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Preface

Due to rampanteoymoitation, the biomass of top predator species has declined by as
90% since the 1950s (Myers and Worm 2003). When thesestoclertial/exieackioh,
fisheries have focused on the next lower trophic level, serially depleting marine resources
lrrftr ws Yedsodr e nrefr errn [NmsP (yuwf 4t
species of bluefa(facific, Southern and Atlantic) have undergone some of the most signifi
in abundance and geographic range contractions (Worm and Tittensor 2011). As each of
large, lotfiged, and have a high economic valuewesigcezhs@nd short spawning periods, tl
are particularly susceptiblexplouation (Cellettal. 2011). Althoughattie Atuefin tuna
(BFTThunnus thyphas been targeted by fisheries in the Mediterranean Sea fibhémusands
only been in these last decades that the exploitation rate has reached far beyond sustaina
W odcEe Bdsl re edsoNnsdNSU nNpLodr N wrn s

An understanding of the population dynaiorcsatespdoiththe influence of environmenta
variables that affect large pelagic fish (e.g. tunas, billfishes and sharks) is crucial for stock
conservation of entire marine ecosystems. In 2006, the International Conaniss$ion for the C
Atlantic Tunas (ICCAT) aaldtedr recovery plan for bluefin tuna in the eastern Atlantic and
Mediterran€B@ N. 644/200Q7 addition to the new restrictions placed on fisheries (restricted
size limits, bengf search planesyiléidisciplinary monitoring programme was introduced in orc
increase our understanding of the species' biological traits. Using an array of technologies
genetic rkars and microcheatistoliths) reskardetermined thgidpalation since of BFT
is likely to bre complex than the current two population maAgEteemindmddive of
genetic heterogeneity has been detected within the Mediterrane@20(0CaR$ésanraetedlaR004,
2010)igingsuspicions that the basin may contain numerous distinct populations. Population
studies using of molecular tools should make use of samples with identified origins (ie. you
haven't developed the capacity todrstaeiq@aeral genetic studies that analyzed adult spec
have been unable to detect significant differentiation of populations. Monitoring of early life

can also inform decision makers about the health of the species basedvy@bmatsuitment &



PhD objectives

In an effort to contribute to the conservation of the species and the development of &
stock assessment, this PhD project was developed to elucidate a more accurate understa
population structandgpatial dynamics. The aims of the project were 1) to assess the accu
identification methods, 2) determine the genetic structure of modern BFT populations, 3) ¢
recruitment rate in the Gulf of Mexico and Meditegraness) dpastmnate the immigration rate
BFT to feeding aggregations from the various spawning areas, and 5) develop tools capal
the temporal stability of population structuring in the Meddingrieath8easeaathetbnt
in this thesis was by and large provided by 1G@48 Régkzarioth Programme for Bluefin Tuna
(GBYP) through the Biological and Genetic sampling and analyses consortium and the De
conducted between 2012 and 2015.

In orddo establish a baseline of understanding concerning the basic biological traits
morphological characteristics, geographic distribution and the fisheries that target them ar
Chapter. Current efforts to study BFT spatiahdythartocdsaused for estimating the remaining
biomass are reviewed. Several inhibitory elements that challenge the development of effe

and management are also reviewed at length.

Misidentification of larvae can lead to unctreasusitabaligtribution of a species, confus
over life history traits and population dynamics, and potentially disguise the collapse or rec
spawning ar€aspter @etails several weaknesses in moderbaserpta{oggmydimg
demographic decline of expert taxonomists, flawed identification keys, reluctance of the ta
community to embrace advances in digital communications and a generalesudiscity of mod
materials. Recent advances in moleeslarsefahiogspecimen identification and population st
are discussed at length. In thisGhapteredontains a description of the molecular identificatio
larvae (n=188) collected from three spawning areas in the Meditentansttotiees bgelrtéral
technigues were used to analyze the genetic sequences and an extensive comparison of

presented. The results revealed important differences in the accuracy of the taxonomic ide



out by differmthyoplanktologists following mdgudedagethods.

Molecular techniques used for wildlife conservation are evolving rapidly and their us
researchers is steadily on the incréaseotypifiggSequencing (a Next Genetsgionngeq
technique) approach a large consortium operating within the GBYP developed a panel of |
SNPs capable of distinguishing populalibeppod&4SE. by whiclsingl@5\ucleotide
Polymorphisms (StPs)selected and téchaiadted is descriBbdprer. Zhis tool could be
used to improve Atlantic BFT stock assessments and management as well as in seafood |
and investigati©hapter &etails how the SNP panel was used to genotypeapbireadividuals
between 2@043 from fourteen locations throughout the species' range, including several p
uncharacterized sites. Given the scale of sampling, this study is the most comprehensive
modern bluefin tuna populatiorgdtrdteinl hese efforts were made with the aims to further
the newly developed SNP panel as well as contribute to our understanding of the species'
structuring. The results confirm much of what has already been I ato&thfstndieggiitly an

the exception of evidence suggestive of a small amount of mixing between eastern and w

Effective fishery management benefits from the existence of baseline information co
population size and demogfaphicgdnse commercial exploitation. Given that BFT have bee
intensively targeted by fisheries for thousands of years, analysis of DNA extracted from hi
recovered from archives, museums and archaeological excavatienen&édidietpasieal e
necessary for establishing somethingpasaipsgdielsen et alCha@®dr Grovides
historical description of the relationship between humans and-dfitresant tahlistioe chte
DNA studies, and @pdiescof new protocols developed for ancient DNA analysis. Using nove
techniques, DNA was extracted from bluefin tuna vertebrae excavated from late iron age ¢
settlements in coastal Iberia (Portual a2ndSyntyrtRE23) and Byzasttn€onstantinople
(4thL5th century AD; n=6), as well as vertebrae from the Massimo Sella archive located at
Bologna (lonian, Tyrrhenian and Adriatic Seas, early 20thCeapiey, hrd%®Xescribed

how a 96 SNP panel was developed to genotype historical and modern samples in order t



in population structuring and allele frequencies of loci associated with selective traits. The
of 48 SNPs discovered duringegeataB3Ihat was described in the previous chapter (i.e. func
ICCAT GBYP Phase 4). The remaining 48 SNPs were derived from transcriptomic work c
by the GenoDREAM laboratory (Pintus 2013). In total 269 modern sasgi@siesd/1190 histol
be genotyped using this panel and unfortunately the results are not available to be reporte

July 2015); however, the process by which the project was developed and executed is exf
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Chapter 1

Queen of Tunas

In a tiny, humble and impeccably tidy kitchen located down a small side street in -
Jiro methodically unpalekggeshunks of fish that he ordered at the Tsukiji market earlier t
morning. The smell of steaming rice perfumes the air and the sounds of the beginning c
the backdoor that stands ajar. Aadhtaeelbe seen lying in a pool of sunlight on the pavel
outside. Jiro pauses and sensuously runs his fingertips over the soft deep red flesh of t
owes his livelihood. Certainly his reputation as one of Tokyo's preegehedususHiahefs i
great qualities by which he strives to live his life: 1) A chef must be serious and consiste
A chef must always strive to improve their work; 3) Cleanliness. If a restaurant isn't clee
isn't going to tgetwd; 4) Impatience. A sushi chef is an independent composer that shrug
collaboration and insists on having things done their way, and; 5) Passion. A sushi chetf

perfectionist. His eyes breathe in the colour and contrast ofdhd pesggndratoost

Jsuwrsdifnng] rfspainN. YioJorf[] edsaobP, oN

rNwr JonNt sorfin pwfpoe wi4 JoN edso [r
fresh fish in theadisyaise and continues with his preparations for the lunch rush. As alway

restaurant will be full.
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1.1 The Atlantic bluefin tuna

Ranked among both the fastest and largest bony fishes in the world, the Atlantic |
(BFTThunnus thyjimas captivated coastal civilizations in the Mediterranean since time ir
(see Chapter 6). Recognized for their immensity, the largest of the species can grow to
4m in length (Fig. 1). Seen in their natural environmehéale mbsehweddahem from above,
as immense dark shadows herding their prey into tight bait balls, spraying plumes of sil
air as they cut through the water at unfathomable velocities. Once removed from the se
observe albaiw of iridescent blues, greens, silver and white that fade from midnight nav
dorsal surface to a mottled silver on the ventral surface. This colouration allows the tun:
dark deep waters when seen from above arigjkitevbeghtiswed from below. They are
fusiform in shape, meaning that they are wide in the middle and tapered at both ends. L
BFTs have a spiny depressible dorsal fin that can be tucked away into slot on their bacl
the water during fast burst swimming. Behind this is a second dorsal fin followed by a s
that lead to a large, rigid and lunate caudal fin capable of producing powerful thrust. On
another row of finlets run atttehieilyspiny anal fin. It is believed that the scombrid upper ¢

lower finlets function to channel water flow into th~ *:~=*~ ~=~~*+~A

by the caudal fin, thereby increasing the efficienc
directional control and swimming velocity (Nauen
2000). Aligned with the deepest section of their b
pelvic and pectoral fins. BFT are negatively buoy:
their pectoral fins to provide lift while they swim, ¢
would sink. As BFT approach their preyrthegtptail
fins into the grooves along their sides and blast tt
like torpedoes. They are a perfection of streamlin Mo )

eyes are coteplélush with their bodylingulyis a 7 5 < 5 M ;ﬁ:

formidable hunter with matenaay opla handful of Fig.1K Fraser with a 679kg BFT cz
oredators (squids, sharks, orcas). Nova Scofi@79 (Photo courtesy of

Stomach content analysis of BFT caught in the central Mediterranean revealed ar

Page|



of prey items including 54 teleosts, 20 cephalopods and 13 crustaceans. Among the pr
wereleepwater species like lamggdEiuMm benditagonfisthauliodus slpand shortfin
squidl{ex coindittivhich accounted for approximately half of the diet (Battaglia et al. 201
authors of that stlaiyluded that BFT fdaus#at migrate vertically throughout the water
columduring the night and larger prey during the day. A similar study in the Gulf of St. L
Canada, revealed a much less diverse diet dominated by te(@ogisa inastlygmstring,
makerelScomber scombrugell as several species of crustaceans, two species of bivalve
cephalopods, brown algae and a starfish (Pleizier et al. 2012). BFT captured in the Ligt
feed on small pelagic fishes and Ligletgamygiianes norvetndact, one individual of 117
cm had a stomach felled almost exclusively with krill (Orsi Relini et al. 2010). Finally, st
analysis of BFT captured in the Balearic Sea suggests that gelatinous zoaogdamkton con
fraction of their diet, especially young BFT (Cardona et al. 2012). Overall, it appears the
generalist predators, changing prey items based on their location, focusing on abundan
feeding in both benthic and pelagic habitats.

Tunas have a highly specialized vascular system that ensures efficient eliminatior
circulation of oxygen. A very powerful and large heart pumps blood packed with high cc
red blood cells, comparable to the hematoermiadsyiaggating a blood pressure three time
higher than most other fishes. They are obligate ram ventilators, meaning that they mus
with their mouths open in order to ventilate their gills. The surface area aftheir gills is e:
relative to other teleosts, allowing them to extract upwards of 50% of the oxygen in the
their gills (Joseph et al. 1988). Countercurrent heat exaless ganabjiishte(br
throughout their circulatory systemtabawtehtion of heat in their core which gives their st
muscles the ability of rapid bursts of activity that can send them through the water at ve
100 km/h. A high mass of anaerobic white muscle provides ameagylitibieal ther stioh és
already swimming at high speeds for extended periods of time. Their eyes are else fed
blood allowing them the same advanced hunting ability in deep cold waters as surface
transferred fromldloel bo the muscles more efficiently at higher temperatures (Bushnell al

1989). Without eyelids, they spend a life time surveying the sea. These adaptations cor

Pages|



however; large BFT must avoid remaining in warmer watedsfof txterdeith@ernan the
risk of overheating (Block et al. 2001; Teo et al. 2007). BFT with surgically implanted ar
been observed frequenting environments containing a wide rang@06t€nperitdures (2.8
maintaining consteamhal temperatures of 25°C through both behavioural and physiologic
thermoregulation mechanisms (Block et al. 2001).

1.2 Distribution, ecology and movements

Burdened with massive oxygen demands, BFT spend their entire lives (up to 32y
the oceans, swimming endlessly without rest. These wanderings can take them far and
fact three species of bluefin tuna that occupy all of the world's oceaiis itiyign@k the Atlar
PacificThunnus orientahsl southdurefinThunnus madcdyhis work focuses exclusively on
the Atlantic bluefin tuna whose habitat presently spans the entire North and Central Atlz
Sea, Mediterranean, North and Black Seas and the Gulfs of Mexicorgna@lingwrence.
and survey data agree that the majority of adults feed in the Atlantic Ocean, Bay of Bist
Gulf of St Lawrence during the summer, autumn and winter months. Their movements
dictated by the location of thedipgeyotea to-Atldntic upwelling areas, some to the cold
coastal waters of the North Sea, Canada, Iceland and Greenland, and others south to v
Caribbean, Canary Islands and western Africa. In the early spring, fresdatshigiary grot
ancient migratory routes that lead them to spawning areas in the Mediterranean Sea ar
(GOM).

