 and 
CMS, 2019. App = Appendix, # C= number of countries 

Species CITES CMS 

App # C Year  App Year  

Alopias pelagicus II 34 2017 II 2014 

Alopias superciliosus II 42 2017 II 2014 

Alopias vulpinus II 81 2017 II 2014 

Anoxypristis cuspidata I 22 2007 I, II 2014 

Carcharhinus falciformis II 111 2017 II 2014 

Carcharhinus longimanus II 40 2013 - - 

Carcharhinus obscurus - - - II 2017 

Carcharodon carcharias II 95 2005 I, II 2002 

Cetorhinus maximus II 61 2003 I, II 2005 

Isurus oxyrinchus - - - II 2008 

Isurus paucus - - - II 2008 

Lamna nasus  II 50 2013 II 2008 

Manta alfredi  II 42 2013 I, II 2014 

Manta birostris  II 61 2013 I, II 2011 

Manta birostris - - - I, II 2011 

Mobula eregoodootenkee  II 30 2017 I, II 2014 

Mobula hypostoma  II 20 2017 I, II 2014 
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Mobula japanica  II 54 2017 I, II 2014 

Mobula kuhlii  II 15 2017 I, II 2014 

Mobula mobular II 21 2017 I, II 2014 

Mobula munkiana - - - I, II 2014 

Mobula rochebrunei - - - I, II 2014 

Mobula tarapacana - - - I, II 2014 

Mobula thurstoni - - - I, II 2014 

Prionace glauca - - - II 2017 

Pristis clavata - - - I, II 2014 

Pristis pectinata - - - I, II 2014 

Pristis pristis - - - I, II 2014 

Pristis zijsron - - - I, II 2014 

Rhincodon typus - - - I, II 2017, 1999 

Rhinobatos rhinobatos  - - - I, II 2017 

Rhynchobatus australiae - - - II 2017 

Sphyrna lewini - - - II 2014 

Sphyrna mokarran - - - II 2014 

Squalus acanthias - - - II 2008 

Squatina squatina - - - I, II 2017 

 

The policy and law of elasmobranch fishing depends on species and regional stock 

assessments. Decisions are based on scientific data and fisheries assessments, often 

presented by organisations such as WGEF, CITES and CMS (WGEF, 2018; CITES, 2019b; 

CMS, 2019). These organisations hold international treaty meetings whereby 

representatives from those countries and institutions involved will present evidence to inform 

assessments on specific species. The most recent is the new CITES agreement, published 

in August 2019, for increased protection from trade of a further 18 shark and ray species, 

comprising of mako sharks, wedgefishes and guitarfishes (CITES, 2019a). This agreement 

uses a system of three appendices to categorise those species subject to international trade 

or controls. Appendix I includes species defined as threatened with extinction by The IUCN 

Red List, appendix II species are not necessarily threatened with extinction, but policies are 

required to avoid overexploitation, and appendix III controls trade, as opposed to being a 

licensing system (CITES, 2019b). Appendices I and II prohibits all international trade 

including export and re-export of specimens without an authorised license (CITES, 2019b). 

There are currently 16 species published within protected by CITES, with a further 18 

species to be implemented in the forthcoming months (Table 1.1) (CITES, 2019a; CMS, 

2019). Like CITES, the CMS contains two Appendices; Appendix I, refers to endangered 

migratory species, and Appendix II refers to migratory species conserved through 

agreements between countries (CMS, 2018, 2019). The most recent meetings for the CMS 

and WGEF were held in 2017, providing information and determining new species 

assessments for either Appendix I or II (Table 1.1) (CITES, 2019a; CMS, 2019). At the last 



34 
 

WGEF meeting in 2017, 24 stocks across 14 defined areas were assessed for one or more 

species, resulting in either updated information, updated assessment or both (CITES, 

2019a). These key international agreements are implemented by national legislation in 

individual countries, effecting import and export trade. Most famously, the ñFins Naturally 

Attachedò policy was passed in the EU this provides some of the worldôs most effective 

protection for sharks. This policy was adopted 2003 and amended in 2013, prohibiting the 

practise shark finning by ensuring all fins are naturally attached upon landing thus increasing 

the ability to manage and regulate shark fin trade (EUR-Lex, 2016). Prior to 2013, the EU 

had only required that both the fins and carcasses had to be landed at the same time 

creating room for IUU fishing. The new amendment to the policy had the potential to have a 

marked impact on legal shark fishing in Europe, as Spain has been the largest exporter of 

shark fin to Hong Kong (Clarke, 2004). The UK is also contributing to shark product 

economy, importing roughly 1,016 tonnes which equates to $3.2 million USD between 2002 

and 2012 (Dent and Clarke, 2015). Despite the legal finning regulations applied world-wide, 

the volume of shark fins found and traded within regional or global markets have not 

reduced (Worm et al., 2013). 

In some jurisdictions, sharks can be more profitable alive than dead. In the Bahamas, 

shark tourism produces approximately $113.8 million USD annually (Bornatowski, Braga and 

Barreto, 2018) and a single reef shark can generate $1.9 million USD in its lifetime (Vianna 

et al., 2012). The establishment of a non-consumptive markets for elasmobranchs has 

grown exponentially across the globe and are now found in at least 29 countries 

(Bornatowski, Braga and Barreto, 2018), generating a revenue of roughly $314 million USD 

annually (Bornatowski, Braga and Barreto, 2018). In 2009, the island of Palau in the Pacific 

ocean became the first country to create a shark sanctuary, banning shark fishing and the 

trade of shark items (including fins) (Vianna et al., 2012). Since then, 10 countries have 

followed suit, realising the economic and ecological importance of protecting and 

maintaining local elasmobranch populations (The PEW Charitable Trust, 2017). As well as 

having an ecological importance, these countries have researched the economic values of 

each shark, discovering the ecotourism industry massively outweighs that of the shark 

fishing and finning trade (The PEW Charitable Trust, 2017). Despite the economic and 
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ecological importance, elasmobranchs continue to face a widespread decline, and this is 

being monitored by The International Union for the Conservation of Nature (IUCN) Red List 

of Endangered SpeciesÊ, hereafter referred to as The IUCN Red List. 

1.3 Extinction risk assessment 

The IUCN was founded in 1948 and has developed to be the largest global 

conservation network and is the leading authority on the environment and sustainable 

development (Baillie et al., 2004). One of the most successful projects founded by the IUCN 

is that of the World Wildlife Fund (WWF). Along with other organisations, the IUCN 

established the WWF in 1961 as an international fundraising organisation, working to 

support the conservation movement on a worldwide scale (The IUCN, 2018). The IUCNôs 

approach has created a basis for conservation which is used by many zoos, aquariums and 

scientific researchers. 

The IUCN Red List is the worldôs most comprehensive information source for the 

conservation status for all evaluated species worldwide (Baillie et al., 2004). The IUCN Red 

List is a powerful tool which can aid the direction of conservation and management, 

including in-situ and ex-situ conservation, and international and national policy (The IUCN, 

2010). It adopts the traditional role of identifying species that are at risk of extinction, whilst 

providing information and analysis on status trends and threats to a species (The IUCN, 

2018). It aims to establish the basis from which species status should be monitored, 

providing a global context to establish conservation management and priorities at a local 

level, and to continue monitoring the status to identify status change (The IUCN, 2018). The 

aim is to increase the number of species assessed to 160,000 by 2020 (The IUCN, 2018). 

As of August 2019, it has evaluated more than 105,700 species, of which 28,000 are 

threatened with extinction. These include 14% of birds, 25% of mammals, 33% of corals, 

34% of conifers and 40% of amphibians (The IUCN, 2018). The total number of species 

which exist on the planet is not known, however the number of animal species is estimated 

to be approximately 8.7 million and current taxonomic classification represents only a 

fraction of this total (Mora et al., 2011).  
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In order to implement effective conservation methods and achieve the aims of The 

IUCN Red List, the process of evaluation and the definitions of criteria must be widely 

understood. Prior to 1994, The IUCN Red List contained a subjective category of threatened 

species list (The IUCN, 2001; Baillie et al., 2004; Vi® et al., 2009). The new system adopted 

in 1994 made its categories more relevant to conservation. This led to increased recognition 

by governmental and non-governmental organisations (NGOôs) (The IUCN, 2001; Baillie et 

al., 2004; Vi® et al., 2009). The IUCN categories consist of Not Evaluated (NE), Data 

Deficient (DD), Least Concern (LC), Near Threatened (NT), Vulnerable (VU), Endangered 

(EN), Critically Endangered (CE), Extinct in the Wild (EW) and Extinct (EX) as seen in Figure 

1.1 (The IUCN, 2010). Species threatened with extinction fall into the categories CR, EN and 

VU, while least concerned species fall under either NT or LC (Figure 1.1) (The IUCN, 2001, 

2010). Species listed in DD or NE indicate that there has currently been no assessment of 

the risk of extinction, however should not be treated as if they were not threatened (Baillie et 

al., 2004; Vi® et al., 2009; The IUCN, 2010). These two categories are either a result of an 

absence of resources or data, and it could be argued that it is more appropriate to give these 

categories the same degree and attention as those threatened with extinction (The IUCN, 

2010). Liberal use of DD is discouraged and a clear amount of evidence must be provided 

before assigning DD to a species evaluated (Baillie et al., 2004; Vi® et al., 2009; The IUCN, 

2010).  
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Figure 1.1. An adaptation of The IUCN Red List structure, with the current information available for 

elasmobranchs (IUCN, 2019)Not Evaluated (NE), Data Deficient (DD), Least Concern (LC), Near Threatened 

(NT), Vulnerable (VU), Endangered (EN), Critically Endangered (CE), Extinct in the Wild (EW) and Extinct 

(EX). No elasmobranch species have yet been classified as Extinct (Ex) or Extinct in the Wild (EW) by the 

IUCN Red List. The current number of Not Evaluated (NE) is not reported. 