Interestingly, the Atlantic species is the only bluefin tuna with more than one spaw
Recent studies using an alraglogies including satellite tagging, genetic markers and
microchemical analyses suggest that the population structure of BFT is much more con
previously believed (Rooker et al. 2008, 2014; Galuardi et al. 2010; Cermefio et al. 201
2013; Riccioni et al. 2010, 2013; Fraildts Eng@eBn recognized by fishermen, poets,
philosophers and historians that a group of BFT are resident in the Eastern Mediterrane
accounts suggest that this residers gartgpbdvenigratory route that stretches from the Bl
Sea, through the Sea of Marmara, into the northern Aegean, south to the lonian Sea ar

Levantine Sea. During the 1960s, the Japanese fishing fleet capBF&dlhthe gaastities o
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of Brazil and there have long been suspicions that they can be found in the southern At
particularly in the Gulf of Guinea and as far south as South Africa from January to Marc
Takeuchi et al. 1999).

e Atlantic Bluefin Range ——e Pacific Bluefin Range = Southern Bluefin Range
«l M| Atlantic Bluefin Spawning Area ’Q M| Pacific Bluefin Spawning Area & M| Southern Bluefin Spawning Area
" - ' - ‘T_.'«.‘
Atlantic % )
cean

'J Ocea

Pacific
Ocean

Fig. 2Geographic distribution of three species of blue@raenm{sdleteork in Boustany 2011)

After decades of heavy exploitation, the species began showing signs of decline ¢
to rapidly contract. Catches of BRI dvsengokaned from the North Sea in the 1960s, coast
waters of Brazil in the 1970s and Black Sea in the early 1980s (Mather et al. 1995; Fror
2005 MacKenzie and Myers 2007; MacKenzie and Mariani 2012). Worm and Tittensor
that in the 50 years following the 1960s, the abundance of BFT in the ocean reduced b
and their geographic range contracted by 53%. A renewed effort to learn more about th
spawning behaviour, migratory patterns, demegragiinity@potential began in earnest.

Researchers have made use of an array of techniques to deduce the movements
have been captured. At the beginrifiogmtitye R@f. Massimo Sella, the Director of the Ma
Biologicate®ion in Rovinj (Croatia), amassed a collection of fishing hooks that had been
BFT captured in tuna traps in the waters of Italy, Croatia and North Africa (Sella 1930).
knots used to make the hooks could be tiadddrigayrigintsthe Strait of Gibraltar. This was
likely the first tagging study to give information about the migratory behaviour of BFT af

Mediterranean. Similarly, various studies have documented the presence of scars and
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with cookie cutter $kigtlys brasilierstes on BFT captured in the Bahamas and the Canai
Islands as well as Norway and the Mediterranean Sea (Di Natale 2010). Since this spe«
found in tropical waters south of Capeliia¢t&taait of Gibraltar, this information started gi
biologists an indication of the latitudinal movements of BFT outside of the Mediterranea
the 1970s and 198fheologists and historians have also provided fisltenew/scientists wi
insights into historical BFT distributions and fisheries. Archeologists have uncovered bc
BFT in the northern Black Sea, as far afield as the Sea of Azov (Pantikapaion), a regior
haven't been observed for centesest @M&@07). Ancient Greek and Roman naturalists lik
Strabo, Aristotle and Appian wrote about angry herds of female tunas spawning in the |
which are now known as the Sea of Azov (Tichii 1917). This comes as norgasprise, sinc
once rich in shads, anchovies, sprats sardines and mackerels, all of which are favourite
(Morales et al. 2007). Much information can be gathered from Aristotle's History of Anin
seminal text, Aristotle speaks ffgand thatsummer in the Black Sea, winter in the Aegea
migrate through the Sea of Marmara, Dardanelles and Bosporus Strait during the sprin
Aristotle, it was widely believed at the time that BFT could see bettandwso$tiohir right e
migrated along the southern shore of the Bosporus when entering the Black Sea and e
shore, on the steps of Byzantium. During the 1970s and early 1980s, information conce
distribution of BFT in the Black Seagsacoindosnetimes contradictory. Some authors sugg
the species was limited to the western half of the Black Sea (Muus and D&hlstrgm 197¢
proposed that they could only be found along the sea's southern shoreh{®Vhitehead et
archeological and historical information suggests that the retreat from the Black Sea m:
before their disappearance in the 1980s.

Modern tagging technologies employed by wildlife biologists to track the moveme
animals ganin capacity for data collection and cost (passive tags, acoustic tags and vari
archival tag&ssive ID tag studies have shown that young and adult BFT display distinc
and seasonal movement patterns (NDethensy@8i)g BFF48kg) have been documented
making traldantic migrations betweerAttenticcBight and the Bay of Biscay (in both

directions). One exceptional case from 1962 is a single tuna released in the Bahamas ¢
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Norway less thamonths later (Rodewald 1967). Records of fish that migrated from the wi
suggest that this migration is intermittent and that the frequency and number of fish tha
might be influenced by environmental elements; suctsaswiesteliffer on an annual basis
(Rodewald 1967). According to a réaggingfdBta, Mather (1980) proposed the following
generalizations to be applied to BFT populations-tiarridg; theBF9b@pawned in the westerr
Atlantic contmate in the Withntic Bight during their first year. 2) Smkd)fige@@in coastal
waters of the-Midntic Bight during warm months and move offshore during the winter. Ir
westerly winds are strong, large contingestshef Btffantoo® the Bay of Biscay.-3) Medium
sized BFTs-{80kg) have similar movements as the smaller fish but exaggerated in scals
Gulf of Maine and the Grand Banks. These animals spawn in or close to the Gulf Streal
GJant BFT (>130kg) have even more extensive movements, expanding northward in the
into the Gulf of St Lawrence and Newfoundland, and south to Bermuda. In the springtin
spawn in the GOM, and adjacent parts of the CaAtidigarDamohthéne summer they either
feed off the coast of New England and Canada or cross the Atlantic to Norwegian wate
also offered the following description of the movement of eastern BFT, albeit characteri
as coegtural and enaplified: 1) Yoeokigeyear (YOY) concentrate off the Atlantic coast of
Morocco in the fall and approach the coastline in the spring. 2) In their second year, sm
further afield to the Bay of Biscay and soutleatcoastdbfid Canary Islands. 3) Medium E
enter the Mediterranearlim®l&yr spawning and return to the Atfardiasin Qahers
probably spawn sporadically somewhere in the Atlantic. Summers are spent in the Bay
the coasgt\orocco, while winters are likely spent in the vicinity of the Canary Islands. Gi
much the same migration patterns during the spawning season; however, large conting
west of the British Isles and summer off the codse gidvbsvilagt do make this journey arriv
lean and hungry after traversing the near barren expanse of the open ocean. All availat
data suggest that migrating tuna follow favourable currents across the Atlantiteshoweve
were unknown until the advent of archival tags.

Manytadies have usedppsatellite and archival tags in which BFT were tagged in th
western Atlantic (Lutcavage et al. 2012; Block et al. 2061.a2008; @4lsandet 4ll)20
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and the north eastern Atlantic and Mediterranean (De Metrio et al. 2001, 2004, 2005; B
Tudela et al. 2011; Cermeiio et al. 2012, 2015; Aranda et al. 2013). All of these studies
that BFT have wide migratory routeh¢hatlapaaic Ocean. To date none of these tagging st
have shown a single individual entering both the GOM and the Mediterranean Sea with
providing support for the natal homing theory (Rooker et al. 2008a). Indbsduatsl that hay
in the GOM forage along the east coast of North America, including the Gulf of St Lawr
as far east as a few hundred miles short of the north western tip of the Iberian peninsul
to the west. These individualsgeavehbserved travelling into the waters of Iceland, Greenl:
North Sea. Individuals that have been observed in the western and central Mediterrane
within the basin for years or enter the Mediterranean from Atlamtinefepagunggreaadon
only. BFT that migrate between the Mediterranean and the Atlantic have been observe
Canary Islands and as far north as Iceland, Norway and Greenland. They too forage al
the USA and Canaelangmto the Gulf of St Lawrence and skirting a trajectory tracing a ¢
between northern Florida and the Bahamas. Interestingly, no tagging study has ever sh
from the western and central Mediterranean migrating irstddahst loé\vargewe Sad the Gulf
of Sidra). Nor have any studies shown BFT from the Levantine Sea exiting the Mediterr
much further west than Sicily, for that matter. Multiple studies have shown mature indiv
both of the knaeproductive areas during the spawning season, suggesting that some of
skip spawning events or additional spawning takes place in the Atlantic Ocean (McGow
1989; Lutcavage et al. 1999; Block et al. 2001; Gdlp&ainaetiaét20. 2010; Wilson et al.
2011). A summary of the discussed tagging studies which amount to the lion's share of
electronic tags is provided in the Appendix.

Over the past three decades researchers have beerpesiiag ihfeaurogueopent of
the inner ear of fish, or otoliths, to extract information about theinistone petesnsnd life
(Campana 2005). Analysis of otolith chemistry can help to define life history variations \
populations, provideatifamrabout the movements and life history traits of single groups o
retrace an individual's movements through different environments, assess connectivity

groups, and determine parentage and natal origins of fishTE¢sdoanaical. 208&8)ure of
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an individual's environment is preserved in the layers of biogenic calcium carbonate (ty
deposited on the protein matrix that make up otoliths. Unlike bone, they are metabolica
that the annagtts of growth are neither reabsorbed nor reworked as the fish ages (Cam
Neilson 1985). Concentrations of several isotopes (carbon, oxygen, calcium, strontium
and elements (strontium, barium, manganese, iron ataéeadgaaim leger land can be
considered as a natural chemical tag or chemical chronology of an individual's entire lif
By analyzing each of these layers separately, researchers can trace the movements of
the natal origirndividuals based on the chemical content of the otolith core.
Researchers have been applying these methods to the study of otoliths of BFT, d
these structures confirm many of the lessons learned from tagging stuRltesk@rebker et a
al. 2003; Rooker et al. 2008a; Rooker et al. 2008B; Rooker et al. 2044 gargile et al. 201
attempt to use otolith microchemistry as a tool for population assignment of BFTs focus
in the concentration of sevemédlighemm, magnesium, calcium, manganese, strontium and
between various nursery areas in the Mediterranean Sea (Alboran, Ligurian, and Tyrrhe
Western Atlantic (New Jersey and Rhode Island; Rooker et al. 20038)ysisjrigooketivariate
et al. (2003) found significant differences in the otolith microconstituents of second yeal
(fork lengths betweéh &@) captured in the Western Atlantic (n = 12) and the Ligurian Se
Discriminant analysis, usixgleiments, indicated that 71% of these individuals were corre
assigned to the nursery sites that were captured in. When each element was analyzed
lithium showed significant differences between the two areas. Aeaammgamesorabdtween s
youngttheyear (28 cm fork length) BFT captured at three nursery areas in the Mediterr
(Alboran, Ligurian and Tyrrhenian Seas) showed differentiation between sites; however
sites also showed interannu&tdifidsetween age classes. Classification accuracy for all t
ranged between 62% and 85%, suggesting that the technique required additional optim
nursery areas contain individuals of mixed origin. Due to the low nulywsd of individuals
(between nine and 15 per site) and interannual variation within sampling sites, this stud
considered conclusive. In comparison, an earlier study by some of the same authors in

population structure of Pacificia{iefomiéntglisncovered much higher levels of distinction
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(assignment accuracy of 100%) between major nursery areas in the Pacific Ocean and
three elements (Rooker et al. 2001). This difference between resautlom tefaursery area
species is likely due to the fact that Atlantic BFT have at least two major spawning area
bluefin tuna has one.

A later study analyzing differences in carbon and idx3Qemli80pard (hany more
samples (B individuals per sampling location) was able to achieve much higher levels
(Rooker et al. 2008a). For example, the vast majority of adults captured in the Mediterr:
GOM showed evidematbiioming (95.8% and 99.3%, respectively). Smaller fish capture
MidAtlantic Bight area were shown to be of mixed Brigi¥o (ddsB8n origin). Large fish
captured in the same area and northwards into the Gulf of Mawre ace ceulfani&t.an
increasing proportion of western origin fish (94.8% and 100%, respectively). As such, R
(2008a) concluded thaittknatis easest migrations are performed for the most part by your

On the whole, the taymieg slescribed above indicated that giant BFT exiting the
Mediterranean after spawning are likely to be heading into the cold waters of the northe
Norwegian Sea and North Sea. Since large BFT are more thermally resistatiiagd bette
in colder waters, it may eventually be determined that selection of foraging waters is de
water temperature and size/age of BFT.

Similar studies using the same technique and many of the same sampling areas ¢
influace afLl3C concentrations in determining natal origin of BFT from a (Boiekgiof age cl
et al. 2008b, 2014; Fraile et al 2014). ih3Deasiedyo distinguish between individuals cau
in the Mediterranean and the Westdrtogditimaioaler et al. 2008b). Several studies showe
significant irs@nual variability in otolith chemistry at single sample site that was, for the
less than the differences found béRaeleer sited. 2008b, 2014; Frail) eCall@6tlvely,
these studies provide evidence that the feeding aggregatiorsitmtitdBigtiteaid Mid
composed of young BFT from both sides of the Atlantic (Roaeztietl alo200&tgnig,
on either side of the 45° Whneistnagrendary, contain a mix of adults from the east and wes
et al. 2014), and 3) Bay of Biscay are juveniles and adults of eastern origin (Fraile et al.
giant BFT found in theatdexrs Brunswick, Prince Edward Islarfsicatid Watin the Gulf
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of St Lawrence as well as the Atlantic coast of Nova Scotia are almost exclusively of we
(Schloesser et al. Zfibined, this data tells a tale of juveniles with more limited migrato
movements, highly migralesgeuts that remain in relatively warm waters and adults that
increased latitudinal movements, entering into colder regions, yet remain closer to spav
younger immature BFT.

In 2009, the feeding aggregate in the BanytaihBseasnoall number of individuals
(2.7%) of western origin; however, this representation decreased to zero in 2010 and 2
the magnitude of transatlantic migrations differs from year to year, confirming the aforel
hypothe¢Rodewald 1967). Close to the Strait of Gibraltar, western immigrants have bee
Moroccan traps but appear to be absent from traps on the north side of the Strait in Spe
Portuguese waters (Rooker et al. 2014). BFT caughinid the BalEasatslands, Sardinia
and Malta all seem to be of eastern origin, while several individuals appearing to be of \
been captured near Cyprus (Rooker et al. 2014). According tofRbitidd@tvalug04),
were significantly higher for YOY captured in the eastern nursery areas (Mediterranean
Biscay) in which the water is both cooler and more saline than the GOM and east coast
Additional sampling in the northern AegaamdvBlank Sea should be conducted in order t
determine if these wgpeBFT caught near Cyprus are not a third group with distinct otol
chemistry influenced by the uniqabeyhicsitoharacteristics of those water masses where
spawningdamursery areas were once suspected in the past.

Finally, PCBs and organochlorine pesticides have also been used to confirm the ¢
conclusions of natal homing and mixing of both stocks in the western Atlantic (Dickhut ¢
this studgad YOY (28 cm FL) captured offshore freAtldrioniRight as a baseline for
western origin fish, they may have sacrificed some assignment power as this region is |
mix of young fish from both spawning areas. Additsoaied cadgutetido compare fish of
different age and size using this method as these chemicals accumulate in tissues as B
age. The authors suggest that young fish captured in the Mediterdddeean Sea with weste
concentrations ofgrdBun their tissues are representative of young BFT that migrate to tf

Atlantic within their first year, taking on characteristics of those waters and return to the
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years later for spawning. In this way, this methodolagyricetignosicbut BFT movements a
well as origin.

The development of genetic techniques as a means of determining genetic popul
can be viewed as a means to overcome the interannual variation endemic to otolith che
whicls subject to environmental variation as well as the prohibitively expensive satellite
methods and inability to attach large tags to young fish. The use of molecular technique
ends will be discussed at length in Chapters 5 and 6.

1.3 Reproductive biology

When sexually active, BFT are broadcast spawners that aggregate in favourable
spring spawning season (conditions and locations are described in Chapter 2). Accordi
BFT from the western Adaahtianaturity aft@ry@ars while those in the easténgdars at 4
(Baglin 1976, 188&iero et al. 2D, and Turner ZR@ME confusion persists as to the actu
definition of maturity; whether it pertains to individugsilreqPd Specifichose that are capabl
of producing gametes (vitellogenic oocytes) or individuals that are actively participating
events and contributing to recruitment (Corriero et al. 2003). Diaz and Turner (2007) es
maturitipr BFT in the western Atlantic using extrapolations from the average length of fi
Japanese longliners in the GOM between January and June. Using this method loaded
(only mature BFT are present in the GOM durirg]lthregarm&iiidrom the west enter the
GOM for spawning, Japanese longliners catch an unbiased representation of all age cl:
estimated that the age of 50% maturity is around 12 years and concluded that the numl
maturity beftive age of 9 is negligible. Not only is this estimate scientifically questionable
rather unrealistic to consider that BFT in the west yeatte éatefulh&n eastern fish.
Considering that many juvenile and adolesceiaisBifi ahtbotlestern origin spend their first
years feeding together in the western Atlantic, it is unlikely that a difference in maturatic
of diet or environmental conditions. This leaves genetic differences asfthie sole potentia
history differences; dpwewetic differences between the two Exmpligtiooisgreat enough
to cause such heterdgeerdithhapter 5)

Gauging maturity based on a gonadosomatic index (GSl), which is the ovary weic
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percentagfeotal body weight, offers a much more direct analysis of sexual development
females should have a GSI ranging between 2.0 and 5.3 and a higfapgeporadhatf yellow
are 0.862 mm in diameter (Baglin 1982). Using botlstble @&l amalysis of ovaries,
Baglin (1976, 1982) estimated that western BFT begin to mature between the ages of £
the same methods, Medina et al. (2002) estimated that BFT begin maturing at 3 years ¢
reports of regidifidrences in BFTs, such as higher GSls in Eastern Atlantic medium size
ovaries in giant fish from the west (Baglin 1976, 1982) and slight differences in second
and number of pectoral fin rays (Rivas and Matherafi®wdsteas BFT are probably more
similar than much of the literature suggests. These differences are likely a result of sarn
than anything else. In fact, a 2014 study using a novel method for assessing sexual ma
characteriaatof int@tuitary gonadotopins, determined that the current paradigm of differ
schedules on either side of the Atlantic is false (Heinisch et al. 2014).

As with many other teleost species, female BFT have higher fecuretiys(number of
that can be released within a single spawning season) at larger sizes (Baglin 1976). Fo
measuring 205 cm and 156 kg are capable of releasing 13.6 million eggs, while a fem
length (fork length) and 284 kg can casyt@smalipn eggs (Baglin 1982). Mature eggs
measuring around 0.47 mm in diameter (dependent on water conditions like salinity anc
begin to develop when mature BFT enter into spawning areas where sea surface tempe
20.5°(Richards 1976; Medina et al. 2002; Alemany et al. 2010). The ambient sea surfa
the Gulf of Mexico during the spawning season is normally >25°C, much higher than lal
accustomed to in the Atlantic Ocean. As a resyltethperetancbaidBFT in the Gulf of
Mexico during the spawning period (26.7 + 1.6°C) is roughly 2°C higher than when the
the Atlantic Ocean (24.7 + 2.3°C; Teo et al. 2007). Similar &hif&panese@hbd in the
Levante Sea during spawning events (Karakulak et al. 2004). Tagging of mature adults
of Mexico during the spawning period has revealed a unique spawning behaviour descl
oscillatory diving during the night (Block et a@l.a2202QQTed his behaviour may be an atten
at thermoregulation, wherein diving into cold deep water (203 £ 76 m) provides the nec

from surface waters, while frequently returning to the surface maintains their presence |
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aggregation for as long as physiologically possible. Alternatively, rapid and repeated mc
depths of varying temperatures while maintaining a higher than average body temperat
in stimulating the release of gametexr&@veoubs, spawning of BFT appears automatic a
even been observed in fattening cages in the Mediterranean (Gordoa et al. 2009). Held
surface waters and prevented from diving into deeper waters, these captve BFT are lik
response to increased body temperatures. -Oeigardgreratpdse to release gametes may
account for the occurrence of eggs and larvae outside of known spawning areas (Baglil
1976; McGowan and Richards 1989). Givandnagesdaatemperatures, BFT may be
stimulated to release gametes in less than favourable bodies of water in the absence o
Immediately following repeated spawning behaviour, whiokelessBESTfewin to deep
waters, as ifnreHort to cool down as quickly dBloaksdblal. 2001; Teo et al. 2007). Given
these observations, rising sea temperatures resulting from climate change will almost ¢
impact on the spawning behaviour and location of BFT.

Thereaseven oocyte developmental stages in the ovaries of BFT: perinucleolar, |
vitellogenic, late vitellogenic, migratory-hydtatex] ared hydrated (Corriero et al. 2003). Wi
spawning areas, several of these developmembalnstagaesagihiedish captured there,
indicating that BFT are asynchronous multiple spawners (Medina et al. 2002). In the Gt
spawn during April, May and June with a peak occurring in late May and early June, wt
Mediterraneandtics during May, June and July with a peak in the eastern Mediterranear
early June followed by a peak in the western Mediterranean in late June to early July (E
Richards 1976; Karakulak et al. 2004; Heinischgh at 20281Kh

Once fertilized, eggs passively float in the water currents and hatch after approxir
(De Metrio et al. 2010). The waters that larvae are born into are usually oligotrophic anc
their yolk sac they begig f@edmall plankton after 3 days. ByhdéshZtgp&$iT larvae
become aggressive predators, consuming large amounts of pelagic larvae of other fish
conspecific eggs and larvae (De Metrio et akNe/EMBY, iyidingBR §row to be about
40cm in length, at which point they begin to aggregatersorastemusagvareas
(Mather et al. 1995). After one year, BFT grow to be more than 50 cm in length, by theil
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have grown to approxinmatelyehgth and by eight years they weigh over 100 kg (Restrep:
2010). Given the opportunign BFeTaver 30 years of ego r@adh over 3 m in length (Mathe
et al. 1995; Restrepo et.al. 2010)
1.4 Fisheries

Exploitation of BFT stppkertaustrial civilizations certainly had an impact on our col
development; influencing trade routes, organization of labour, politics and the way we r
of the sea and coastal lands (see Chapter 6 for further itattelshhé L0t that the
pendulum swung the other way and humans started to have an impact on populations ¢
Following World War ll, rich fishery grounds reopened and the American industrial com
state of historical capac#ycdnneries were the third largest employers in San Francisco ¢
super trawlers were opening up new areas of exploitation. Devastated by the ravages c
refocused on the sea as source of protein for their impoverishdit inassestana wWesRo
play a major role. Following market scares associated with bluefin tunas tainted by botf
radiation (a result of the USA's testingnad diteBikini Atoll), Japan's fishing fleets expandet
beyond the Pacifin@odebegan capturing bluefin tunas in the Atlantic in the 1960s. The
the fleet and popularity for fatty tuna meat was the result of the introduction of mechanis
that was then available in homes, restaurants adrfdRicharttaidllEa: A love story
(2008), he credits the moment that the BFT market exploded to the arrival of two Japan
off eastern Canada and New Engla@d2nTl8¥ Japanese were willing to pay fishermen an
of money fo@nole bluefin that were, until that time, unheard of. Witnessing the profits to
European countries started to abandon the traditional, seasonal and fixed method of fis
and began modernizing the bluefin fleet in affiEtdceestplcis year round. Armed with spo
planes, gilinets, longlines and purse seiners, a reckless assault on the Mediterranean c
north eastern Atlantic, the Norwegian purse seining fleet expanded rapidlyeand yielded
more than a decade (Miyake et al. 2004). Under pressure from both legitimate and clan
historical stocks of ABFT vanished from the North Sea (1960s), coastal waters of Brazil
Black Sea (1983) (Mather et al. 199%i N@@#keFromentin and Powers 2005). In the west

similar pattern of dramatic increases in both fishing capacity and catches was followed
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some two decades after the birth of the fishery. The demand for BFT Jaggha kashimi ma
greatly increased its value and as a result the rate of exploitation (Ellis 2008; Fontenea
2009; Longo 2011). This unyielding appetite for bluefin tunas and the profits to be had 1
exploitation has led Dr. Barbapad3tddke world's leading experts in the species, to famot
nscfr JON SINPONS wWs [ oON Yprpuwdr N re [

mifNedrs (wrn Jr scr N NI[N[[ mgsamonga [ | [
few people with excessive appetites for luanaradngatisplays of wealth. For all the

difficulty with management politics, in no sense can these fisheries be considered as pr

| N GwssNs. b

1.5 Conservation and maagement challenges
1.5.The International Commission for the Conservation of Atlantic Tuna

In 1965, the Food and Agriculture Organization of the United Nations called for a
plenipotentiaries to prepare and adopt a conventiohdstahkspurg@eommission for the
conservation of tuna alikkettishes in the Atlantic Ocean. At that meeting, which took plac
de Janeiro during May of 1966, the International Commission for the Conservation of A
(ICCAT) wasabdished by representatives from 17 countries. The commission was ratifie
charged with the responsibility of managing thirty species of large pelagic fishes, includ
swordfish, billfish, mackerels, and the shortfinghakoiandeAtéantic Ocean, Gulf of Mexic
and Mediterranean. ICCAT now consists of 50 contracting parties (CPs), of which the E
partyBFT are managed as two stocks separated by the 45°W meridian: a western stock
individuslsupposedly spawning in the Gulf of Mexico and foraging in the north western /
eastern stock with spawning areas in the Mediterranean Sea and foraging waters in the
north eastern Atlantic (Block et al. 2005; ICQ@#u20i09) stfucturing does occur within the
Mediterranean Sea, as some experts have suggested (Carlsson et al. 2004, 2007; Fror
et al. 2010, 2013), then replenishment ofexpalasieassuil not follow a scenario consistel
with the existing stock assessment model.

ICCAT's scientific committee, the Standing Committee on Research and Statistics

made up of scientists from various countries who compile catch data, produce statistice
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population treartts offer advice for management policies. The Commission's managers a
expected to use this scientific advice to draft fishing management policies which take tf
recommendations to the member nations. Recommendations arenisssae by a simple n
consisting of a quorum of 2/3 of the fifty Cps, who each have a single vote. Each CP is
implementing, monitoring and enforcing recommendations.

In 1981, ICCAT adopted strict catch quota regulations in the Welseefiedttlantic whe
consists for the most part of vessels from Japan, the USA and Canada. Quota regulatic
the eastern Atlantic until 1995. Due to the economic interests at stake and the overcaps
European fleet it is unsurprisirsgeparting and fraud are causing management efforts to f
2006, ICCAT introducedanmuddi recovery plan which has contributed to a decreased ovi
harvest of both adult and juvenile fish (ICCAT 2006b). Between 2007 aamite20@8, the EU
short term (6 month) emergency conservation regulation in response to new evidence «
practices by six EU countries. Stocks are finally showing signs of improvement and WV
the BFT's recovery a resounding siaceess @BaR; ICCAT 2015b). Although, the rate and
of this recovery is still very much uncertain, as the SCRS admits that the quality of data
by fishery dependent sources are inadequate to formulate an ad¢tG@aLeTs20diBassessme
Fromentin et al. 2014). The SCRS is advocating caution until the speed and magnitude
be confirmed (ICCAT 2015). As such the SCRS was unable to agree upon an upper lirr
Allowable Catches (TACs) that wophtdiat the recovery of the stock in their 2015 report
commission. The SCRS did however, suggest a gradual increase in the TACs to a leve
precautionary maximum sustainable yield (MSY) but were unable to agickeatpoh a time
increase. In response, the commission has decided to increase the quota by 20% per y
years, stagtin 2015. In essengeadas/1.5% increase in the eastern Atlantic and Mediterr
guota between 2015 and 201Y. (Tabl

1.5.2 Poor implementation of management plans
Despite the presence of ICCAT, BFT stocks continued to plummet throughout the
1990s. owv] +twedrw (2001) [Brf N, YULQN T

actt fwysn BNNr1I NBI re SNINBNJTt NNYIN[NN e
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Safina is referring to the fact that between 1970 and 1989, ICCAT and its member parti
disappearance of 90% of BFT giants (>8 ydéanedaunt 50Udy6ars) in the western

stock (ICCAT 1991). Although the commission was advised by the SCRS at the time to
as close to zero as possible, they continued to allow an 2t@dadayues i XbéEntific

monitarg during the 1980s, while catches of adult BFT continued to plummet (Fig. 3; Se

Table:1Sciendrmmsed TAC recommendations provided by ICCAT SCRS, catch quotas set by ICCAT, yie
contracting parties, and SCRS estimgiels afi aovttiat tonnes by year (ICEABL995

Year Sciendeased TAC Quota set by Reported yie SCRS estime
recommended (t) ICCAT (t) (t) (1)

1996 N/A N/A 46,033 >50,000
1997 N/A N/A 46,983 >50,000
1998 20,000 N/A 44,700 >50,000
1999 <25,000 32000 32,454 >50,000
2000 <25,000 29,500 33,754 >50,000
2001 <25,000 32,143 34,557 >50,000
2003 <26,000 32,000 28,205 >50,000
2004 <26,000 32,000 32,567 >50,000
2005 <26,000 32,000 35,845 >50,000
2006 N/A 32,000 30,647 >50,000
2007 15,000 29,500 32,98 61,000
2008 15,000 28,500 23,849  25,7684,120
2009 8,504.5,000 19,950 19,751 18,308
2010 13,500 13,500 11,328 N/A
2011 12,9003,500 12,900 9,779 N/A
2012 12,9003,500 12,900 11,474 N/A
2013 12,9003,500 13,500 13,133 N/A
2014 12,9003,500 13,500 N/A N/A
2015 *23,256 in steps egears 16,142 N/A N/A
2016 *see above 19,296 N/A N/A
2017 *see above 23,155 N/A N/A

*SCRS scientists were not able to reach a consensus on the number of steps to comple
plan, or on the reamag strategies.
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Fig.3 Reported catch of BFT in the Western Atlantic from 1950 to 2013 by fishing gear (ICCAT 2015).