The evaluation for each species is often estimated with a considerable level of 

uncertainty due to the natural variation, terminology, research and measurement error that 

can be found in data available (The IUCN, 2001, 2018). A single global category, as seen in 

Figure 1.1, must be selected for each species; however there are regional assessments if 

valid data is available that assess populations (The IUCN, 2001; Dulvy et al., 2014). The 

factors which categorises a species as threatened with extinction fall under three criteria: 1. 

reduction in species population size; 2. loss of geographical range and habitat; 3. number of 

mature individuals. For example, a CR species would have more than or equal to 80% over 

10 years (or three generations) reduction, EN will have a more than or equal to 70% 

reduction and VU will have more than or equal to 50% reduction in population size (The 

IUCN, 2001, 2018; Dulvy et al., 2014). The IUCN Red List criteria are only applied when 

evidence concerning numbers trends and distributions can be provided (The IUCN, 2001, 

2018; Dulvy et al., 2014). In the case of elasmobranchs, the most recent overall assessment 

in 2014 shows that a quarter of all sharks and batoids were threatened with extinction 

(Figure 1.1) (Dulvy et al., 2014). 
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Currently the IUCN Red List offers the best basis for prioritizing species for 

conservation action. To further the evaluation efforts and provide a leadership for the 

conservation of threatened chondrichthyan species, the Shark Specialist Group (SSG) was 

established in 1991 by the IUCN Species Survival Commission, a dedicated science-based 

network of volunteer experts with the primary goal of reducing loss of diversity on earth (The 

IUCN SSG, 2019). The SSG is now one of the largest specialist groups in the IUCN 

(comprising of 128 active members of volunteer experts) and its aim is to secure 

management, conservation and, where necessary, the recovery of chondrichthyan species 

by assembling scientific knowledge and technology to deliver ñknowledge that enables 

actionò (The IUCN SSG, 2019). The biggest contribution made by the SSG outside of The 

IUCN Red List has been the recent ñGlobal Strategy for the Conservation of Sharks and 

Rays (2015-2025)ò (Bräutigam et al., 2015). As co-chairs, providing knowledge for the 

planning process, the process also involved a team of experts and NGOôs across the globe 

which aims to save elasmobranch species from extinction by managing fisheries sustainably 

and ensuring responsible trade and consumption of elasmobranch products (Bräutigam et 

al., 2015). The fundamental elements within the strategy revolve around improvements in 

data collection and scientific investigation and an increase in political and financial 

investment to improve governance frameworks and methods in elasmobranch conservation 

(Bräutigam et al., 2015). 

In order to meet the aims of the Global Strategy for the Conservation of Sharks and 

Rays by 2025, there is a need for a development of research on those species classified as 

special interest, including those most threatened with extinction, data deficient or not 

assessed (Bräutigam et al., 2015). Research areas for improving knowledge to better inform 

conservation status within The IUCN Red List include; taxonomy, current population trends 

including size and distribution, life history traits and ecology, human use, threats and actions 

(IUCN, 2012). Overall, if more research is conducted into these areas, higher numbers of 

species will be properly assessed, giving correct information to assist government policies 

and to end overexploitation of elasmobranchs. 
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1.4 Applied methods of conservation genetics 

Conservation genetics is the application of molecular and evolutionary genetics to 

study biodiversity conservation (Frankham, 2010a). This field of study can be applied to 

answer multiple questions such as species identification, hybridization, population structures 

and genetic diversity (Mendonça et al., 2009; Frankham, 2010a; Cruz et al., 2014). Genetic 

diversity is most commonly defined as a representation of the essential raw material 

necessary for a species to evolve and adapt to changing environments (Frankham, Ballou 

and Briscoe, 2004). In order for a species to succeed through time, individuals must 

conserve enough genetic material in order to adapt under natural environmental pressures, 

as part of natural selection (Conner and Hartl, 2004; Frankham, 2010a). When a population 

or entire species begins to lose genetic diversity, often caused by  population fragmentation 

and inbreeding, it becomes vulnerable to extinction risks (Frankham, 2010b). In order to 

determine how elasmobranchs will overcome large population declines and therefore loss of 

genetic diversity, regional and species population analyse at a genetic level must be 

conducted. The techniques applied can be used to investigate DNA at an environmental or 

population/individual level. 

1.4.1 DNA based techniques 

DNA (Deoxyribonucleic acid) is defined by the Oxford dictionary (2010) as a ñself-

replicating material which is present in nearly all living organisms as the main constituent of 

chromosomesò. In essence, DNA is the genetic information which equates to the traits, 

qualities and features that characterise an animal. DNA in animals is found in either the 

nucleus or mitochondrion organelles and can be used to investigate a number of biological 

traits about individuals or populations. Nuclear DNA (nDNA) is inherited equally from both 

parents, while mitochondrial DNA (mtDNA) is generally thought to be maternally inherited 

(Martin, Naylor and Palumbi, 1992; Frankham, Ballou and Briscoe, 2004). Both nDNA and 

mtDNA have been used in elasmobranch species for the study of population structure and 

behaviour (Carrier, Musick and Heithaus, 2004; Stéphan et al., 2014; Le Port et al., 2016; 

Domingues, Hilsdorf and Gadig, 2017; Larson, Daly-Engel and Phillips, 2017). In 

elasmobranchs, mtDNA has been shown to evolve slower than any other taxon (Martin, 
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Naylor and Palumbi, 1992), often leading research towards more nDNA based questions 

and techniques for taxonomic and population assessment. 

To answer any question requiring extensive genetic information the most 

appropriate markers must first be selected. There are a variety of markers that have been 

used in elasmobranch research, including Restriction Fragment Length Polymorphisms 

(RFLPs) (Mendonça et al., 2009), Amplified Fragment Length Polymorphisms (AFLPs) 

(Zenger et al., 2006; Suárez-Moo et al., 2013), Microsatellites (Griffiths et al., 2010; Gerotto, 

2013; Maduna et al., 2014), Single Nucleotide Polymorphisms (SNPs) (Carrier, Heithaus 

and Simpfendorfer, 2017; Pazmiño et al., 2017; OôConnell et al., 2019) . Due to the 

advances in technology, methodologies are constantly updated, advanced or replaced to 

investigate new or existing studied species. With the exception of DNA barcoding, RFLPs, 

AFLPs, microsatellites and SNPs fall under DNA (or genetic) fingerprinting (Coulson et al., 

2011; Domingues et al., 2019). Fingerprinting provides an individualôs specific DNA pattern 

to profile individuals collected from body tissues or fluid in order to identify and distinguish 

relationships between individuals within one or more populations (Hoelzel, 1998). The 

techniques within fingerprinting can produce complex results that ultimately help answer 

questions relating to population dynamics and genetic health. 

1.4.2 DNA fingerprinting methodologies 

Traditionally, RFLPs were used in mitochondrial DNA (mtDNA) for the genetic 

analysis on both an individual and population level. They can be used to identify species 

(Martin, Naylor and Palumbi, 1992; Mendonça et al., 2009), estimate gene diversity (Heist, 

Graves and Musick, 1995), population structure, and investigate hybridization, gene flow, 

introgression allopolypoidy and autopolupoidy (Carrier, Musick and Heithaus, 2010). RFLPs 

use bacterial restriction enzymes to cut specific sequence motifs (usually 4 to 6 bases) from 

a segment of DNA (Bermingham, Seutin and Ricklefs, 1996). Mutations or changes in the 

number of nucleotides between individuals can be seen by identifying different fragment 

patterns in the DNA. The detection of these changes is viewed through agarose or 

polyacrylamide gels, which separate the fragments by size. There are two methods to 

complete RFLPs; either to amplify the DNA using a polymerase chain reaction (PCR) and 
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use restriction enzymes to cut the DNA at specific sequence motifs, or to cut sections of the 

DNA with restriction enzymes and use a labelled homologous sequence to probe the DNA 

(Bermingham, Seutin and Ricklefs, 1996; Mendonça et al., 2009). The drawback of RFLPs is 

that they require a large quantity of DNA and are shown to be time consuming and 

expensive, with no amplification through polymerase chain reaction (PCR) methods. 

Although there have been further developments to reduce these disadvantages, RFLPs 

have generally been replaced by newer techniques which include different marker types 

(Wolfe and Liston, 1998). A similar technique to RFLPs is Amplified, Fragment Length 

Polymorphism (AFLPs), which involve selective amplification of restriction fragment sets 

from genomic DNA by generating double digestion and cutting the DNA with restriction 

enzymes (Vos et al., 1995). A two phased PCR protocol is conducted within the AFLP 

approach, and separated either on gels or an automated sequencer (Bonin, Pompanon and 

Taberlet, 2005). Similar to the RFLPs, AFLPs need a high quantity of DNA and are not as 

informative as newer fingerprinting techniques. Previously, both RFLPs and AFLPs have 

been used to analyse populations, including breeding studies and gene mapping (Suárez-

Moo et al., 2013) as well as species identification (Zenger et al., 2006). 

More recently the RFLP and AFLP techniques have been replaced by microsatellite 

markers, which build genetic maps of a species with improved success and at a reduced 

cost. Microsatellites, also known as simple sequence repeats (SSRs) or short tandem 

repeats (STRs), are tandem repetitive elements of short sequences (usually di-, tri-, or tetra-

nucleotide) (Hamada et al., 1984). These short sequences hold variations in the repeat copy 

number, resulting in a profusion of distinguishable alleles (Avise, 1994; Byrne and Avise, 

2012) and have been utilized in both prokaryotic and eukaryotic genomes (Bhargava and 

Fuentes, 2010). Generally, microsatellites consist of between two and six nucleotides, which 

display a specific level of polymorphism that is based on the differences in number of repeat 

motifs between individuals (Bhargava and Fuentes, 2010; Byrne and Avise, 2012). 