In the eastern Atlantic and Mediterranean, the Commission set catch quotas well
recommended by the S@R8aemtween A992009 (Tableng)cdtches that were reported
to the commission by the contracting parties during that period were consistently highel
except for 2003 and 2008, which revealedi€gfanceaekt capaet@RS estimated
that the actual catches, including IUU fishing, were consistently 2 to 3 times higher thar
limit. The most exaggerated difference between scientifically advised limits (15,000 t) a
(~61,000 t) was in 200araafeey@CCAT published their Recovery Plan (Fig. 4). An indepe
review funded by WWEF revealed that EU vessels from France, Spain and Italy (France
collusion with Libya, were largely responsible for the IUU fishitip@sringt tleel éaudyich
high catches above and beyond the quotas (WWF 2006). The years of frustrated negot
intrigue that paved the way towards reform are detailed in Safina (1993) viéamy of the n
held behind closedataoirs/olved the influence of both industry and conservation lobbyist
from the SCRS certainly showed the way forward and many of the contracting parties v
reform; however, several countries consistently sabotagadeati¢hs spessesnuhph path
towards collapse. Some conservationists blamed ICCAT as a whole and crowned the c
moniker of the International Conspiracy to Catch All Tuna. The way in which many of th

of ICCAT have faileddtduphir responsibilities, while others have actively withheld data &
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Fig4: Reported catch of BFT in the Eastern Atlantic {&Tdf)esmd(ME®) from 1950 to 2013 together with
estimate of the unreported catch (calculated by the SCRS using fishing capacity and mean catch rates
decade; ICCAT 2015).

An independent performance review commissioned bgt€@RERAOBFT

attracts 85% of the media coverage and criticism from the international community, des
species accounts for only 7% of the overall tuna caught within the concerned managen
al. 2008). The authorserethatkhe challenges faced by ICCAT are shared by all regional
management organizations (RFMOs); however, ICCAT's exceptionally high membershi
contracting parties (over twice as many as all other RFMOs, asidetfimas 2@ WCPFC wr
exacerbate the issues. When too many politicians gather around a table there is a tend
focus more on one another and the process of negotiating for higher allocations than or
leading towards sustainability {@lL2aii e The authors concluded that the failure of ICC/
reach its objectives is in a large part due to the lack of compliance from many of the CF
the problems plaguing the commission could be fixed if the CRsihilifikesdatihe iadbésped
Jr JoNn BNprprN[IQW ¢rrs 1TBr1LONNN Mt [ ®N
reasonably sound conservation and fisheries management practices, which, if fully impl
complied with by ContractingCPaperating-Gontracting Parties, Entities and Fishing Entiti
(syoes), {rfin @owi N mMNN[ NIJNPJ NN [ r mN
Moreover, the SCRS appears capable of providing sound advice to teestgmiincession, de

challenge presented when CPs routinely fail to deliver data, which is often inaccurate, c
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review was performed in 2008 and many improvements have been made since. Quota:s
drastically reduced since then, ILHd beleingtidressed and the stock is finally showing sig
improvement (Garcia et al. 2013; ICCAT 2015b).

The BFT fishery isn't unique in regard to inflation of quotas by CP representatives
ministers in particular. A 2011 studyhatbetatedrt 1987 and 2011 politicians chose to incr
scientifically recommended TACs for 68% of eleven commercial fish species across nir
zones (O'Leary et al. 2011). Politicians set TACs lower than scientifically advised in onl
reviewed. On average, politicians set TACs 33% higher than scientifically advised and i
Ba of Bay Biscay managenpatitiai@as set TACs 1100% higher than advised for hake. T

wasn't a single case hyd¢he fdriod in waitloratorium advised by scientists was enacted i

twWwf. toN Wfferes prepgafnNn Jowl Yysrnfr

cordsINBSU pul wyrodNs nodéssNEWBN 6rB sNONY
1.5.3 lllegal, Unreported anthtéaréigheries and Flags of Convenience

As previously mentioned, ICCAT has a membership of 50 contracting parties, incl
countries that do not border on the Atlantic Ocean but obviously have invested interest:
live there (Republic of South Korea, China, Philippines, Japan and Vanuatu). All contre
have a single vote in the commission, including the EU which is considered as one sing
party. One interesting and concerning case is thatadf Racifiats|aand nation of 228,000
residents which also has a vote on the commission. According to the list of vessels long
length that are registered with ICCAT and authorized to operate in the convention area,
vessels tiiathe flag of Vanuatu. Upon closer inspection, 14 of these vessels are operate
corporations. In fact only one long lining vessel is owned and operated by a company fr
Other countries operating vessels with the flag aiwéan(@tuClrea (1) and Namibia (1). TF
actual owners of these vessels have addresses in Panama (8), Singapore (3), Seychell
Cook Islands (1), Taiwan (3) and China (1). Moreover, sixteen of these 20 vessels are
authomtion to receive transhipments from vessels registered in Japan, Taiwan, South K
Belize and the Philippines. The same applies for the 18 vessels flying the flag of Belize

are owned and operated by companies baltleduglBetine. oAthe Belizean vessels are owi
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or operated by Japan, three carrier vessels are owned and operated by Chinese corpot
are under the yoke of companies in the USA, Estonia, Greece, Spain, Ghana, South Af
Germamyy n J N @81 rBt o9rwsf . +NUN[[JNN[ rre [
dgdfrc yr. | P wrn weN cfJr N Wrn ryNBW NN T
in Taiwan. Registering a vessel in a sovereign stateedifigr'sravinoers in an effort to avoid
regulations and give the appearance of capacity reduction is a practice known as purch
Convenience (FOCQC). If the state issuing the FOC decides to remove a vessel from their
the prileges of their flag, vessels can obtain a new FOC from another state within 24 hc
2004). In fact many vessels change both the name of their vessel and FOC on a regula
Yoo ¢ [ &P) & renNB [ r wrrén [ BWpNwmo 4
Japan ahaiwan have long been a challenge in the management of all species of b
Pacific, Atlantic, Indian and Southern Oceans. Mengerink et al. (2010) explains the poli
and tribulations shared by these two tuna natmndetaéni@utangi the early 2000s, Japan al
Taiwan were both encouraged to reduce their fishing capacity and instead of doing so,
decorated their vessels with FOCs and moved their fleet abroad. When pressured furth
the offensi and attacked Taiwan's overcapacity and overuse of FOCs. By 2004, 50 out
longdining tuna vessels with freezer capacity were flying FOCs from countries like Vanu:
Belize, Cambodia, Bolivia and Georgia. BetweenJ2pa0 publi280dirculated reports
condemning Taiwan for lllegal, Unreported and Unregulated (IUU) fishing practices at s
of the Western and Central Pacific Fisheries Commission (WCPFC). Several years afte
to expose Taivlagsl operations, it surfaced that Japan was hunting southern bluefin tur
times higher than their quota allowed and were actively concealing their catch data fron
same time. The managing director of the AusthMéiaadasmemieAuthority, Richard
McLoughlin had this to say about this revelation in 2006, "Essentially the Japanese hav
worth of fish from the international community [by dint efapeitemiisbimipand their
import of blwefrom IUU vessels], and have been sitting in meetings for fifteen years sayi
18BN ws JoN nedUN[ S[rfP (tPpONOMNE N[ L
IUU fishing activities are also occurring within the Atlantic, in recent years and by
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have perniitperate there, issued to them by ICCAT. Cross referencing of all vessels c
ICCAT Record of Vessels with the Greenpeace International Blacklist, a database of fis
companies engaged in lllegal, Unregulated antd ) rsieipgrtpdodUces a list of 8 vessels wi
guestionable pasts. One of these is a Taiwanese owned freezer cargo ship (Lung Yuin)
Vanuatu which was inspected in Japan in 2004. The Japanese authorities discovered tl
had ceived trastspments of frozen bigeye tuna 25 Taiwanese vessels and three Vanua
fishing boats owned by Taiwanese companies which all gave false information about w
been caught. The Lung Yuin also had two log bdokssangeohnehibe other false. Among
the 25 Taiwanese longliners that provided false information to the authorities are the Y
Shin Yeou 6, both of which are on the list of vessels currently operating with ICCAT pel
Atlantic. Alsa the list is a Spanish vessel (Albacora Uno) accused of shark finning in the
Islands and illegally discarding a ton of skipjack in 2012, an Italian longliner (Biagio Anr
illegally using driftnets in the Tyrrhenian and Riyién Swrawier from the Russian federatio
(Kapitan Bogomolev) illegally fishing in the watéraréssBiesgal in 2013, a south Korean
longliner (Oryong 316) accused of not reporting its catches during 2006 and a purse se
Frenctompany and operating out of the Ivory Coast (Solevant) illegally fishing in Liberie
a fishing license in 2012. The fraudulent commercial practice of purchasing FOCs for v
registering shell companies abroad with thenpdttimigatlofields to a corporation's sovereic
state is known as fish, seafood or food laundering.
1.5.4 Sea ranching

Much of the BFT fishery is now focused on sea ranching, a fishing practice by wh
bluefin tunas are encircled lngéhakgenpts and towed to cages to be fattened for several ir
years before slaughter. Sea ranching operations can now be found along the coasts of
in the Mediterranean and the Atlantic coasts of Portugal anic®bescgreathispndcsed
stock assessments that rely on accurate estimates of length, weight and age at capture
are moved from purse seine nets to towing or transport cages and then into fattening c:
inevitably mixaminbined and confused. The increased popularity of purse seining and gr

number of BFT has heralded the decline of the traditional trap fisheries in the Mediterra
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maintained a consistent 500 year record of standiantdi@etté<himg @nching activities
involve live, fast swimming BFT underwater, it is very difficult to estimate the biomass o
from the wild and placed into captivity each year. From 1997 to 2004, while reported pu
were bgmeduced, exports of BFT from Mediterranean ranches to Japan increased rapi
exceeded catches (Miyake 2005). While a portion of this unaccounted for difference be
catch can be credited to the fattening of figlesitigeatsd$U fish being laundered through tt
growing number of farms (De Stefano and Van der Heijden 2007). It's been estimated t
2011, approximately 60% of the eastern BFT catch ended up in tuna fattening farms (O
Assuch, ICCAT has now requested that a percentage of every transfer from purse seine
cages is sacrificed in order to estimate sizes and weights of the fish captured via extrar
random sampling (ICCAT 2010b, 2012b). , Mautl cequge an estimate of the total numbe
fish contained in the nets. Developing accurate stock assessments in the past were diff
now the SCRS is forced to make estimates from random samples of random samples ||
and the complexity of the issues have multiplied. The task has certainly become more ¢
observers who are incapable of counting fish in the water, unless they join them. WWF
concern for the ease with which the huntaidaransherseds will be able to launder IUU fis
through the burgeoning tuna farm industry (ICCAT 2015b). For several years, ICCAT al
SCRS have been working on developing a underwater camera monitoring system capa
andsimating their biomass as they pass through the doors connecting cages. Unfortun
technical issues (imaging system has problems with multiple fish entering the cage at o
estimates reduces wrpendicular orientatibnrofrissit of camera, reduced water visibility
influences accuracy of estimates) have slowed the introduction of this technology. Ranc
provided new opportunities fishermen to profit from the capture of smaller BFT because
eventualhe fattened to an acceptable market size within the cages (De Stefano and Var
2007).rémentin and Ravier (2005) suggested thaviddhisbapyure of juveniles (>35kg)
than the fishery could sustain higher levelsarickpéostiaotrcould be more productive.

Not only does tuna ranching threaten the welfare of BFT stocks but it's also an inc

inefficient food production practice from an ecological perspective. Some 20 kg of bait f
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produce 1K®BFT, which is the highest food conversion ratio (FCR) of any farmed fish in
(Volpe 2005; Longo 2011). Since the rapid expansion of the ranching industry, bait fish
been placed under additional pressure and EU oecedhés ianparobdit fish to feed their
captive BFT. Europe is injecting millions into subsidies for an industry that is literally co
wild stocks of herring, mackerel, sardines, anchovy and squid into sashimi to feed the J
1.5.5 Sudhies

The rapid growth of the tuna ranching industry (vessels and fattening cages) has
subsidized by European taxpayers at both the federal and EU level as well as investme
multnational super corporations from arouddpae inguatticular (WWF 2004; De Stefano :
Van der Heijden 2007; Longd20fyocrisy of EU subsidies, which are intended to reduc
pwywnoéft, rwnN [JeN eoNwyniLdrNs 6r 2009 [a
been spent on new purse seiners and modernization of existing ves3eldogteveen 2000
2009). The industry has also been effective in taking advantage of a legal loophole allo
windfall in subsidies intended for the development of aquaculture in the EU. |a essence
capture fishery masqueragiragalsure. WWF estimates that between 2000 and 2003, the
ranching industry has obtained inl&2€essllcdn in public funds for operations in the
Mediterranean Sea (WWF 2004). Savvy operators can acquire as much as 75% of initi
from national and regional government bodies for new ranching operations WWF 2004
transfers from the public to the private sector have become a serious threat to sustainal
because they distort investment decisions for modernization of fishing fleets and the ex
ranching operations (Sumaila and Huang 2012).

1.5.6 @lective fishing practices
Each fishing gear used to capture BFT is subject to both time and area restrictions. For
example, in 201fargescale pelagic longline vessels over 24 m are permitted to operate in t

Atlantic and Mediterranearaftaaryitd 31 May with the exception of the area delimited by
10°W and North of 42°N, as well as in the Norwegian Economic Zone, where fishing is
August to 31 January. Purse seining has a much more restricted 2@ &éay totéidh runs fro
June in the eastern Atlantic and Mediterranean and from 25 June to 31 October in the I

Economic Zone. While longlining targets various age classes (as well as numerous spe
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including turtles, sharks and sealivesinoveh geriod there are concerns that purse seinin
which takes the lion's share of the annual quota (Fig. 5), targets a more restricted range
Historical accounts and observations by modern fisheries scientistsdsungjg®st that age cl
completely and that the older larger BFT enter the spawning areas and are followed lat
less fecund age cBadbarf 185#bhis is the case, then the quota given to the Spanish pul
seiners operating in the Meditenreineeas filled in 23 hours in 2014, is likely to consist of
limited variety of fish as they pass through the narrow Strait of Gibraltar. Furthermore, t
group is targeted by both purse seiners and longliners durintpt@# Meglkndfettliddy

gear types are in use in the same area. This targeted selection of a restricted age class
impacts on the demographics of the species, reduce recruitment rates because of the s
large more fecunddudis and confuse stock assessments that rely on accurate age comj

estimates.

70000

s Bait boat
= Longline
s Purse seine
— Traps
mmm Others
Unreported estimates
50000 | —TAC

Yield(t)

Fig5: Reported catch of BFT in the Eastern Atlantic and Mediterranean from 1950 to 2013 by gear type
estimate of the unreported cat@{®)CAT

1.5.7 The Atlanite research programme for bluefin tuna (GBYP)

In 2008 the SCRS proposed to the Commission that a programme be developed |
into data mining, aerial surveys, tagging design studies and prograemaieoordination is
Several Contracting Parties agreed to the value of such an endeavour and expressed &
providing additional funds for its initiation. A Steering Comm&ER SdbkaimjriggHECAT

Executigecretary or his/her Assistimtuma rapporteurs, and an outside expert in tuna re:
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was appointed soon thereafter. The adopted name for the programme was the GBYP, «

Lfrw BNWEB ysr aswrr N, [ odpwide researgh preghammenfor mn

df twrfonp Jfrwbkp. toN YBrEsWrrN Jws orof ¢
1. Improve basic data collection through data mining (including information from traps, «

VMS), developing methods to estimate gezk e EHfmlatwag accurate CPUE indices for
Mediterranean purse seine fleets, developnnete oéfidbrtiegormation surveys and
implementing a large scale scientific conventional tagging programme;

2. Improve understanding of key biotmderatahprecesses through electronic tagging
experiments to determine habitat and migration routes, broad scale biological sampling
dead fish landed (e.g. gonads, liver, otoliths, spines, etc.), histological andlysas to detel
reproductive state, biological and genetics analyses to investigate mixing and populatio
ecological processes, includingEgdelaionships;

3. Improve assessment models and provision of scientific advigghamptoelegtatus thro
modelling of key biological processes (including gemntitraedt$ideikher developing stock
assessment models including mixing among areas, and developing and use of biologic
operating models for more rigoranemapiga testing.

In order to assist the GBYP participants, ICCAT recommended that the Contractir
Cooperating-6ontracting Parties, Entities or Fishing Entities should provide maximum a
the procurement of permits to reperate maritime areas and the airspace over these area
GBYP was granted a 20 t research mortality allowance and exempted from size limits,
restrictions and seasonal closures (ICCAT 2011b). During the first yedt,@dfgpegations, o
were focused on aerial surveys, data mining and tagging. In its second year, the GBYP
dbrnifnN JoN Ydoér raEedpwy wrn SN{N[ON suwr
and 7 sabntracting parties fromttidsand specializes in research focused on otolith
microchemistry and shape, genetics and growth calibration. Between 2012 and 2014, tl
sampled 8,842 BFT, acquiring 4,165 otoliths, 626 gonads, 6,107 muscle and fin tissue !

researplirposes.
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Overall, the scientific and economic conditions have been suitablealgsisrodmbitiol
the population structure of BFT. The conservation demand, willingness of the industry t
scientific endeavours and politidal sepgarth all made it possible for the most comprehel
genetic survey of BFT populations to date. The following chapters detail three years of
of novel insights into the population structuring and spatial dyngradas aridtihen both s
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Appendices

Appendix BSAT trajectories of A) 13 BFT tagged in Barbate (Spain, n=7), Sardinia (Italy, n=2), Corsic:
and Chalii (Greece, n=1) between 1998 and 1999alemb&syd at liberty rbatyecen 5 246

(from De Metrio et al. 20B))@®BFT tagged in northern Cyprus and the Bay of Antalya in the Levantine
Deployment (+) anfl pop ( ys)of the sgtellitp thgs reEasegs8at libgrom De Metrio et al. 2004). C)
PSAT pap locations of 52 BFT tagged in Cyprus, the Levantine Sea, the Aegean, €3@@idayand Sardin
The report does not specify date of tagggingroweide trajectories between taggnipeatibpsefrom De
Metrio et al. 2005). All images have been modified using GIMP 2.8.14.
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Appendix RSAT trajectory of a single BFT (203 cm CFL at release), tagged spéldrthr€arolina, tha

consecutive years in the western AR (89710 a-Adaatic crossing inMddbeerraneanBleak
et al. 2001, modified with GIMP 2.8.14).
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Appendix 3. Léfgsitions of PSAT tagged BFTroetezsechtionsfes) in the USA between 2008.and

a)36 BFT claesifas western breede27(2® CFL at release, median time at laby26BS Taya3sified

as eastern breederd R2OM £FL at release, median timedayla)y2682BFT that did not visit the eastern or
western spawning areasq202 €FL at release, median time at large 141days). Triangles in all figures re
popup location (fdlock et al. 2005, modified with GINRRgRR SN Trajectories of 13t&gded in the

Western Meditegan during early Jur20DOSter more than 45 days at liberty (from Aranda et al. 2013, |
with GIMP 2.8.14).
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Appendix BSAT trajectories of 126 adult BFTs teygediantiveduring three different time periods:
Decembéanuary (A,D,G), Fedartly (B,E,H) andAprd (C,F,l). Red points indicate ambient maximum
temperatures (SST) bet2@¥h 22 images aré.fitoavage et al. (2012) and havifdabesitmGoMP

2.8.14.
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Appendix B)PSAT trajectories of 3 BFT tagged in the Balearic Sea during August and September. BF
for >30 days (dates of tagging and recovery are f&gtred, iR)fagece)riesindividual juvenile BFTs tuna
tagged with archival tags during August 2008 in NE Spain and recovered after 32, 10C)2, and 10 mor
PSAT trajectories of 2 BFTs tagged in the Adraicdbdasadtdib@rty. All imageCaerfedio et al.

(2012) and have been modified with GIMP 2.8.14.
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Appendix BSAT trajectories of 32 adult BFT tagged offshore from Nav26Besiikd) a00P006 (
227+58kQ). Tags remained on fish for 145+28 d&ps-t62006 am@&(eh.e) PSAT trajectories of
individual BFT. All images are from Galuardi et al. (2010) and have been modified with GIMP 2.8.14.
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Appendix PSAT trajectoriég fifur BFT tagged #Aungds0B8 off Mallorca IsBfaljr tunas tagged during
2009 (Blue and Yellow: two adult BFT tafygguasirofifiillallorca; Red and Black: two adult BFT tagged in €
September in the Gulf of@ibms)BFT tagged in the Adriatic Sea dutDiga? D& rale tuna tagged with an
archival tag during August 2008 in the Gulf of Lions and recovered close to the initial pogition after 39:
images are from Tudela et al. (2011) and have been modified with GIMP 2.8.14.
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Appendix 8.24ily positions of 38 BFT tagged with PSAT and archival tags. White circles represent pos
tagged in the western MediterraneasufntagddHbinternal tag), yellow circles represent pagtions of BFT
in the Adriatic (n =9 ptggd))Daily positions of four tagged BFT displaying signs of spawning behaviout
highlighted in yellow squares. Seasonal Utilization Distributions (UDg)spfaBfindyvergpthé.e. May 15

to Jyl 15) B) springC) summeb) @utumn aBpwinter. All images are from Cermerio et al. (2015) and have
modified with GIMP 2.8.14.

Appendix Booled gleeations of BFT tagged with satellite pop up tags off Capea@ie@n28&andr{c

B) 2008 (squares and triangles represent the tagging and pop up locations, respectively). PSAT trajec
BFTHat entered the Gulf of {@eX)cthe MediterraneaR) Sedi(l not visit either one of thetwodgar
spawning ar&asAll images are from Wilson et al. (2011) and have been modified with GIMP 2.8.14.
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Chapter 2

Troubled taxonomy

Squeezing through a narrow crack in a thin layer of partly digested outer egg mer
chorion, a sraalla enters into the big blue expanse. Large predatory eyes take in the va
water that spins away into eternity on three sides with crystalline shards of light beamin
ocean's surface that form the rooftop of their nevadiniverseabees laee warm but the black
depths below promise dangers and radiate cold. Menacing shadows dart about the lone
suspended in the blue. Instantly the tiny fish recognizes one of its newborn brethren su
world onlyewf fin thrusts away. Midnight black pupils become fixed and a deep longing |
bluefin's fragile awareness. Fraternal love and hunger mix as one in the ebb and flow o
waters. In the next moment, a surge of wateisdimedapthgifanwazor sharp teeth shock the
bluefin back into the reality of predator and prey and one sibling disappears into the ma

Alone and free, the baby bluefin tuna quickly swims into the void.
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2.1 Introduction

Once properly idekfidie eggs and larvae can provide vital information for troubled f
like that of BFT, concerning population structuring, spawning seasons and locations, as
stock biomass (SSB) or recruitment trends. SignificaneezicdiBBshmustbetabundance of
eggs and larvae have been observed in several species including small pelagics (anch
Atlantic mackerel; Lockwood et al. 1981; Lasker 1985; Stratoudakis et al. 2006; Lo et a
demersal species {rpckfis plaice, sole; Moser et al. 2000; Armstrésyseichl. 29§ Hnd
larval abundance indices are commonly used to calibrate, improve and validate stock a
which are often subject to inaccurate fisheries datg.(Hsratteetdk 2 &bentists from
ICCAT member nations have been using BFT larval indices generated from surveys co
of Mexico to calibrate Virtual Population Analyses for the western stock (Scott et al. 19¢
Turner 2003; Ingtaath 20100).2013, the first standardized BFT larval indices for a Mediter
spawning site were published based on larval surveys conducted by the Spanish Institc
around the Balearic Islands in the western Meditereh@046 {kmm@oraeshifts in BFT
larvae abundance and condition can provide important information about recruitment st
short and long term environmental changesl (R@I0ahyAtiohati et 2012; Garcia et al.
2013a). Lalsurveys can also help to determingy assemblage dynamics in order to deve
additional data for the development dfasambysa@iagement approaches (Richardson et al
Surveys of this nature have revealed that highly exbiiitechspegeriability in abundance i
response to climate change4ltdizechdeecies (Hsieh et al. 2006). In the context of a rapi
changing environment and a swollen fishing fleet, our ability to accurately identify and n
throughoits life history is critical for their effective management.

Clearly, the distribution and quantity of early life stage fishes can provide a wealtt
but what happens when eggs and larvae are classified an&ooueyte dtmmogrdetly ?
abundanokfish eggs collected in the Irish Sea in 2001 were used by ICES to estimate tf
(Gadus morhyaic®leuronectes platasdassotealea sole@he resulting estimates far
exceeded those givamtuiay Populafolys{grmstrong et al. 2001). Subsequent genetic an:
revealed that many of the eggs had been misidentified, festthmafitnkuafecode3SB (Fox
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et al. 2005). Elsewhere, inaccurate estimates of egg diameters sisedytd alenksly sTiaenic
oveestimations of up to 50% of the SSB of PtandisimmmiShesapeake Bay (Daniel
and Graves 129bcent study focusing on the ability of researchers from five different lal
Taiwan to identify larvamidetkttiae average accuracy of identification was 80.1%, 41.1%
13.5% at family, genus and species levels, respectively (Ko et al. 2013). Families conta
misidentified larvae in that study were Sparidae, ScorpaenidaidaSamdbridae, Serra
Malacanthidgecently, Puncher et al. {apie)&evealed that Atlantic bluefin tuna have bee
misidentified in the Mediterranean Sea. In that study, they showed that more than half c
by three Mediterranean institatidG<AT funded BFT research project were the wrong sp

In this review, we explore the events leading up to the misidentification of BFT lar
Mediterranean and present the argument that additional mistakes are hkagbash have occ
and have a high likelihood of happening again in the future unless corrective measures
to establish context for our concerns, we first provide a small review of problematic ass
been made based upon whégamedubfrem young fish that have been identified as BFT. T
followed by a review of the problems associated Wwiheddgxoology and its efficacy as a
primary tool within the frameworkaaildaingiea larvae surveys. We critieathyeeresmmurces
available to survey teams and make several suggestions for improvements. Finally, we
of morpholdmgsed taxonomy and molecular techniques and highlight the need for a hart
both methods in order to msishemedcoptimize wildlife conservation and fishery managen
efforts.
2.2 A Context for Concern

Larval surveys have confirmed that BFT spawn during May and June in the easte
Mediterranean, June and July in the western MediterraneanAlBonaascettad]. 208063
Heinisch et al. 2008), and April to June in the Gulf of Mexico and Florida Straits (Baglin
1976; Fig. 1). BFT larvae have also been observed in the Gulf of Guinea during Februa
August (Richards 1976), astive Black Sea during summer months, until they disappeare
body of water in the 1980s (Vodianitskii and Kazanova 1954; Akyuz and Artuz 1957). S

numbers of BFT larvae have also been identified off the coasts of)Tanéejufibsia of Mers
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(Oray and Karakulak 2005; Giovanardi and Romanelli 2010; Zarrad et al. 2013; Kochec
1983, Piccinetti and Piccinetti Manfrin (1993) identified BFT larvae off the northern coas
however, their presence in tisasaswattebeen verified since. Some researchers have suge
spawning may also occur wAtrennaidafter tagged adults were found there during spawnil
months (Lutcavage et al. 1999). Of course, this might also be evidesssatilgtdpBiviaio not
annually (Galuatrdl. 2010he much restricted BFT fishing season in most parts of the

Mediterranean Sea is scheduled to take place during these spawning periods (currently
ICCAT 2014). Many other fisheriesselfegsartt mature fish from capture until spawning h:
completed (Griss et al. 2014). Of course, many (not all) of the BFT captured in the Me«
there for a few weeks alone, for the sole purpose of reproduction (Ansadaedlabf2013) a
revenue would be lost if this season were to be closed. Future BFT conservation efforts
protection of spawning areas and seasons, as they have been previously identified by t

eggs and larvae.