Microsatellite markers rely on a PCR for amplification and types of electrophoresis gelôs 

and/or ABI series genotyping to detect success of the PCR (Ewen et al., 2000). To score the 

repetitive elements of short sequences (fragments), the microsatellite repeat motifs are 

observed on electropherograms obtained from multichannel electrophoresis equipment. The 
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microsatellite repeat motifs are usually fluorescently labelled within the primers for detection 

with the capillary electrophoresis equipment. The main reason for the popularity change 

from RFLPs and AFLPs to use of microsatellites was due to the high polymorphism and 

number of alleles present at a single microsatellite locus, and secondly due to the ability to 

analyse genotypes by simple PCRs without the use of restriction enzymes (Vignal et al., 

2002).  

Whole genome mapping and the use of single nucleotide polymorphisms (SNPs) as 

genetic markers are the most recent development in identifying population structure and 

variation (Edwards et al., 2007; Vieira et al., 2016). Specifically, SNPs produce high 

frequency, mutation rates on coding regions of sequenced DNA, making them the overall 

method of choice for genetic studies (Edwards et al., 2007). The method to aquire SNP 

markers is often more costly than other traditional methods of reviewing populations as it 

required large genome sequences of 2 or more individuals to identify difference between 

regions for primer development (Edwards et al., 2007). Generally, SNPs can provide a more 

in-depth analysis, often increasing information regarding sub-structures of metapopulations 

which can be missed in other techniques by providing more variance between samples 

(Manuzzi et al., 2019). Despite this, microsatellites have been shown to evade DNA 

corrections that occur during the repair system of coding DNA, meaning a variety of alleles 

can exist on a single targeted region (Vieira et al., 2016). This is argued to provide more 

information than SNPs, while this is dependent on the number of markers tested (Vieira et 

al., 2016).  

1.4.3 DNA barcoding 

In animals DNA barcoding targets a region within the mtDNA to provide information 

regarding the species including identification and haplotype numbers. DNA barcoding in all 

fish genetic research (including elasmobranchs) involves using PCR and sequencing 

techniques with universal primers which amplify most fish species. The mitochondrial 

cytochrome c oxidase I (COI) gene for fish identification was first used by Bartlett and 

Davidson (1991). Since then the technique has increased dramatically with more than 11063 

species of fish sequenced at the COI gene (Ward et al., 2005; Steinke and Hanner, 2011; 

Ward, 2012). FISH-BOL (the Fish Barcode of Life Campaign) is a collaboration around the 



43 
 

globe to sequence around 648 base pair region of the mitochondrial COI gene for all fish 

and for these to be uploaded into BOLD (the Barcode of Life Data System) (Ward et al., 

2005; Steinke and Hanner, 2011). DNA barcoding research shows that the method can 

discriminate between 98-99% of fish species that have already been examined so far 

(Holmes et al. 2008). DNA barcoding has been used in a number of forensic methods, 

including identification of batoid products (Coulson et al., 2011; Cerutti-Pereyra et al., 2012; 

Hunter, 2016; Bineesh et al., 2017) and identification of shark fins (Holmes, Steinke and 

Ward, 2009; Fields, Abercrombie, et al., 2015; Steinke et al., 2017; Almerón-Souza et al., 

2018). 

1.4.4 Sampling collection and storage 

The three methods commonly used to collect DNA are referred to as destructive, 

invasive and non-intrusive sampling. A destructive sampling method ultimately results in an 

animal being destroyed for the collection of tissue (Taberlet and Luikart, 1999), and 

researchers are now less likely to choose this method either because of animal welfare and 

rights, or that the species is too threatened. Invasive sampling often requires the animal to 

be captured in order to remove blood or tissue (Taberlet and Luikart, 1999). Non-intrusive 

sampling involves collecting DNA from a source that is left in the environment, or elsewhere, 

and does not cause disturbance to the animal (Waits and Paetkau, 2005). Table 1.2 has a 

descriptive list of the sample and sampling methods which can be used for collecting DNA in 

elasmobranchs. It is advised that as soon as samples have been collected they should be 

stored in a buffer or 100% ethanol and maintained at temperatures of between -20ęC and -

80ęC (Smith et al., 2014). At these temperatures DNA is less likely to decompose and 

therefore can be analysed over a greater length of time, however, there are many more 

methods of DNA preservation. This will enable historic samples to be compared with those 

of the future, demonstrating potential changes over time (Annas, 1993). 

Table 1.2. A description of the types of successful sample collection and storage for extraction of DNA from 
elasmobranchs 

Sampling Method Condition Use F B EtOH Publication 

Fin Clip Invasive Alive All Y Y Y Lewallen, Anderson 
and Bohonak, 2007 

Destructive Dead Clarke et al., 2006 

Tail Clip Invasive Alive All Y Y Y Cerutti-Pereyra et al., 
2012 Destructive Dead 
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Barbs Invasive Alive Batoids Y Y Y Janse, Kappe and Van 
Kuijk, 2013 Destructive Dead 

Scrub Non-invasive  Alive All N N Y Kashiwagi et al., 2015 

Invasive 

Faecal Non-invasive Alive All Y Y Y Wetherbee and Gruber, 
1993 Invasive 

Blood Invasive Alive All Y Y N Lee et al., 2000 

Destructive  Dead 

Internal Organs  Destructive  Dead All Y Y Y Wang and Yang, 2004 

Muscle Biopsy  Invasive Alive All Y Y Y Chan et al., 2003 

Destructive Dead 

Oviducal Gland Destructive Dead All Y Y Y Griffiths et al., 2012 

Use, All = all elasmobranchs, F = Frozen, B = Buffer, EtOH = 100% ethanol, Y = Yes, N = No 

It is important when studying population genetics that a proportionate number of 

individuals are sampled (Smith et al., 2014). Population genetics and the theories behind 

their practical application to conservation can ultimately help reduce the risk of a species 

becoming endangered (Frankham, 2010a). For example, in ex-situ conservation, such as 

aquariums, it is possible analyse the population dynamics within a captive population and 

apply the findings to studbook management and breeding programmes.  

It is becoming common practise to use genetics to analyse captive populations due 

to social and governing organisations, such as the European Association of Zoos and 

Aquariums (EAZA), encouraging better captive management (EAZA, 2017). When keeping 

species threatened with extinction in captivity, genetic data can investigate and resolve 

inbreeding or outbreeding depressions, and maintain a genetically healthy captive stock. 

There are very few studies of the application of genetics for elasmobranch conservation; 

nevertheless investigations have identified new evidence of multiple paternities in single 

litters and even parthenogenesis. An example of captive paternity testing is seen in the 

white-spotted eagle rays Aetobatus narinari conducted by Janse et al. (2013). This work was 

also classified as a non-invasive, whereby the barbs, which can regrow, were removed from 

individuals. Controversially, this research described the method as an animal friendly, ideal 

non-invasive sampling technique. However, the implications of removing stings is not fully 

understood (Janse, Kappe and Van Kuijk, 2013). Kashiwagi et al., (2015) successfully 

sampled and amplified DNA from manta rays in the wild using a tooth brush attached to an 

extendable pole, displaying less invasive alternative for sampling batoids. 

With multiple sampling methods now available, there is a growing shift towards the 

use of non-invasive techniques to identify and review new or existing populations. However, 

to identify an individual, invasive source material is often required. In cases where DNA is 
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too costly to extract or not available due to natural or human-made decay, alternative 

methods for species identification prevail. These methods often fall under forensic scenarios, 

whereby the identification and evidence of the samples collected need to be investigated. An 

example for elasmobranchs such as sharks could be to investigate ingredients in cooked 

materials, such as shark fin soup. 

1.4.5 Species identification using proteins 

In cases of forensic identification, analysing proteins is a more recent developing 

approach than DNA, as proteins are able to withstand natural and biochemical processes 

which generally degrade DNA (Virkler and Lednev, 2009), which can also help studies 

investigate biological age-related information. More specifically, for identification purposes, 

the protein collagen has been the most successful marker in techniques in much older 

archaeological and palaeontological specimens that suffer much worse DNA preservation 

issues (Buckley, 2018). This has been best demonstrated by the creation of a technique 

called Zooarchaeology by Mass Spectrometry (ZooMS), a method of extracting and 

visualising archaeological collagen peptide mass fingerprints using mass spectrometry (MS) 

to achieve faunal identification (Buckley et al., 2009, 2010, 2014; Collins et al., 2010; 

Buckley, 2018). The use of MS is a  technique to analyse biological and chemical molecules 

based on their mass to charge ratio (m/z). The m/z is calculated in MS by charging sample 

molecules through ionization and detecting them in a gaseous phase by the mass analyser 

once accelerated in an electric field within a vacuum, also known as the flight tube (Harvey, 

2016). When analysing proteins, the most common method of mass analyser is the time-of-

flight, whereby the time it takes for ions to fly through the flight tube calculates the m/z 

(Harvey, 2016). When analysing proteins such as collagen, Matrix Assisted Laser 

Desorption/Ionization (MALDI) time-of-flight MS is used to produce peptide mass fingerprints 

(Harvey, 2016). The study of proteins using these methods is often referred to as 

proteomics, and is present throughout in most studies that identify species from proteins 

(Buckley, 2018). 

Collagen is defined as the fibrous protein found between various connective tissues 

that creates the physiological structure and function in skin, bone and cartilage (Gay and 
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Miller, 1983). Collagen, in its present extracellular matrix, accounts for nearly 30% of the 

total proteins found in animal bodies, making it good source for biomaterial (Kim, 2012). It 

has been shown that collagen formation was established over 500 million years ago and is 

now found across the animal kingdom in various physiological forms (Kadler et al., 1996). 