100°(I)'0"W 45°0I'0"W 5°0;0"E
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Figl1Map showing known spawning areas (shaded polygons) of the Atlantic bluefin tuna in the Gulf of
Balearic Sea (b), Tyrrhenian Sea (c), lonian Sea (d) and Levantine Sea (e). Figure was generated usi
Image Manipulation Progidm 2.8
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Much of our understanding concerning favourable environmental conditions for sj
comes from research based in the western Mediterranean Sea. Larval surveys in this a
changes in relative abundances of difemeedireptygiagluenced by hydrodynamics (Alemar
al. 2010; Reglero et al. 2012). BFT larvae are most abundant in surface \28£t€¥s ranging
where two water masses collide and create complex hydrodynamic conditinak lacking s
flows (Garetaal. 2005a; Reglero et al. 2012; Muhling et al. 2013). As Mediterranean wat
generally oligotrophic and do not provide ample foedrferghgditmiziods of quickly
developing BFT larvae, spawning typicaléyfocaatsoat ¢if frontal structures, the boundarie
antcyclonic gyres, and upwelling zones typical of oceanic islands, wherein both food pe
are entrained (Garcia et al. 2005a; Aguilar et al. 2009; Marigktictal. 20201 2)ndo
The Balearic Islands in the western Mediterranean are arguably the most productive of
areas (Alemany 2008; Garcia et al. 2013b). Within these waters, BFT larvae tend to be
areas where incoming Atlantic wated nesssdest surface Atlantic waters, already modified
longer stay in the Mediterranean, cone¢e ZB@BaiaAlemany et al. 2006, 2@1@j.Reglero
2012). The discovemy ofitrient concentrations and reduced primarnyrnpecahectsowiih s
high concentrations of larvae have led some researchers to sugg&st THathpladaion on r
and cannibalism plays an important role in the survival and development of BFT recruit:
spawning of BFT seen ovdrad peeés producesisoth overlap, exposing smaller larvae to
predation by older recruits; a behaviour that appears to be favoured by higher sea temy
growth rates increase and size classes become more distinct (Reglato2&818e81911; Gar
Tyrrhenian and lonian Seas also produce high quantities of BFT larvae, particularly off
coast of Sicily (Cape Passero), where the confluence of the Atlantic lonian Stream and
in a retention arem pchiential prey items (Lafuente et al. 2002; Garcia et al. 2005b). Prec
concerning the impacts that climate change and future ocean conditions will have on Bl
be based on these larval abundance studies. Unfortbnatkirtgipleesean a limited
geographic scale and until additional resources (monetary and human expertise) are al
this will continue to be the case.

Our current understanding of BFT spawning in the Mediterraneam@stesuggests t
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basin is the most productive source of young bluefin tuna; however, spawning also take
central and eastern Mediterranean Sea. Discrepancies in larval survey results from this
some doubt on the location, cdimsisteany, success of spawning exantpléz@ 1994

larval survafythe entire Mediterranean collected 1160 tuna larvae, including 183 BFT, nc
were caught in the Levantine Sea (Piccinetti et al. 1997). These ressitEartdaot surprisir
survey was conducted between 21 June and 7 July, several weeks after the establishe
(Karakulak et al. 2004) and south of Cyprus, iRatesadf &ntatiia and Mersin, north of the
islandyhere BFT larvae are ofigi®fayrand Karakulak 2005). Japanese surveys have rep
densities of BFT larvae in hauls takdrewvatitenmi@iea around the Herodotus Basin (Tsuji €
1997, Nishida et al. 1998). These larvae may have originated atatiespanigphenapfrthe R
antcyclonic gyres, which are composed of inflowing Atlantic waters south of the islands
Crete, respectively; a hypothesis that fulfils both the hydrodynamic and island proximity
BFT spawning (Robinkdi®8Ra Waters exiting these gyres to the south are carried eastv
MidMediterranean Jet Stream and later bifurcate south to the waters of the Herodotus E
the Bay of Antalya. Alternatively, spawning may also betbecistang bE®@ygens and the
coastlines of Syria and Lebanon, where a number of spyallenisegg@saicanti These
water masses are carried northward by the Cilician Current along the southern coast of
they can be retairesitlies formed in the Bays of Metalpaa(iRbobinson et al. 1992, Ozsoy et
al. 1993).

BFT larvae are commonly transported over significant distances by both jet strear
meandering gyres throughout their distribution. Lecuasuégipean&temtion areas with high
concentrations of food particles (including conspecific larvae), wherein they develop int
migrate en masse to nursétg@osean(and Richarddri g&9)Western Atksanvegayold
BFT larv&e4.0 mm) have been captured off the coast of North Carolina using a mesh si
well outside of known spawnikig@measn and RichardsAli®®aph ocean currents in that
region are capable of transporting larvae from the GGifraftdexidorada, approximately
970 km, the origin of larvae around Cape iatterhs imajokity of BFT larvae captured in
that area have been lai§® (#6), while smialivae (<3.5 mm) are pathrssaiilamong
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samples. Simijléink majority (65%) of larvae captured in the northern Levantine Sea hav
(57 mm, approximately 10 days post hatch), opening up the possibility that their origin
different body of water; although, some smaller larvals¢3h&enmapawred (Oray and
Karakulak 2005). Moreover, most larval surveys conducted in the Levantine Sea have
mm mesh size which are unlikely to retain the entire smaller size fraction of larvae (Ora
2005). Therefois,durrently inadvisable to compare the results of larval surveys taking pl
eastern Mediterranean with other locations, since they cannot be considered as quantit
the execution of additional standardized larpairsdweyts, garetic identification of samples
and hydrographic modelling, are required in the Levantine Sea to the extent that they h
elsewhere in the Mediterranean Sea.
2.3 Potential for errors in BFT larvae identification

In generakmdification of tuna eggs and the larvae of some tuna species using mor
characteristics alone is incredibly difficult, requiring an in depth knowledge of taxonomy
YWl éNp PN wrn NIINBON[AN. ST Er Jwer N@N ][ DO
stages of fishes of the family Scombridae are among the most difficult to identify to gen
yuwusf éonfLrwslt [fr JeON SINDPONS I NUNLP (Do
YN [ N[ s ofindividlal, grgugbnsy caNd Wi N, W n GENT EB W) ®
melanophores is required to make an accuratel demifipatas otnique patterns of red
pigmentation have also been used to distinguish species; igmeveatitnis syme stf
prominent in larvae caught during the night (Matsumoto et al. 1972) and is lost during ft
and ethanol preservation (Richards et al. 1990). Due to the difficulties associated with ¢
identifying larger larvam{»5y pigmentation patterns alone, some authors advise using C
characteristics; however the process of clearing, staining and examining is time consun
large surveys and often results in additional loss of saahdle9(Ritentifscation based
upon morphometrics alone is unfeasible due to body distortions occurring during fixatio
spurts that distend and stretch the body during rapid early development\Isllatsgimoto et
matters worsh larvae are often so damaged during sampling that identification to speci

morphological features becomes impossible (Paine et al. 2007). Due to the scarcity of ¢
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taxonomy, species identification is commotdydisttsauiadsatatories that specialize in the
sorting of plankton (Scott etlarB99&t al. 2010; Matarese et al.-A@thatiietal. 2012).
Some researchers have resorted to limiting identification of their capturetdarvae to lowe
levels (Hernandez et al. 20EQichiaiiiet al. 2012), while others have turned to genetics to
to species level (Chow et al. 2003, 2006).

The ability of field technicians to identify larvae to species level is limited by the q
materials and tools that they are given to accomplish this challenging task. In some fielc
misidentification of species can reach as high as 90%, which can lead to serious errors
community composition and population infereacsa(\V2@00)o Decades ago, before recen

niweséedpwf ¢rr re [Lrw sts/iNrTwons, Honc
like the tunas | am sceptical of reports based on eggs and early larvae unless these you

BwésNn [r oénN[J dbeduymi N sdéuNs. P 1(r6rB[ ]
identified has proven extremely difficult foasgenpdl@mwgc species, including BFT (Hyde et
2005). Rearing of BFT from eggs theaygkdnile stages has been completed only recentl
Gandara et al. 2010). As a result, most larval surveys rely on a small handful of taxonol
L1 fsfBw drrs wrn s frwl 1§ mewtynayf ¢r s
taxonomists or anagled technician is onboard to assist with the painstaking task of iden
thousands of larvae). When sourcing texts that specialize in BFT systematics, confusiol
most texts are quite old and lusielgesygmanyms, seven of which were generated by Linna
alone (Froese and Pauly 2015). A few keys are easily obtained on the internet, while m
personal contact with someone in the industry willing to share digital cogietex@bviously
are several decades old, there is no standardized formatting or consistency in quality. $
routinely referenced by current larval studies are written in Japanese (Ueyanagi 1966,
(Sanzo 1932a; ScaccinFi&Yd) (Duclerc et al. 1973) and Spanish (Dicenta 1975). Some
keys are very old and after several generations of scanning and copying of illustrations,
features contained therein have become difficult to distinguish.

Early taxamic descriptions of scombrids were often based on misidentified larvae

are thus riddled with errors and confusion (Alemany 2008). The unreliable nature of the
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identified as early as 1974 by Richards and Pothoff (h87# ontradiatiey and complained
that they made use of too many different criteria for comprehensive identifications. The
of these early works have admitted that errors were made when identifying the larvae tt
to build edtification keys (Matsumoto et al. 1972; Richards and Pothoff 1974). Unfortune
replace these early works with accurate descriptions have yet to take place. As a result
publications based on these works have casrigdrtheleeasdin of these mistakes are the
pioneer works on tuna larvae in the Mediterranean in which BFT larvae and those of otl
were misidentified, namely Ehrenbaum (1924) and Sanzo (1932). For example, the lar
Ehrenbah®24) as thynnwere in all likelinbaalalungaccording to the pigmentation pattern
of the specimens illustrated in their jpushicetidme illustrated larvae all but lack diagnostic
pigmentation in the trunk, except fsabdet/aosentral melanophores on the urostile, a pa
that is maintained from hatching to advanced postlarval stages (Alemany 1997 and ref
and a characteristic that is not shared by any other tuna species inh&eitlogitige Mediterr
fertilized eggs captured at sea, SH928) (A€3&bed eggs and early hatchethyaruze of
andl'. alalungat that tirf@ecynus thyrandrcynus gernespectiveliglowing a comparison
with mature eggs extractedovanethef captured adult females. However, the continuous
ventral melanophores, preanal ventral pigmentation and few dorsal melanophores in th
featured in the resulting drawings and descriptions suggd€3Banaanien{bozdy

working wigh rochspecimens (Alemany 1997 and references Thehginhadl .not

alalungas intended. Latagcini et al. (1973) confirmed these errors when eggs identified
wpprenoér & [ r iddprvaerbélonging to stelsfepifisdvaeridentifiedsy | N
Scaccini et al. (1973) as BFT were pochddzgiged on a photograph featured in the publicat
of a recently hatched larva. These two erroneous works by Ehren{i88)(h@2d laed San
only references taken into account by Padoa (1956) for describing BFT larvae, in what
the most extensively used fish larvae identification guides for the Mediterranean Sea. F
origins, drawings andtaescopearly life stage BFT and albacore by Sanzo (1932, 1933) «
resurface in fish larvae identification guides of species inhabiting in the Atlantic Ocean,
Fritzsche (1978), Fahay (2007) and Richards (2005).
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Confusion betweearatiass and descriptiartbyinasd . orientakias also persisted
for decades as many of the most relied upon guides predate the separation of the two s
1999). For example, Yabe et al. (1966) published an in deptiedésmgbtionaaicoyii
and their distribution in the Pacific Ocean, containing eight defaibec ritaliations of
Jones et al. (1978) then used the illustrations by Yabe et al. (1966) as well 85 several o
orierdlisby Ueyanagi and Watanabe (1964) and Ueyanagi (1966) for theirTin depth desc
thynnug&ahay continued this practice of recycling illustrations in two publications in 198:
which they use the same drawings by Yalla #ial. 1988&)ublication, they indicate in a
footnote thatthtaynnuswys 1 WN [ NBN Yywnoeodn 1 wf NBduwyt
from their later publication in 2007 (Fahay 1983, 2007). It is unfortunate that this occurr:
that this key was published yeafsafenshaienspiecies designation iGa@a@ly, these
mistakes in the pioneer works have confounded many scientists for decades and are ul
of the issue surrounding BFT misidentificat

During the 1970s several attempts were made to clarify the confusion surroundin
of early life stage scombrids. In a thorough review, Richards and Pothoff (1974) warnec
osteological diagnostic features somethues clusicats based on pigmentation. Later, Dice
(1975) noted encountering a great amount of difficulty when attempting to differentiate |
and larvaelTothynnasdA. thazafithe authors likely Mearthelollowing the gxdam
provided by Sanzo (1932, 1933), Scaccini (1975) claimed that there are no differences
pigmentatiof ofhynnasdr'. alalungasizes smaller than 5 mm. Soon after Kohno et al. (19
identified 191 larvaethgnnasdl. &éalungasing guides by Scaccini et al. (1975) and Fritzch
(1978), among others, and determined that the patterns of melanophore distribution we
within each species, concluding that the use of pigments as diagnosticéealunés was linr
these studies were working from the same erroneous guides, it comes as no surprise tt
confusion, such as intraspecific variation (fesoltimgprormens analyZedgsus
were discovered and propagated.

It ha now been over two decades since-iaisddetetmssion fell silent and although

early life stage scombrid taxonomy has since been resolved, a comprehensive review c
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confusion and identifying errors contained in exstigyidestifasayet to be published.
Modern intefo@$ed standards are disappointing in terms of illustrations used, or lack the
(Froese and Pauly 2015) features an illustegtitsthjoveni® orientaiscorrectly labelled

asT. thynn(Miyashitaf] w) . 2001), [&@®dI N 8995dL Us s
illustration of a juvénileynnus ds 3rnevwyit (2002) 1rdérf NN
information available on the web is pitiful, andt\{tigptaallyresaple lists) is of little use to
nod wirrrréosfshP. vfrws weN rmyuorfsit (f
to definitively identify and describe each species different larval morphotypetscwith the s
analyses and/or conclusive rearing experiments.

As a first contribution to this effort, we offer a clarification of some of the more cor
elements affecting the correct identification of BFT larvae irCthe dvithyjtdreaeeana.no
correct and complete descriptions of BFT larval development published, including illusti
different developmental stages from eggs and yolk sac ladaede,dthsated post
Mediterranean material. Despite the scarcayhwdtdestsipgryveral incomplete yet useful
references do exist. For example, Alemany (1997) contains an original illustration of Me
flexion larvae thedarval stages following yolk sac reabsorption have already been corret
byDicenta (1975), who pointed out that the most distinctive species specific feature of ti
presence of dorsal melanophoresttocki@espité some differences that may exist betweer
pigmentation pattern of Pacific an&RA{ldmtiesBet al. 1978; Kohno et al. 1982), the flexion
postflexion stagé&sthi/nnoan be identified using the desdrigirerdalésvae in Ueyanagi
and Watanabe (1964), Ueyanagi (1966) and Y bl e\ (1€6G&)t reguengeents
carried out in the Mediterranean (de la Gandara et al. 2010) have corroborated the obs
by Kaji et al. (1996), confirnlingribataéiadl. thynnyslk sac larvae have the same
pigmentation pattern; namely adesalargganophore in the middle of the trunk, which ext
the primordial fin (FigAfBa)the yolk sac has been absorbed, this melanophore becomes
migrates to the trunk, giving rise to additional small dorsal melardogdrseds and the typi
melanophore pattBfiTdarvae (Fig. 2b,c). This unmistakable pigmentation pattern can al

observed in larvae that have been preserved in formalin (Fig. 3).
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Fig. 2Photographs of Altlantic Bluefinus thyptarsae reared from eggs collected from spawning inductior
atEl Gorguel (Cartagena, Spainveded atidlie larval rearing plant at the Spanish Insitute of Oceanograph
Mazarron (de la Gandara et al. 2010). Larval developseetdéal staggsikesae (a), 8 days post hatching (b)

and ldays ays post hatching (c). Photographs taken by F. de la Gandara and adapted for publication
Manipulation Program 2.8.14.
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Fig. hotographs of Altlargicmiiihunnus thyphtausae captured in the Balearic Sea and preserved in form:
Approximate age of larvae are: <24h post hatching yolk sac larvae (a), 24h post hatching (b), 48h po:s
photographs were taken by F. Alemad/fangwaaaaition using GNU Image Manipulation Program 2.8.14

Bullet tum, rocheare also found in the Mediterranean Sea and have similar consp!
dorsal pigmentation at flexion and preflexion stages; however, this is rdsbrieseid to a few
the caudal peduncle area which extend anteriorly as the larvae develop (Alemany 1997
characteristics, such as ventral pigmentation (digestive orgAngiarsgaeiditnraoghin
more intense black pigmentation of thienfirstBforsallow for the discrimination of the two
species at similar developmental stages. In summary, it is possible to identify scombrid

Mediterranean Sea based on morphological characters alone, unfortunately overcomin
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cultivated in the past is an obstacle that will be difficult to overcome until accurate and «
descriptions are published.
2.4 Required modernization of larval taxonomy

BFT larval surveying efforts would greatly benefit from a maiderte deasomoioiic
keys and focus should be given to providing new keys and high quality photographs an
online in a digital format. Over a decade ago, Godfray (2002) suggested that a revitaliz:
IS required, advocatingstideally suited for Information and Communication Technologies
of its information rich nature and large number of meticulously crafted illustrations. Still,
Ywsf , Jwlrprrt sér14t ougscomhjunciptigmteols.fOmen |
may argue that taxonomy, as a science, is being left behind in an age of information the
interface for nearly all tasks performed in modern@Gzseaac.dEy@088) declared that
taxonomy is insasgwarning that funding for taxonomy is generally inadequate and that e
taxonomists are few and in demographic decline. Over a decade ago, Boero (2001) cor
state of decline of taxonomy, remarking that since publicathe e apedsseilrasea
performance measure, the dismaxistentiorpact factors of taxonomic journals are not
attractive for young researchers trying to establish themselves in their careers. As such
professional and amateurgsexbasmndergone a long and persistent decline since the 19!
(Hopkins and Freckleton 2002). In 2003, Wilson (2003) estimated that as few as 6,000
working in taxonomy worldwide. The culmination ofphfzsls hasslowsddbeps of
species identification and the assessment of global biodiversity; an ethereal obstacle n
YU wl rr ¢ TFhe disadvantagies assodiated with morphological taxonomy weigh
the increasing efficiency of molauglaedeare driving more researchers towards DNA barc
for routine species identification.

A heated debate has been raging between advocates of morphological and mole«
since the inception of DNA barcoding. Some opponexdsaimbli@eelargaed that DNA
barcoding explores a very restricted portion of the genome and this may lead to system
classification. They argue that the use of a single standard sequence is equivalent to cl

based upon aesiglphological feature (Tautz et al. 2002). Seberg et al. (2003) expresse

Pagebp



over a monopolization of information by wealthier nations, warning that an expensive al
DNAbased taxonomy would add to an ex@stiny dierde inrary. It could be argued that
the opeatcess nature of online sequence databases is acting to decentralize knowledge
sole possession of aged taxonomists with years of education unavailable to many. Itis
somehavgi¢lr Nn [ owf Yeyd muwsprnérE 1srr dsNs
(Packer et al. 2009).

Others have suggested that the merits of morphological taxonomy and barcoding
improve systematics overall (Stevens et an@Qhst AIEMA barcoding has the potential
to accelerate species identifications and diversity assessments by increasing the syner:
biologists, reference collections and sequencing facilities (Swartz et al. 2008). A key dir
cemtlized DNA barcoding efforts, such as the Barcode of Life Initiative, is matching knc
archived voucher specimens to DNA sequences (Ratnasingham and Hebert 2007). Like
norphological taxonomists are needed to recognize pedekasrivelh@svconfront the
daunting task of matckexgspng descriptions wigkxgareding sequence libraries (Tautz et al
2002). Similar efforts must also focus on the taxonomic description of early life stage fis
Matarese 49 estimated that only 10% of the described marine fish species had known |
few as 4% had published descriptions of their eggs. Certainly barcoding has a role to pl
2.5 Advances in molecular analysis

Several genetic teemhave been used by researchers over the past two decades
early life stages of fishes and resolve previously unexplored challenges in fisheries scie
Graves 1994; Vandersea et al. 2008; Boley and Heist 2011)u3ée maolsicotenmonly
technique for identification of fish species is the PCR amplification and sequencing of a
of the cytochrome oxidase <LOYgedd located in the mitochondrial geBdyeecTies
been proposed as the bdsisdidpi@entification system for all animals (or Barcode of Life
Project) for the following reasons: 1) variability of sequences between individuals of the
negligible when compared to the variation between species, ajanaddraje mutation r

nowswnf Nsdsf én el wrlérE BNEIr[s [ owl BN
An extension of the Barcode of Life project is the Fish Barcode eBOf8 Imiative (FISH
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seeks to barcode all of thel 8&j&tateecognized species of fish using the same gene
(http://www.fishbolWiagd et al. 20B&@)coding ®® sequences has been used to identify the
diversity of reef fish larvae in the Pacific S¢elabelslandl. 2010), Great Barrier Reef (Peg
al. 2006) and Caribbean Sea (VictoVetdakRil@dp et al. 2Baltwin et al. 2@A)L

barcodes have also been used to verify the species of difficult to identifyttangefof snap
el rsonu ( 8 Udmaskera off ofreemdgternvfistralip (Neira2afdik@ane 2008),
sculpin in the Bering Sea (Matarese et al. 2011), scombrids in the weastdio (®danéc and
et al. 2007, 2008), sandlant#aw kst and Bering Seas (Kim chrad @0ti@)

communities of mesia@ pelagic larvae in the Straits of Florida (RichaiQtuer gfesie2010).
neighbouringG@Epene, such as the ATCO régisnRNA gdrae been used tiyiden

Thunneggs and lapféshore from the Mariana Islands and Yucatan Peninsula, respective

(Kawakami et al. 2010; Muhling et al. 2011); however, molecular barcoding techniques
applied to lasgale larval surveys focUsingraisynnughe application of these techniques h:
provided many solutions to long unanswered mysteries; however, with every advance r
inevitably encountered.

As with many other aspects of working with young tunas, icdsnbfi€xtion of speci
sequences is not a straightforward enterprise. Due to the similarityr hatwaEmspecies in
some researchers have experienced difficulty when identifying unknown samples using
based approaches, like phylegeoeistrtrction (Alvarado Bremer et al. 1997; Richards et ¢
Paine et al. 200iias and Tudela (2009) were unabl&tmnesobreendalds. thynnus
clades using a handful of sequ8heesl @s-4 result advocated for ¢hmitsehohtirial
control region as an alternative marker for the barcoding of tunas. Since th& geographic
orientaldoes not overlap with the spawnihgtlhyeastedOInarker can be used as a
barcoding marker for tuneoléeeterl in the Gulf of Mexico and Mediterranean Sea. By usir
different analytical approach, Lowenstein et al. (2009) identified s€&@Gegetraees in th
that distinguislthynniesT. orientaliad one simple pure characieuigtithattdifferentiates
T. thynnfiem all other tunas. As such, the use of individual diagnostic loci to identify spe

characteristic attribute keys, has proven effective for differentiation of scombrid species
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2009).a8codgrof BFT mitochondrial DNA has also re8eite dttidlatitic BFT share nearly
identical mtDNA with albacore and Pacific bluefin tunas, due to past hybridization event
introgression of the mitochondrial genome (Vifaaretdal .Br@bierfdy al. 2005). As such,
nuclear markers, like the rDNA first internal tran3@jbedispateas(been advocated by
some as a means by which albacore and BFT can be differentiated (Chow and Kishino
2006; Paine @047, Vinas and Tudela 2009). Using the sequencing approach and tools
above, identification of unknown scombrid larvae in the Mediterranean Sea is straightfo
unambiguous.

Y{NN W sINPpoONsU oyd moysepelomansuitd gf genefianaold
capable of identifying that species without direct sequeRaingeosighansi@Bbead array
has been used to identify 23 different species of California marine fish eggs, including c
relevant spesiech as Pacific maskgpbigusakéerluccius prodydiasific barracuda
(Sphyraena argemdite seabagsa¢toscion ngplalifornia haliBatdlichthys califopnicus
and diamond tuiHygisppsetta gufilateason andoBL2012). The developers of this method
have suggested that their DNA probes could be scaled up to simultaneously identify the
as 100 spedise traditional and economic techniquégkchgsfrhapletgpeific PCR
produstand electrophoresis have been used to rapidly identify collections of clupeiform
in SenegBlufand et al. 2&idjlarly, researchers in Hawaii havespeedsped e set of
primers that, when combined with eleateopluaneside of distinguishing the larvae of six sp
of billfish, two species of dolphinfish @uwamtabogbium sglantheard a research vessel in
only 3 hours (Hyde et al. 2005). Advances have also been made to sirgpighitige process
scombrid larvae. For example, Paine et al. (2@fi8klevallepddradiagnostic tool capable o
differentiating albacore and bluefin tuna using a reBagitiotigestyemep{ified fragments of
ITS1

Next Generation Seq(8i&$)gs a rapidly evolving array of technologies now being
employed for fisheries management tasks. SNP panels generated through NGS have b
order to discriminate species and populations of albacore tuna, Patfisb Igigaexaand blu
et al. 2013; Hess et al. 2014; Li et al. 2014). In Europe and America, SNP panels have
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distinguish between species and populations of salmon as well as farm raised and wild
2012; Drywa et al. 2014; Hals20d 4tLarson et al. 2014). The expectation is that these
be used for hatchery and marketplace traceability, improvement of breeding programs :
conservation efforts. For example, ICCAT, througtdiReasdantic ProgiemBiusfin

Tuna (GBYP), is currently funding research to develop a high performance array capab
populations of bluefin tuna. NGS technologies also provide the opportunity to quickly as
species composition of entireiesrohplaitkton. Researchers at the Plymouth Marine Labc
England recently compared the results of a plankton survey in which species were iden
metagenetic and morphological approach (Lindeque et al. 2013). Usimey454 pyroseque
identified 135 operational taxonomic units (OTUSs), over twice the number (58) identifiec
morphological approach, including rare species and parasites. This approach may not
an exact number of larvae by speciesaallieatedmple but it can give a relative abundanc
each. Fisheries organizationgrastdunaital larval surveys, plagued by sampling and spec
identification bias, have much to gain from this new technology. Although NGS techniqt
very expensive in the past, its cost is declining rapidly and new markets are opening up
world (Willette et al. 2014).