Overall, it has been found to survive longer in archaeological samples, and through 

processes such as cooking, when compared with other bone protein (Buckley et al., 2009, 

2010, 2014). More specifically the Collagen Type I (COLI) alpha I (ŬI) chains has been 

proven to show enough variation in the amino acid sequence for species identification and 

phylogenetic inferences (Buckley et al., 2009, 2010, 2014; Collins et al., 2010; Buckley, 

2018). The COLI is a molecule made up of three polypeptide alpha (Ŭ) chains; of a highly 

repetitive amino acid sequence, which fold into a triple-helix (Kadler et al., 1996). There are 

two Ŭ1 chains, of identical amino acid sequence, and one slightly shorter Ŭ2 chain that has a 

different sequence (Kadler et al., 1996). Previously, the protein sequences for collagen have 

been isolated and characterised in shark, batoid and holocephali skin, muscle and cartilage 

(Nomura, 2004; Hwang et al., 2007; Bae et al., 2008). In studies of protein extraction from 

waste material provided from the fishing industry, such as the skin of elasmobranchs, the 

majority of collagens identified were Type I, therefore displaying its availability in decaying 

products (Kawaguchi, 1985; Yoshimura et al., 2000; Nomura, 2004; Hwang et al., 2007). 

Along with the COLI molecule, other collagen and proteins are highly present within 

the composition of individual samples, such tropomyosin, a skeletal muscle protein (Hayley 

et al., 2008) and COL Type II (COLII), a mineralized cartilage protein (Coates et al., 1998). 

Similar to COLI, COLII is composed of three identical peptide chains, that fold to create a 

triple-helix molecule (Kadler et al., 1996). In chondrichthyans, the evolution of COLII has 

resulted in the strong and rigid endoskeleton made entirely from calcified cartilage is thought 

to be a primitive vertebrate characteristic (Coates et al., 1998; Ehrlick, 2015). The 

calcification matrix of the COLII in chondrichthyes is found throughout the body, as cortical 

mineralised areas covering cartilage surfaces, such as the vertebra body, remodel a normal 

cartilage matrix and mineral deposition (Ørvig, 1951). The collagen composition depends on 

the kind of calcification: (a) early stage mineralisation, also known as globular calcification, 

(b) granular calcification, (c) areolar calcification, which only found in the vertebral centre of 
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elasmobranchs (Ørvig, 1951; Kemp and Westrin, 1979). Despite the high presence of 

collagen in elasmobranchs, there are very few peptide sequences available in order to 

reference for studies into species identification when searched through the Basic Local 

Alignment Search Tool (BLAST) on Genbank (www.ncbi.nlm.nih.gov/nucloetide). 

Species identification through collagen fingerprinting uses the same principle as 

DNA barcoding; that there is enough variation among species for successful species 

identification. Both techniques are generally more reliable than morphological identification, 

especially in cases where samples are presented in partial forms such as archaeological 

bone (Harvey, Daugnora and Buckley, 2018), and processed foods (Kim, 2012). Collagen 

extraction methodologies generally vary depending on the sample type, whether it is skin, 

bone or cartilage (Gay and Miller, 1983; Nagai and Suzuki, 2000; Buckley et al., 2009). 

ZooMS has yet to be been widely applied to elasmobranchs and the technique is fairly new. 

Due to the elasmobranchii cartilaginous form, it is unclear whether the current methods 

under development will be as successful. For example, previous studies into the extraction 

of collagen found that the denaturation of bullhead shark Heterodontus japonicus collagen in 

skin took place at approximately 25°C (Nagai and Suzuki, 2000). If the fibres found in shark 

fin soup denature at the same temperature, then any protein identification post processing 

would not be possible. However, as this has yet to be fully explored, the success of collagen 

as a fingerprint/barcoding method in elasmobranchs is unknown. Furthermore, it is unclear 

whether collagen fingerprinting will prevail over other techniques when reviewing modern 

samples, as DNA technology is advancing rapidly and successfully identifying processed 

species using a range of barcoding methods (Fields, Abercrombie, et al., 2015; Cardeñosa 

et al., 2017; Hellberg, Isaacs and Hernandez, 2019).  

1.4.6 Population dynamics and genetic health 

Population genetics is the application of molecular and evolutionary genetics to a 

single species with one or more distinct populations. In genetics a population is defined as a 

group of existing interbreeding individuals, where population genetics can be applied to 

study relationships, population dynamics and the effects of environmental pressures 

(Hedrick, 2011). Conservation genetics is often a key part of population genetics, and both 
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are fields which have had an exponential growth in use over the past 25 years, turning 

theory based concepts into an empirical discipline (Ouborg et al., 2010; Hedrick, 2011). 

Genetic markers have opened the fields of conservation and population genetics. These 

markers can be used to test population size, dynamics, gene flow, individual relatedness 

and the extent of fine scale genetic structuring such as genetic differentiation and 

genealogical relationships (Nei and Kumar, 2000; Schmidt et al., 2009; Carrier, Musick and 

Heithaus, 2010; Verissimo et al., 2011; Fox et al., 2018; Manuzzi et al., 2019).  

Genetic variation is present in natural populations of species in one form or another. 

Genetic variations are found in the genotype of the individuals and often are reflected in the 

individualôs phenotype, including everything from traits such as hair colour to genetically 

derived disabilities (Frankham, Ballou and Briscoe, 2004). The fundamental concept of 

genetic variation is measured by the diversity of gene frequencies, also known as genetic 

diversity. As well as this, genetic variation occurs via mechanisms such as sexual 

reproduction and forms of genetic drift in a population. Genetic diversity represents an 

amount of change in DNA sequences and is altered by natural selection factors such as 

mutation, selection and genetic drift (Frankham, Ballou and Briscoe, 2004). The presence of 

heritable genetic diversity determines the ability a population has to respond and overcome 

selective pressures from environmental changes among other selective forces. If genetic 

diversity is present some individuals will reproduce.  

When measuring genetic diversity it is important to consider the amount of 

intraspecific diversity. Intraspecific diversity is typically divided into two types: intrapopulation 

diversity where genetic variation is measured within a single population of one species and 

interpopulation diversity where genetic variation is measured among multiple populations of 

one species (Frankham, Ballou and Briscoe, 2004). Interpopulation diversity can occur on 

significant levels if a population becomes separated and there is no migration between the 

two, and therefore there is no exchange of gametes or gene flow (Frankham, Ballou and 

Briscoe, 2004; Frankham, 2010b; Hedrick, 2011). This is known as population 

fragmentation. The reduction of available habitat and habitat fragmentation which leads to 

population fragmentation can have negative effects on the interpopulation diversity as gene 
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flow and gamete exchange as important for maintaining genetic variation (Frankham, 

2010b). 

Loss of genetic variation can have serious effects on a population; in wild 

populations with a random mating system it can lead to a level of inbreeding which gives a 

higher number of closely related individuals than expected (Frankham, Ballou and Briscoe, 

2004). This can decrease a species óviability, vigour or growth in progenyô (Klug et al. 2007) 

and is also known as inbreeding depression. Inbreeding depression creates individuals 

which can be vulnerable to disease, have a level of reduction in biological fitness and lower 

offspring survival rates. Inbreeding depression is a result of increased homozygosity for 

deleterious alleles. The number of deleterious alleles present in a gene pool is called genetic 

load. Inbreeding levels can be measured by the Hardy-Weinberg equilibrium and the 

inbreeding coefficient F. 

In a balanced or symmetrical population there is random mating, no mutation, 

migration or selection and therefore the alleles and genotype frequencies remain at 

equilibrium (Frankham, Ballou and Briscoe, 2004). This is called the Hardy-Weinberg 

equilibrium and this provides a measure of which populations can be tested against to detect 

deviation from random mating, selection, levels of inbreeding or outbreeding, and estimating 

the dominant alleles (Frankham, Ballou and Briscoe, 2004). For example in the case of 

inbreeding, the expected number of heterozygotes decreases and the number of 

homozygotes increase relative to the Hardy-Weinberg equilibrium (Baker, 2008; Carrier, 

Heithaus and Simpfendorfer, 2017). A deficiency in the expected number of heterozygotes 

relative to Hard-Weinberg equilibrium is the most common tool used to measure the level of 

non-random mating (Raymond and Rousset, 1995; Rousset, 2008). Hard-Weinberg 

assumes that there is a large population size, with no migration, equal fertility of parent 

genotypes and equal fertilizing capacity of gametes, random union of gametes and equal 

survival of all offspring, no mutation and normal Mendelian segregation of alleles (Raymond 

and Rousset, 1995; Rousset, 2008). Mendelôs law of segregation and recombination 

explains how genetic characteristics are transmitted from one generation to the next, based 
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on the principle that genetic material is divided in the reproductive cells, and offspring 

receives one gene from each of the parent (Baker, 2008; Frankham, 2010b). 

Divergence rates (d) (also known as mutation rates) estimate the evolutionary rate 

in which mutations occur within DNA and, refers to the divergence of the mitochondrial DNA 

(mtDNA) (Frankham, Ballou and Briscoe, 2004). Differences in divergence rates among 

species and habitats is likely to depend on many factors such as competition (Meyer and 

Kassen, 2007). Keeney and Heist (2006) found blacktip sharks Carcharhinus limbatus have 

a d equalling to 0.43% per million years (MY) of the control region in mtDNA. This was 

nearly half the d found for the hammerhead sharks Sphyrna lewini, which was calculated at 

0.8% per MY by Duncan et al. (2006). These figures have been used as the basis for further 

studies and reviews into evolutionary divergence, including genetics, speciation and 

biogeography of chondrichthyans (Boomer et al., 2012, 2013; Castillo-Páez et al., 2014; 

Bester-van der Merwe and Gledhill, 2015). This is an extremely slow evolutionary 

divergence, especially when compared to that of mammals. For instance, in Eutherian 

mammals the calculated divergence rate for mtDNA control region was 82% per MY 

(Tamura, 1992). Haplotype (h) and nucleotide (ˊ) diversity is calculated most commonly 

from sequences found in the mitochondrial DNA (mtDNA). Haplotype and nucleotide 

diversity is the most commonly published estimate for calculating diversity with a population 

(Goodall-Copestake, Tarling and Murphy, 2012). There are multiple mtDNA target regions or 

entire genome analysis to measure these two diversities, however, the most common for 

elasmobranchs are the control region (CR) and cytochrome c oxidase subunit I (COI) 

regions.  

1.4.7 Reviewing the drivers in elasmobranch genetic diversity 

A common application of conservation and population genetics is to assess the 

genetic diversity within a species to determine the health and therefore ability to overcome 

environmental pressures. Without sufficient genetic diversity, it is thought that a population 

or species may not have enough variability to adapt (Spielman et al., 2004). In large 

populations, individuals typically have extensive genetic diversity and are more resilient to 

extinction pressures. In contrast species that exist in small populations often have reduced 
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genetic diversity and can be more prone extinction, likely due to inbreeding effects 

(Frankham, 2003; Spielman et al., 2004; OôGrady et al., 2006). 

The relationships between elasmobranch life history traits and extinction risk, 

categorised by the IUCN, have previously been analysed by Dulvy et al. (2014). Body size, 

minimum depth at which individuals spent their time and depth range were found to display 

positive correlations with extinction risk (IUCN category) (Dulvy et al., 2014). In other marine 

fishes, empirical evidence suggests that maturation and body size are the best predictors of 

extinction risk (Reynolds et al., 2005). It is assumed that maximum body size is a predictor 

of IUCN status and therefore extinction risk because of the relationship between body size 

and natural rate of shark and ray population increase (Dulvy et al., 2014). Body size is also 

an indicator of extinction risk in mammals, as impacts from intrinsic and environmental 

factors sharply increase above a body mass of 3 kilograms (kg) (Cardillo et al., 2005). Just 

under half of all sharks have a fork body length over 100 cm and weight over 3 kg (Shiffman 

and Hammerschlag, 2016). For example the blue shark Prionace glauca which is the most 

heavily fished species of shark that reaches average sexual maturity at 220 cm or a body 

mass of roughly 98.72 kg, has suffered an estimated 60% population decline over 15 years 

(Baum, Kehler and Myers, 2005; Stevens, 2009). Despite this sharp decline the blue shark is 

only classified as Near Threatened by The IUCN Red List (Stevens, 2009). 

Very little research has been conducted into the genetic diversity and the risk of 

extinction of elasmobranchs. In a previous study, Spielman et al. (2004) found that genetic 

diversity was lower in 77% of 170 threatened taxa when compared to related non-threatened 

taxa. However, only 35 species of poikilotherms including fish, amphibians and reptiles were 

analysed in this data set with no reference to elasmobranch genetic diversity (Spielman et 

al., 2004). Previously it has been hypothesized that species were driven to extinction before 

effects on genetic diversity was observed (Lande, 1988). If elasmobranchs follow a similar 

pattern to the taxa analysed in Spielman et al. (2004), there should be significant differences 

between genetic diversity of threatened and non-threatened species. In addition, if 

elasmobranch life history traits, such as body size and late maturity are influencing IUCN 
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category, future management could include such parameters as either a predictor value for 

extinction risk category and/or genetic diversity in elasmobranchs. 

By conducting a literature review of available genetic diversity levels measured 

microsatellite and mtDNA analysis, it was found that 63 species representing 21 families and 

seven orders of elasmobranchs from 129 publications contain data for mitochondrial DNA 

genetic diversity levels (representing 16,424 individual elasmobranchs), microsatellite 

genetic diversity levels (representing 13,714 individual elasmobranchs), or both 

(Supplementary Table 1). All species within this literature have an IUCN Red List 

assessment threat category, and basic scientific information on the life history traits. Genetic 

heterozygosity values from publications with microsatellite analysis were available in the 

literature for a total of 46 species and estimates of mitochondrial genetic diversity for a total 

of 37 species. There are a further ten species that have been studied for genetic diversity 

levels (either mitochondrial, nuclear using microsatellites or both) classified by the IUCN Red 

List to be data deficient. Furthermore, within the literature, a total of 20 species have both 

heterozygosity and mitochondrial genetic diversity levels as seen in Supplementary Table 1. 
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1.5 Aims and objectives of this thesis 

As emphasized throughout this thesis, there are many aspects of elasmobranch 

biology that are yet to be explored. In particular, there is a lack of data within specific 

geographical regions, or for a certain species, causing low levels of protection which grants 

unrestricted IUU fishing and thus population declines. Even when an elasmobranch species 

has a specific level of protection, a lack of resources prevents independent research into 

true costs and benefits of protection. As a species threatened with extinction continues to 

decline, or becomes regionally extinct, ex-situ conservation bodies such as zoos and 

aquariums define their role in conservation as increasing the number of individuals to save a 

species. With the little information available for the general genetic health of elasmobranchs 

and the low success of reproducing some elasmobranchs in aquariums, it can be questioned 

whether aquariums can maintain the same conservation stances as they hold for other taxa 

such as reintroductions in mammals, birds and amphibians (Toone and Wallace, 1994; Daly 

et al., 2008; Xia et al., 2014). The key issues that are defined as having insufficient 

information and/or resources are: 

¶ General biology of some species of elasmobranchs 

¶ Population status including health, connectivity, number of individuals and regional 

threats 

¶ Regional management implemented by governments; inadequate funds, technical 

ability and politics inadvertently assisting IUU fishing 

¶ Ex-situ conservation management 

In order to address some of these key issues, my research focuses on the 

application of molecular biology techniques in genetics and proteomics to initially explore 

various methods of species and individual identification (Section II) as well as population 

genetics (Section III) in elasmobranchs. Genetic and proteomic methods of species 

identification were applied to elasmobranchs from Morocco because this is an unstudied 

region which continues to maintain strong trade with the EU despite any prior knowledge of 

possible IUU fishing. Alternative methods of identifying a species and individuals without the 

reliance on DNA are also investigated. This includes the use of proteins for species 
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identification and the use of spot pattern recognition, validating the methods using already 

developed DNA techniques. To understand population dynamics, the management of a 

species with different levels of protection across its range are investigated. To address this, 

novel methods of individual identification and population analysis were used to determine 

how levels of protection affect health. The use of genetics to manage captive species is also 

investigated in two large aquariums, and the application of genetics for ex situ conservation 

of elasmobranchs is reviewed. This thesis presents new findings on basic elasmobranch 

biology which strengthen the case for targeted conservation action. To meet these aims this 

thesis is structured as follows: 

Section II: Species Identification 

Chapter 2. Identifying chondrichthyans in Morocco using DNA 

In this chapter, the first investigation into species diversity of chondrichthyans along 

the Atlantic coast of Morocco is investigated with the use of field and COI barcoding 

techniques. Field research was conducted over June and July in 2015 and 2016 in 

collaboration with a non-government organisation (NGO) Fin Fighters. The results of this 

chapter aim to indicate the current level of chondrichthyan fishing and IUU fishing within the 

region. 

Chapter 3. Extracting proteins for elasmobranch identification 

A new protocol is investigated for the identification of elasmobranchs using proteins. 

This could revolutionise the enforcement of IUCN regulations by confidently identifying 

processed elasmobranch products, such as those within shark fin soup. The protocol 

provides the first stages of simulating natural decay and possible identification of 

elasmobranch proteins in processed foods. It specifically focuses on the collagen regions as 

a species identifier. 

Chapter 4. Identifying individual sharks by non-invasive techniques 

This chapter explores the possibility of applying spot pattern recognition to identify 

elasmobranchs in their early developmental stages. Individual identification is then validated 
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using microsatellite analysis. This protocol provides a method that can be applied to other 

populations, or possibly other species, to determine individual identification post hatching. 

Section III: Species Genetics 

Chapter 5. The investigation of undulate ray population dynamics 

In this chapter microsatellite analyse are used to investigate population dynamics of 

the undulate ray Raja undulata across its entire distribution. To complete the research, a 

new successful method of sample collection was developed which included non-intrusive 

swabbing of resting rays by scuba divers. Spot pattern recognition of data collected from 

2012 to 2018 was used to investigate the relationship between individuals and population 

size at a single site using capture-mark-recapture methods. Collaboration with The Undulate 

Ray Project and Sea Life (Merlin Entertainments) is included, as both organisations have 

applied this research to educate and inform on populations, both at a single-site and across 

their distribution. 

Chapter 6. Using microsatellites to conserve captive sharks 

This chapter again uses microsatellite technology to investigate the potential 

application of genetics in the captive breeding of sharks. The possibility of applying this type 

of genetic conservation to other species in order to manage captive populations is 

discussed. These recommendations have been acted upon by Sea Life (Merlin 

Entertainments) UK and Meeresmuseum, Germany. 

Chapter 7. The discovery of twins in three elasmobranch species 

In this chapter new information on the reproductive biology of elasmobranchs is 

provided by discovering twins in three oviparous elasmobranch species. Here we define 

twins as the case of two individuals within one egg case. This occurrence has only 

previously been reported in a few other elasmobranch species, and the occurrence has 

never been genetically investigated. Here, the relationship between these individuals using 

genetic markers (microsatellites) was analysed and multiple conclusions on why such twins 

occur are provided. 
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Chapter 8. Discussion and conclusions 

A critical evaluation of the results of this thesis is conducted, assessing its 

contribution to elasmobranch biology and conservation. This work is concluded with 

recommendations for further research which is essential to provide a credible scientific basis 

for future elasmobranch conservation. 

1.6 Journal Format 

The thesis is presented in the University of Manchester journal format, in 

accordance with the set rules and regulations. Chapter 4 has been published in the Journal 

of Fish Biology on the 15
th
 of October 2019. Chapter 7 has been published in PLoS ONE on 

the 2
nd

 of December 2019. Chapters 5 and 6 have been submitted and are currently under 

review within the chosen journals. All chapters are presented in the thesis in accordance 

with the University of Manchester rules and regulations and have been adapted from the 

thesis style to suit the journalôs formatting rules and regulations. 
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Supplementary Table 1: An overview of the data extracted from the literature review into the current measures of genetic diversity on mitochondrial DNA and nuclear DNA (with the 
use of microsatellites only). The IUCN Red List category including trends and extinction risk is also referenced. All data is up to date as of the 26th of August 2019. mt#, number of mitochondrial 
studies, n#, number of nuclear DNA studies, Pp, Total number of populations studied, N, number of individuals analyse, NH, number of haplotypes, H, average number of haplotypes 
found, h, haplotype diversity, ˊ, nucleotide diversity, Ho, observed heterozygosity, He, expected heterozygosity. IUCN, The IUCN Red List category (LC, Least Concern; NT, Near 
Threatened; VU, Vulnerable; E, Endangered; CR, Critically Endangered), EX, Extinction risk (Threatened with Extinction, TWE or Non-threatened, NNT), T, species population trend (U, 
unknown; D, decreasing; S, stable, I, increasing) 

Species mt# n# Pp N N H H h  ́ Ho He GD Ref IUCN EX T IUCN Ref 

Aetobatus 
flagellum 

0 1 1 24 - - - - 0.465 0.481 
Yagishita and Yamaguchi, 
2009 

EN TWE D White, 2006 

Aetobatus 
narinari 

2 1 8 763 50 10 0.683 0.005 0.726 0.739 Sellas et al., 2015 NT NNT D Kyne et al., 2006 

Alopias 
pelagicus 

1 1 9 618 19 19 0.419 0.116 0.675 0.729 
Cardeñosa, Hyde and 
Caballero, 2014 

VU TWE D 
Reardon et al., 
2009 

Carcharhinus 
acronotus 

0 1 1 32 - - - - 0.491 0.507 Giresi et al., 2012 NT NNT D 
Morgan et al., 
2009 

Carcharhinus 
brevipinna 

1 0 2 430 37 37 0.677 0.001 - - Geraghty et al., 2013 NT NNT U Burgess, 2009 

Carcharhinus 
falciformis 

0 1 1 53 - - - - 0.552 0.709 OôBryhim et al., 2015 VU NNT D Rigby et al., 2017 

Carcharhinus 
leucas 

1 2 3 249 14 14 0.760 0.003 0.612 0.6189 
Wynen et al., 2009; Karl et al., 
2011 

NT NNT U 
Simpfendorfer and 
Burgess, 2009 

Carcharhinus 
limbatus 

3 1 14 1058 69 17 0.636 0.002 0.500 0.500 Keeney et al., 2005 NT NNT U 
Burgess and 
Branstetter, 2009 

Carcharhinus 
longimanus 

0 1 1 28 - - - - 0.542 0.700 
Mendes et al., 2015; Camargo 
et al., 2016 

VU TWE D Baum et al., 2015 

Carcharhinus 
melanopterus 

0 1 1 264 - - - - 0.572 0.581 Mourier and Planes, 2013 NT NNT D Heupel, 2009 

Carcharhinus 
obscurus 

2 1 10 308 32 16 0.720 0.005 0.623 0.732 Ovenden et al., 2009 VU TWE D 
Musick, Grubbs, et 
al., 2009 

Carcharhinus 
plumbeus 

1 1 10 398 67 67 0.959 0.005 0.538 0.573 Daly-Engel et al., 2006, 2007 VU TWE D 
Musick, Stevens, 
et al., 2009 

Carcharhinus 
sorrah 

1 2 3 177 12 12 0.600 0.003 0.5188 0.544 
Ovenden, Street and 
Broderick, 2006; Ovenden et 
al., 2009 

NT NNT U 
Pillans, Stevens 
and White, 2009 

Carcharhinus 
tilstoni 

0 1 1 79 - - - - 0.649 0.408 
Ovenden, Street and 
Broderick, 2006 

LC NNT S 
Johnson, Pillans 
and Stevens, 2019 

Carcharias 
Taurus 

2 3 9 609 27 3 0.479 0.002 0.726 0.786 

Feldheim et al., 2007; Ahonen, 
Harcourt and Stow, 2009; 
OôLeary, Feldheim and 
Chapman, 2013 

VU TWE U 
Pollard and Smith, 
2009 

Carcharodon 
carcharias 

6 6 12 1319 118 17 0.699 0.007 0.649 0.635 
Pardini et al., 2000; Gubili et 
al., 2009, 2012; Blower et al., 

VU TWE U 
Fergusson, 
Compagno and 
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2012; OôLeary, Feldheim and 
Chapman, 2013; OôLeary et 
al., 2015; Andreotti et al., 2016 

Marks, 2009 

Centroscymnus 
coelolepis 

0 1 1 211 - - - - 0.770 0.770 
Veríssimo, Mcdowell and 
Graves, 2010 

NT NNT U 
Stevens and 
Correia, 2003 

Centroselachus 
crepidater 

0 1 2 20 - - - - 0.511 0.515 Helyar et al., 2011 LC NNT U Stevens, 2003 

Cetorhinus 
maximus 

2 0 6 674 133 7 0.577 0.001 - - Rus Hoelzel et al., 2006 VU TWE D Fowler, 2009 

Chiloscyllium 
plagiosum 

0 1 1 34 - - - - 0.620 0.693 Ding et al., 2009 NT NNT U 
Kyne and Burgess, 
2006 

Hemitrygon 
akajei 

1 0 3 107 28 28 0.939 0.007 - - Ding et al., 2009 NT NNT U 
Huveneers and 
Ishihara, 2016 

Dipturus batis 1 1 2 144 15 8 0.455 0.001 0.316 0.388 El Nagar et al., 2010a CE TWE D Dulvy et al., 2006 

Galeorhinus 
galeus 

1 2 7 285 38 38 0.920 0.007 0.636 0.664 
Hernández et al., 2014; Bitalo 
et al., 2015 

VU TWE D Walker et al., 2006 

Glyphis glyphis 1 0 3 93 12 12 0.760 0.000 - - Wynen et al., 2009 EN TWE D 
Compagno, 
Pogonoski and 
Pollard, 2009 

Hexanchus 
griseus 

0 2 2 467 - - - - 0.477 0.749 
Larson, Tinnemore and 
Amemiya, 2009a; Wynen et 
al., 2009; Larson et al., 2011 

NT NNT U 
Cook and 
Compagno, 2009 

Isurus 
oxyrinchus 

0 3 5 647 - - - - 0.738 0.782 

Schrey and Heist, 2003; Gubili 
et al., 2012; Taguchi et al., 
2013; Corrigan, Kacev and 
Werry, 2015 

EN TWE D Rigby et al., 2019 

Leucoraja 
naevus 

0 1 1 17 - - - - 0.542 0.516 El Nagar et al., 2010a LC NNT U 
Ellis, Dulvy and 
Walls, 2015 

Mobula alfredi 0 1 1 60 - - - - 0.477 0.480 Kashiwagi et al., 2012 VU TWE D 
Marshall et al., 
2018 

Mustelus 
antarcticus 

0 2 2 357 - - - - 0.684 0.681 
Boomer and Stow, 2010; 
Boomer et al., 2013 

LC NNT S Walker, 2016 

Mustelus 
asterias 

0 1 1 127 - - - - 0.745 0.735 Farrell et al., 2014 LC NNT U 
Serena, Mancusi 
and Ellis, 2009 

Mustelus canis 0 1 1 91 - - - - 0.501 0.525 Giresi et al., 2012 NT NNT U Conrath, 2009 

Mustelus henlei 0 1 1 213 - - - - 0.783 0.695 Byrne and Avise, 2012 LC NNT U 
Pérez-Jiménez et 
al., 2016 

Mustelus 
lenticulatus 

0 1 1 75 - - - - 0.614 0.621 Boomer et al., 2013 LC NNT S 
Finucci and Kyne, 
2018 

Mustelus 
mustelus 

0 2 6 125 - - - - 0.636 0.515 
Bitalo et al., 2015; Marino et 
al., 2015 

VU TWE D Serena et al., 2009 
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Mustelus 
schmitti 

1 0 2 198 22 11 0.226 0.002 - - Pereyra et al., 2010 EN TWE D Massa et al., 2006 

Negaprion 
acutidens 

1 2 7 156 4 4 0.280 0.001 0.601 0.653 
Schultz et al., 2008; Mourier 
and Planes, 2013; Mourier et 
al., 2013 

VU TWE D Pillans, 2003 

Negaprion 
brevirostris 

1 3 2 1876 11 11 0.780 0.006 0.757 0.793 
Feldheim, Gruber and Ashley, 
2002; Dibattista et al., 2008; 
Schultz et al., 2008 

NT NNT U Sundström, 2015 

Prionace glauca 1 4 10 1022 16 16 0.920 0.005 0.604 0.613 
Ovenden et al., 2009; 
Fitzpatrick et al., 2011; King et 
al., 2015; Taguchi et al., 2015 

NT NNT U Stevens, 2009 

Pristis clavata 1 0 1 73 15 15 0.489 0.006 - - Phillips et al., 2011 EN TWE D 
Kyne, Rigby and 
Simpfendorfer, 
2013 

Pristis pristis 1 0 1 149 18 18 0.650 0.004 - - Phillips et al., 2009 CE TWE D 
Kyne, Carlson and 
Smith, 2013 

Pristis pectinata 0 2 2 167 - - - - 0.849 0.838 
Feldheim et al., 2010; 
Chapman et al., 2011 

CE TWE D 
Carlson, Wiley and 
Smith, 2013 

Pristis zijsron 1 1 3 109 9 9 0.555 0.003 0.810 0.838 Phillips et al., 2009 CE TWE D 
Simpfendorfer, 
2013 

Raja asterias 1 0 3 18 2 2 0.290 0.009 - - Valsecchi et al., 2004 NT NNT D Serena et al., 2015 

Raja clavata 3 4 24 1934 61 20 0.616 0.005 0.659 0.680 
Chevolot et al., 2005, 2006, 
2008; El Nagar et al., 2010b 

NT NNT D Ellis, 2016 

Raja 
maderensis 

1 0 2 37 4 4 0.482 0.001 - - Valsecchi et al., 2004 VU TWE D Dulvy et al., 2015 

Raja miraletus 1 0 3 18 2 2 0.170 0.003 - - Valsecchi et al., 2004 LC NNT S Smale et al., 2009 

Raja montagui 0 1 1 23 - - - - 0.588 0.661 El Nagar et al., 2010b LC NNT S Ellis et al., 2007 

Amblyraja 
radiata 

1 0 2 3 3 3 1.000 0.009 - - 
Chevolot et al., 2006; Coulson 
et al., 2011 

EN TWE D Kulka et al., 2009 

Raja undulata 0 1 9 108 - - - - 0.683 0.714 Fox et al., 2018 EN TWE D Coelho et al., 2009 

Rhincodon 
typus 

3 2 35 1254 273 25 0.993 0.011 0.601 0.623 
Ramírez-Macías et al., 2009; 
Schmidt et al., 2009; Vignaud 
et al., 2014 

EN TWE D 
Pierce and 
Norman, 2016 

Pseudobatos 
productus 

1 0 4 64 17 17 0.767 0.119 - - Sandoval-Castillo et al., 2004 NT NNT D 
Farrugia et al., 
2016 

Rhizoprionodon 
porosus 

2 0 3 385 75 19 0.660 0.003 - - Mendonça et al., 2013 LC NNT S Lessa et al., 2006 

Rhizoprionodon 
terraenovae 

1 0 2 80 24 12 0.762 0.003 - - 
Heist, Musick and Graves, 
1996 

LC NNT U 
Dostalova et al., 
2009 

Scyliorhinus 0 1 1 150 - - - - 0.648 0.648 Griffiths et al., 2010 LC NNT S Ellis et al., 2009 



83 
 

canicula 

Somniosus 
microcephalus 

1 0 1 16 7 7 0.775 0.002 - - Murray et al., 2008 NT NNT U 
Kyne, Sherrill-Mix 
and Burgess, 2006 

Sphyrna lewini 2 2 18 451 33 17 0.708 0.011 0.667 0.724 
Nance, Daly-Engel and Marko, 
2009; Ovenden et al., 2009 

EN TWE U Baum et al., 2009 

Sphyrna tiburo 0 1 1 119 - - - - 0.654 0.686 Chapman et al., 2004 LC NNT S Cortés et al., 2006 

Sphyrna tudes 1 0 1 55 6 3 0.139 0.000 - - Duncan et al., 2006 VU TWE D 
Mycock, Lessa and 
Almeida, 2006 

Squalus 
acanthias 

1 3 5 909 103 103 0.839 0.009 0.515 0.656 

McCauley et al., 2004; Larson, 
Tinnemore and Amemiya, 
2009b; Veríssimo, Mcdowell 
and Graves, 2010 

VU TWE D 
Fordham et al., 
2016 

Squatina 
californica 

0 1 1 3 - - - - 0.631 0.59 
Larson, Tinnemore and 
Amemiya, 2009b 

NT NNT D Cailliet et al., 2016 

Stegostoma 
fasciatum 

1 1 2 75 8 8 0.720 0.140 0.768 0.752 Dudgeon et al., 2006 VU TWE D 
Dudgeon, 
Simpfendorfer and 
Pillans, 2016 

Triaenodon 
obesus 

1 0 2 310 15 15 0.550 0.002 - - Whitney et al., 2012 NT NNT U Smale, 2009 

Triakis 
semifasciata 

0 1 1 471 - - - - 0.858 0.851 
Nosal, Lewallen and Burton, 
2013 

LC NNT U Carlisle et al., 2015 
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2.1 Abstract 

Chondrichthyans, comprising of sharks, rays, skates (elasmobranchs) and 

chimaeras are a diverse class of fishes found across the globe that have been evolving for 

approximately 450 million years. The main threat to chondrichthyans is overfishing, either 

through regulated or illegal, unreported or unregulated (IUU) methods. Morocco is a marine 

rich area, with over 70 species of elasmobranchs and an unknown number of chimaeras. 

Throughout history, Morocco has been reliant on the marine environment to both fish from 

and for trade, however very little is published on the fisheries on chondrichthyans along its 

coastline. Here, we use visual observation and DNA sampling to investigate the species 

diversity of chondrichthyans along the Atlantic coast of Morocco. Using FISH-BOL COI 

barcoding found in the mitochondrial DNA (mtDNA), we identified 1 chimaera, 13 shark and 

11 batoid species from 113 chondrichthyan samples based, on a Ó 95% sequence similarity 

criterion against Genbank and the Barcode of Life Database. The average evolutionary 

divergence between the species barcoded was 0.29% and phylogenetic tree analysis 

displayed close similarities with others published. We determined that despite a good 

coverage of the mtDNA, more gene regions are required to complete a more accurate 

phylogenetic tree. Lastly, we found 29% of the total number of species was classified as 

threatened with extinction by The IUCN Red List of Endangered Species and a further 20% 

were data deficient and 3% were not evaluated. Through observations and literature review 

we found no evidence of effective monitoring, a trade of elasmobranch products, in particular 

deep-sea species, and evidence of shark fin trade. 

Keywords: elasmobranchs, IUCN, CITES, longlining, phylogenetics 
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2.2 Introduction 

The chondrichthyes are a diverse class consisting of elasmobranchs (sharks, skates 

and rays) and holocephalans (chimaeras), equating to around 1,200 species (Compagno, 

2005; Naylor et al., 2012). Of the current 1,000 species of elasmobranchs, one quarter are 

classified as threatened with extinction by the International Union for the Conservation of 

Nature (IUCN) Red List of Threatened SpeciesÊ (IUCN, 2014). As one of the oldest classes 

on the planet, existing for nearly 450 million years (Blomme et al., 2006), chondrichthyans 

have proceeded to become some of the largest and most wide-ranging apex predators of 

the oceans (Vélez-Zuazo and Agnarsson, 2011). Their decline is also one of the most 

challenging to document due to their habitat and variety in life-history traits. Despite our lack 

of knowledge we are currently fishing elasmobranchs at alarming rates, with roughly 100 

million sharks killed every year (Worm et al., 2013). 

The demand for food is increasing and it is estimated that 1 billion people rely on 

fish as their primary food source (Engelhaupt, 2007). There has been a rise in the number of 

fisheries despite globally 60% of commercially important fish stocks are categorised as 

either ódepletedô, óoverexploitedô or órecoveringô (FAO, 2012). New technology and better 

equipment means fishing vessels are delving into unknown territory, such as deep-sea 

fishing, and are able to fish for longer periods of time in harsher weather conditions 

(Roberts, 2002). The impacts of fishing pressures on ocean predators such as 

elasmobranchs are largely unknown (Dulvy et al., 2008). Targeted and untargeted 

elasmobranch fishing is a great concern worldwide due to the groups low productivity in 

relation to teleost fish (Stevens et al., 2000); accidental by-catch and illegal, unreported and 

unregulated (IUU) fishing contributes to 50% of global elasmobranch catch (Gilman, 

Brothers and Kobayashi, 2005; FAO, 2012; Worm et al., 2013). Of the chondrichthyans, 

sharks are the most overexploited species due to the high demand in shark fin which is 

considered a prestigious delicacy in some Asian cultures (Man, Wu and Wong, 2014), 

shortly followed by the batoids (skates and rays). Due to the recent development in deep-

sea fishing holocephalans (chimaeras) are being caught more regularly and the future 

direction of fishing this group is not yet known (Techera and Klein, 2014). 
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Coastal tropical regions of the worldôs oceans hold the highest shark and ray 

species diversity (Carrier, Musick and Heithaus, 2010; White and Sommerville, 2010), which 

is often reflected in the fishery captures. The North African coastal country of Morocco is 

described as a hotspot for batoids, housing more than 58 species off its coastline (Guisande 

et al., 2013). Similarly, there are roughly 70 known species of shark (Guisande et al., 2013) 

and an unknown diversity of chimaera which either reside or migrate through the waters in 

this region. Blue shark for example have prolonged residency in areas on the west coast of 

Morocco from El- Jadida to Essouria (Queiroz et al., 2012). Morocco borders the North 

Atlantic Sea and Mediterranean Sea (geographical subarea of the Southern Alboran Sea) 

which creates a mass of fishing opportunity, industry and therefore wealth. Today, the 

European Union (EU) pays over ú30 million per year for their fisheries partnership 

agreement with Morocco which has been in place under different protocols since 1995 

(Cullberg and Swedish Society for Nature Conservation, 2009; The European Commission, 

2013). The agreement allows the EU to fish in both Moroccan and Western Sahara waters, 

despite Morocco have no legal rights to the Western Saharaôs fishing grounds (Zunes and 

Mundy, 2010). A similar agreement is in place with the Chinese government however, there 

remains a lack of transparency on the amount of money paid by China for this right. The cost 

is thought to be a lower than that paid by the EU, driving down the cost of fish from this 

region (Belhabib et al., 2015). Historically, Japan and South Korean began commercially 

fishing and finning elasmobranchs in Morocco in 1960s along with cephalopods and pelagic 

tuna (Baddyr and Guenette, 2001). The increasing fishing effort on the same resources by 

Asia and the EU suggests increasing competition to secure the fishing grounds in Morocco 

(Plague, 2001; Milano, 2006). A recent study into the IUU fish caught by the Chinese in 

Moroccan waters between the years 2000 and 2010 found that 43% of the landed value of 

fish originating from Morocco was illegal (Belhabib et al., 2015). Despite agreeing to 

decrease their quota by 40%, European fleets have also continued to illegally increase their 

catches by 5% in Morocco and the Western Sahara (Belhabib et al., 2015; Pauly and Le 

Manach, 2015). Morocco has begun to improve their fishing sector with a view of tripling 

their income by 2020 through a number of means including: raising the volume of fish 
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production (including aquaculture); increasing the number of fish landing ports; and raising 

the value of seafood exports (Moroccan Investment Development Agency, no date).  

With the knowledge of the value and importance of their fisheries, the Moroccan 

government has signed numerous declarations and agreements to protect certain species 

and restrict trade of specimens that may threaten their survival.  For example, Morocco is 

currently an active member of the International Commission for the Conservation of Atlantic 

Tunas (ICCAT), the Conservation for Migratory Species (CMS) and the Convention on 

International Trade in Endangered Species (CITES). All three affiliations have a level of 

protection for one or more elasmobranchii species, which prohibits either landing, trade or 

both. Numerous reports claim the country is still rife with mass amounts of IUU fishing, 

including driftnets, despite international prohibitions (CoC, 2015). 

In this study, we investigate the potential exploitation of chondrichthyans in ports 

along the Atlantic coast of Morocco by confirming the identification of chondrichthyan 

samples taken as part of studies into IUU fishing conducted by the non-government 

organisation (NGO) (www.finfighters.org). The NGO is part of a large collaboration of non-

profit organisations investigating IUU fishing across the EU and trading partners, and 

specialise in elasmobranch species to increase the knowledge of landing regions and 

species distributions. Alongside this, we analyse the DNA polymorphisms on the 

Cytochrome c oxidase I (COI) region on the mitochondria of samples taken from 

chondrichthyan species identified in the field with two or more individual samples, and 

compare the single sequence species with the closest matching sequence using DNA 

reference databases. Lastly we evaluate the genetic barcodes and in-field evidence for 

indications of IUU fishing under any acts of the ICCAT, CMS and CITES. 

2.3 Methods  

2.3.1 Study location and Sampling  

Samples were collected over the period of two years; between the months of June 

and July in 2015 and 2016, in accordance with the NGO Fin Fighters annual investigative 

period. All sites (with the exception of Agadir and Larache) were sampled for duration of four 
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to six days. Due to the new prohibitions implemented in 2016, both Agadir and Larache were 

only sampled once (Agadir in 2015 and Larache in 2016) (Figure 2.1). 

 

Figure 2.1. Google adapted map of sample sites and number of samples (created using ggmap and ggplot 
in R version 3.2.1). Locality follows the recommendations by Steinke and Hanner (2010; latitude and 
longitude with the use of GPS). 

2.3.2 Specimen documentation, imaging and sample collection 

Fin clip samples were acquired from 230 individual shark, batoid or chimaera 

species. Samples were stored in RNALater and held at 4 ęC until transported to the lab 

where samples were held at -80 ęC. Date and time of collection, location and individual 

identification at either species or genus level were recorded for all samples. Identification 

levels (as defined by Steinke and Hanner (2011)) ranged between Level 1 at which 

specimen identification is highly reliable to Level 5 at which the identification was superficial, 

depending on the condition of the sample. Where possible, the measurements of individuals 

were recorded; body mass (kilograms), total length (from nose to tip of tail; centimetres), fork 

length (from nose to base of tail; centimetres), width (between the point of which pectoral 

fins meet the torso; centimetres), wing diameter (widest part of the ray; centimetres), sex 

and level of maturity (stiffening of the claspers or signs of offspring). Because samples were 

collected from working fishing ports and markets, it was not possible to take photographs 
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and record all parameters in some instances. Information follows that of Steinke and Hanner 

(2010) ensuring sequences and information, including photographs, can be added to the 

FISH-BOL project. 

2.3.3 DNA extraction, amplification and sequencing  

DNA was extracted using Qiagen DNA blood and tissue extraction kit protocol.  

Approximately 655 base pairs (bp) of the Cytochrome c oxidase I (COI) gene were amplified 

using a same combinations as in Ward et al., (2005)  primer designs:  

FishF1 (5ô-TCAACCAACCACAAAGACATTGGCAC-3ô) 

FishR1 (5ô-TAGACTTCTGGGTGGCCAAAGAATCA-3ô) 

FishF2 (5ǋ-TCGACTAATCATAAAGATATCGGCAC-3ǋ) 

FishR2 (5ǋ-ACTTCAGGGTGACCGAAGAATCAGAA-3ǋ) 

DNA amplification conditions follow Steinke and Hanner (2011) protocol to ensure 

sequences can be added to the FISH-BOL project; 12.5 µl Polymerase Chain Reaction 

(PCR) mix contained 1.25 µl of 10x PCR buffer (PCR grade MgCl
2
), 0.125 µl of each primers 

(either combination F1 and R1 or F2 and R2, 10mM), 0.25 µl of a dNTP mix (10mM), 0.125 

µl of DNA Taq Polymerase, 0.5-2 µl of DNA template (50ng) and 10.125-8.625 PCR grade 

ultrapure double-distilled H2O (ddH2O). Thermal cycler conditions were adapted from that of 

Steinke and Hanner (2010); one cycle for 5 minutes at 95ęC (denaturation), followed by 35 

cycles of 0.5 minutes at 95ęC (denaturation), 0.5 minutes at 54ęC (annealing) and 1 minute 

at 72ęC (amplification), completed by 10 minutes at 72ęC (final amplification stage) and then 

held at 4ęC. PCR products were loaded on a 1.5% agarose gel and products which were 

visible were sent for sequencing.  

2.3.4 DNA polymorphisms and evolutionary divergence 

The PCR products were prepared to 10 ng/µl and sent to be sequenced by the in-

house DNA facility at the University of Manchester which uses Sanger sequencing. Once the 

sequences were obtained, the results were first reviewed using BioEdit version 7.2.5 (Hall, 

1999). Sequences were uploaded onto the Nucleotide Basic Local Alignment Search Tool 
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(BLAST) on Genbank (www.ncbi.nlm.nih.gov/nucloetide) and Barcode of Life Database 

(BOLD) (www.boldsystems.org) systems as part of the international barcode of life. A 

criterion of 95% similarity threshold was held upon each sequence in either nucleotide 

search tools as there are no present uploaded samples from the area of Morocco. Sequence 

information was uploaded under the recommendations of Steinke and Hanner (2011) to 

contribute to the current global taxonomic authority file of the campaign FISH-BOL (Froese 

and Pauly, 2017). In BioEdit, ClustalW full multiple alignment bootstrap NJ Tree of 1000 runs 

was conducted to align sequences of the same species (Higgins, 1997; Hall, 1999). The 

DNA polymorphisms were analysed in DNAsp (Rozas et al., 2003) between the aligned 

regions. DNA polymorphisms included the number of segregating sites, the number of 

haplotypes, haplotype (gene) diversity, and standard deviation (the square root of sampling 

variance (Nei, 1987)). In samples with only one barcode region, BOLD and GenBank were 

used to determine the closest matching sequence (measured as a percentage (%)) and the 

region of which the sample was fished (country and ocean). Finally, we reviewed the 

estimates of evolutionary divergence between all species, using the longest COI sequences 

found in each species in Mega X (Kumar et al., 2018). Analyses were conducted using the 

Maximum Composite Likelihood model (Tamura, Nei and Kumar, 2004). 

2.3.5 Phylogenetic analysis  

All phylogenies were conducted on sequence data aligned through ClustalW 

(Higgins, 1997) in Bioedit (Hall, 1999). We conducted two phylogenetic analysis to 

determine the maximum likelihood evolutionary history between the 113 COI barcodes 

collected. To determine which maximum likelihood model for each tree would fit our each set 

of data we used the Mega X (Kumar et al., 2018). Our first analysis was then completed 

using the Maximum Likelihood method and Hasegawa-Kishino-Yano model (Hasegawa, 

Kishino and Yano, 1985) with gamma distribution (5 categories (+G, parameter = 0.3548)). 

We then randomly selected one sequence from each species within our CO1 barcoded list, 

totalling in 25 nucleotide sequences and ran a further analysis  under a General Time 

Reversible model (Nei and Kumar, 2000) also with a gamma (G) distribution (5 categories 

(+G, parameter = 0.4868)). Both trees were calculated under a bootstrap consensus tree 

inferred from 500 replications (Felsenstein, 1985). Both trees were rooted to Chimaera 
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opalescens, as this was the furthest distantly related individual within the chondrichthyan 

phylogeny.  

2.4 Results 

From the two sampling trips (June 2015 and June 2016) we collected 230 samples 

and visually detected 31 species from six different locations including fish markets and dock 

markets along the North-Atlantic coast of Morocco (Table 2.1, Figure 2.1). DNA barcoding 

determined 113 chondrichthyan samples based on a Ó 95% sequence similarity criterion in 

Genbank and BOLD, representing one chimaera, 13 sharks and 11 batoids. 

 

Figure 2.2. Photographs of sharks and shark-fin sample collection on the dockside markets and indoor fish 
markets. Top left, large mature shortfin mako shark Isurus oxyrinchus (El- Jadida, June 2016) Top right, the 
jaw of a butchered shortfin mako Isurus oxyrinchus (Tangier, June 2016), Bottom left, gutted deep-sea 
sharks Centrophorus squamosus, Centroscymnus coelolepis and Centrophorus granulosus (Agadir, June 
2015), Bottom right, collection of fins for shark-fin trade (Essouira, June 2015). 

From the observed and sampled species list, we found 29% of the total number of 

species was classified as threatened with extinction by The IUCN Red List of Endangered 

Species, hereafter referred to as The IUCN Red List (Dulvy et al., 2014). A further 20% were 






























































































































































































































































