NGS can produce millions of barcodes per day, the cost of which is decreasing alt
rate than predig¢tedb r r k NUs guwf, wypprenércE [ r [ ®N
Research Institute. Stein et al. (2014) conducted an in depth analysis of the costs assot
sorting and identification of freshwater macroinvertebratesisiist endplidiaggd
taxonomy, sequencing and the metagenetic analysis of bulk samples of organisms usir
yseCc 14wfersr. teN prsf wrn JoérN NSJT O L
were based on data drgwdatmercial laboratories in the USA between 2010 and 2012. T
estimates did not include the cost of sample collection (common for all approaches) ant
what would be paid by a lardgegslddarval survey. They concludedsibagii&anigg costs
1.7-3.4 times more than a molasaddggxonomic approati{@RED per 1000 fish).
Although the bulk sample NGS approach is incapable of identifying individual fish and
abundances of each taxa insseacriecscomparable or slightly less than thasedrphology
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approach. The time and costs required for Sanger sequencing includes the same steps
methods (sorting of samples, removal of debris, voucher specimen analysis) with additi
extraction, PCR amplification and sequencing, adding another 5 USD in cost per indivic
Despite these additional steps, the Sanger sequencing approach is able to provide rest
weeks of sampling (depending on accegstersexpspncompared to the months required f
traditional morphdlaggd identifications. Modern NGS platforms can prévaiey/sessits in 3
it eliminates the time required for sorting of the specimens, an?ddSB petween 0.50
indvidual. However, Stein et al. (2014) believe that Sanger sequencing is more accurats
analysis due to shorter sequence lengths and amplification biases. Researchers are nq
aspects of each approach that optimize thsirussamirceunter specimens identified by a
morpholobgsed approach, NGS techniques to discover new barcoding sites or diagnos
loci, followed by Sanger sequencing of low numbers of samples or genotyping of high r
individuals witicroarrays (Shokralla et al. 2014).
2.6 Guide of good practice in BFT larval studies

Due to the unreliable, inconsistent and incomplete nature of catch data provided t
scientists, managers are increasingly looking to altenfatiaatsourfdargtl and egg
abundances are to be more widely used by tuna fishery scientists, it is imperative that
with sample identification are resolved. Considering that tuna taxonomy has suffered fr
the past amth need of modernization it comes as no surprise that an understanding of E
dynamics remains inconmpleteoMimend an elaboration of high quality drawings of the co
developmental series of BFT, accompanied by descrigtionsiizsedf amdaviduals from
throughout the species range in order to account for intraspecies variability. High defini
should accompany each drawing, to help technicians recognize diagnostic features inr
familiar repras¢ions of each larval stage. Equipped with these new tools, efforts should
oconfirm that spawning is taking place in areas where BFT larvae have been documente
been identified by only one group of researchei$ mattd dionuiagss indeed a reproductive
strategy of BFT, conservation efforts should target remote locations where only a few I

captured, so that rare genotypes can be catalogued. BFT originating in these areas are
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speciaked adaptations (egg buoyancy, sperm motility and larval growth rates) to unique
environmental conditions (temperature, salinity, density, current velocity, nutrient availa
(Mackenzie and Mariani 2012), which may prove spportshstovitred in future oceans
modified by climate change (Hobday et al. 2015). Regardless of the sampl@gdplbcation,
mm mesh size should be employed with a tew veldws) kildmetres pardndar to

ensure collectof smaller size fractions of larvae. This would allow a comparison of yield:
geographic areas.

Advances in NGS and historical DNA analysis are allowing researchers new acce
samples (larvae, scales, otoliths, spiney,aedeartepbir@portant ecological and evolutional
changes in fish stocks and populations over tim20Ric2otBeCaleliers et al. 2011;
Poulsen et al. 2011; Seeb et al. 2011). Although molecular sampling techniques have b
advances in reducing impact on voucher specimens in the recent past (Nielsen and Har
et al. 2009), the same cannot be said for the majority of morphological taxonomists tha
samples in formalin; an outdated pescters thertetic analysis very difficult if not impossible
(Ward et al. 2009). Many BFT larval studies have used formalin as a preservative, whic
future genetic verification of samples (Piccinetti et al. 1997; Garcisgeeahl2@0082; Koutraki
Alemany et al. 2006; Isari et al. 2008; Alemany et al. 2010; Catalan et al. 2011; Kochec
discovering the way in which formalin corrupts the body shape and pigmentation of larv
(1966; 1969) began presariangaihan 70% ethanol. Resaarth@adifornia Cooperative
Oceanic Fisheries Investigateunsenversion factor of 1.098 to convert from formalin fixed
live length because of forcuaded shrinkage of larvae (Lo eAdhi2€dl9).ethanol also
distorts diagnostic morphological features; howeverHdecatisanblisniess hazardous for
field surveys. Therefore, we strongly suggest that future surveys store all collected sam
ethanol-20°C. Ethatiat is either denatured or purified to concentrations >96% should b
due to the presence of additional chemicals that hinder DNA preservation and interfere
genetic applications. Alternatively, replicate samplesuwwigctedsibyimgeans of a bongo
net, or Folsom plankton spldtdiepbeh, can be preserved in both ethanol and formalin.

Researchers working with nematodes have found that DESS, a solution containing a fe
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laboratory chemicals, is capabéevang morphological features and genetic integrity for ex
periods of time at room temperature (Yoder et al. 2006).

Finally, we suggest that all routine fisheries work involving larvae should make us
taxonomists and geneticists ensrdertoth accuracy of results and efficient use of financi
resources. Genetic barcoding and NGS techniques are legitimate tools that can suppor

identification and play a crucial role in fisheries management efforts.
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Chaptes
A Fish by Another Name

Again the parent's pointed jaws comprest
By force expell them from their pleasing rest.
But void of all remorse the Tunnies feed
On their own spawn, and gulp th' enliven'd seeds
With strange repast the cruel parents blest
Devauheir eggs, and praise the monstrous feast

-Oppian’®entury
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3.1 Introduction

Atlantic bluefin tuna [Biehnus thyhats the largest of tunas roamingoitesan®rid's
amhave fed and fascinated huonanikerchia. VVast herds of BFT ply the cold waters of the
Sea ambrtitlantic Ocean for prey in the winter, returning to spawning grounds in the M
Sea and Gulf of Miexilce spring and early deisirages have longthlaagef these
migratory patterns, slaughtering multitudes of tuna by hook, gaff, harpoon and net as th
through coastal waters to feed Roman legions, burgeoning principalities, fishery empire
multinational corporations. Thisguapgetitenhas recently brought stocks to the brink of col
Gone are the large BFT that spawned in the Black Sea and swelled the market places
the mid 1980s (Mather et al. 1995; Karakulak et al. 2004). BFT stmtiBdhai iisipingd a r
gear in the Norths8stiajning a French, No@ergnam, Dutch and Danish fleet for several
decadershed in 1®68ther et al. 1995). In the 1960s, a massive shoal of BFT that appe:
coast of Brazil, was quipdgdary Japanedabrsgand faded into the annals of history in as
little as 7 years (Fromentin and Powers 2005; Fromentin et al. 2014a). After many year
fisheries organization responsible for managing BFT stockspthesisitarriatitmal C
ConservatioAttdntic Tunas (ICCAT), introdaogdrg plan and stocks have started showing
signs of recovery, althowagd tieecovery renmmedain (Fromentin et al. 2014b; ICCAT 201

Currently, ICCAT manages i8Fasstec populations: one which spawns in the Gulf c
Mexico and forages in the North Western Atlantic (NWA) and a second that spawns in t
Sea and forages in the Mediterranean and North Eastern Atlantic (NEA) (Block et al. 2(
evidence suggesting that these two pgd@éwonslimdesir ranges along the 45° longitude
and manages them sepiragtiysights developed from an array of technologies including
tags, geios and microchemistry thaggeptylation structure of BiArescomplex (Rooker
et al. 2008, 2014; Galuardi et al. 2010; Cermeiio et al. 2012; Aranda et al. 2013; Ricci
2013). If regional population structuring exists, it is paramount for tealve¢litaipe of the sp:
maintained, in order to conserve genetic biodiversity and evolutionary potential. An acc
confident model of the population structure of BFT and the factors that affect their distri

their continued viability.
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In thegst 15 years, several molecular techniques have been used in an effort to d
accurate vision of BFT population structure and dynamics in line with the results develc
tagging campaigns and traditional ecological knondedgeiswemoes in ICCAT 2013).
Unfortunately, the results of these studies have been inconclusive uod tdtdrecontradictc
highly migratory nature of BFT, some research groups investigating the species' geneti
structure are nowg osIly young tuna for their research as it is widely assumed that eggs,
tuna of less than a few months age do not disperse far from their point of origin.

The location and abundance of early life stage fish is also usedsmenisavel stock :
our understanding of BFT spatial dynamics. Indices developed from the abundance of ¢
collected from spawning sites have been used over 120 times to adjust and substantiat
of 18 different species withim$/&ateikes throughout the world (Stta200&Kid-or
decades, scientists from ICCAT member nations have been using larval indices genera
conducted in the Gulf of Mexico to calibrate Virtual Population Analysdisu(ti® B&)Tof west
(Scott et al. 1993; Scott and Turner 2003; Ingram et al. 2010). In 2013, the first standar
indices for a Mediterranean spawning site were published based on larval surveys conc
Oceanographic Institute of Spaiau(E@he Balearic Islands in the western Mediterranean
et al. 2013). Temporal shifts in BFT larvae abundance and condition can also provide ir
information about recruitment success, relative to short and long termAdemestynetntal cr
al. 2010; Lindkichati et al. 2012; Garcia et al. 2013). Surveys that have monitored the di
tuna larvae have shown that changes in relative abundances of different species are dil
hydrodynamics (Garcia@iagl ABmany et al. 2006; Aguilar et al. 2009; Alemany et al. 20.
Mariani et al. 2010; Reglero et al. 2012; Muhling et al. 2013). In the context of a rapidly
environment, our ability to properly identify and monitor fish spdde$istamygbout their
critical for effective wildlife management and conservation efforts (Costa and Carvalho
D'Alessandro et al. 2010).

Unfortunately, early life stage fishes are often inaccurately identified by inexperier
(Vecchionakt2000, Ko et al. 2013). These errors can lead to a misunderstanding of the

distribution of species, confusion over life history traits and population dynamics, inacct
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of recruitment rates, survivorship and stock biiafigsjisgdigotee collapse or recovery of
localized spawning sites (Armstrong et al. 2001; Fox et al. 2005). The potential causes
misidentifications of tuna larvae are several: 1) Identification of tuna eggs and the larva
species, gsmorphological characteristics alone, is very challenging, requiring an in dept
taxonomy, patience and experience (Richards and Pothoff 1974; Kohno et al. 1982; Ric
samples are often badly damaged during collettadrpoeses\ates (Matsumoto et al. 1972
Richards et al. 1990; Paine et al. 2007), 3) some tuna identification keys are inaccurate
updating (Puncher et al. unpublished), and 4) expert taxonomists in general are few an
declin@Boero 2001; Hopkins and Freckleton 2002; Wilson 2003).

Due to the difficulties of identifying tuna larvae researchers occasionally outsourc
distant laboratories such as the Sea Fisheries Institute, Plankton Sortinghand Identificat
Poland (Scott et al. 1993; Ingram et al. 2010; MataresétitlztiZét1dl; PBHR); however,
misidentification of larvae has occurred at that facility in the past as well (F. Alemany pe
communication). Others have simplpsegpritegl scombrids to lower taxonomic levels (Boe
and Mundy 1994; {Anhdaati et al. 2012). Advances in molecular techniques and genetic |
now offer another solution to this problem.

There are a variety of ways in which regageokércshaitodes analyze their data in or
to identify their specimens. The most commonly used tools for sequence association in
are: 1) alignment with voucher sequences from online databases using Basic Local Alic
(BLAST) tools provided by National Center for Biotechnology Information or the ID syste
the Barcode of Life Database (BOLD), Jphaighioees, and 3) classification using a mole
key of characteristic attributes. Theo8latsS&s a heuristic algorithm to identify the sequen
contained in GenBank that are most similar to the query sequence provided by the usel
2009 he ID System by BOLD employs a Hidden Markov Model (HMM) for alignment c«
and ratus only sequence matches that are less than 1% divergent from the query seque
(Ratnasingham and Hebert 2007)Jdlrighl{dli) trees are ubiquitous among barcoding
publications. They use a hierarchical clustering method to coastddragtistagram b

matrix of similarity between reference and query sequences. These distance matrices c
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by various methods which can impact species identification accuracy and measures of
Kimura-RarametanddK2P) fd¥J trees has become the default model for most fish specie
identification studies; however, researchers have recently been challenging this assum
Stevenson 2007; Zhang et al. 2011; OtlknSretathsan and Mei€oRbEhd

Cruickshank 2013).

This study describes how larvae collected from the Strait of Sicily, Western loniar
Levantine Sea were acquired from three different institutions for genomic analysis withi
Atlantic wide research programnretioreb(@BYP). All larvae had been provisionally identi
asThunnus thymyugchnicians using morpasémbgnethods. Each larva was barcoded using
650bp fragment G@igene and identified to species in an effort to assess the accuracy c
identification. We have also compared the effectiveness of various methods used for as
seqguences to reference or voucher sequences. We review the overall effectiveness of
Joining tree approach and compare two megtadseusetrinrconstruchstaripe vs.
K2P)Finally, we develop and assesslzaskdriketewhich uses unique genetic characteristic
much the same way as taxonomic keys that identify organisms based on diagnostic ma
features.
3.2Materials and Methods
3.2.1 Sample collection
Straitof Siclg w1 wy [ rfs [NBEN TNBOersvs[rNn mit 6s]
Research Council of ItalygIgMC) ¢ [ oN [ wf N B s -3r80ed 0iUdyn ¢ J
1206-3BUH»0Ua; eocE. 1), LJuyPoliabd July 2082 ugingt Y
two Bongo nets with 40 and 90cm diameters equipped with 1 mm black mesh. Bongo n
obliquely from the surface to 100 m and back to tkedsrialtdeavaeavere preserved in
96% ethanol and transported to the laboratory where they were identified to family, gen
when possible, using vadnamita keys (Pothoff and Richards 1970;HabknpfaA8F4;

2007; Kawanatral. 2003) total of 88 larvae with a mean length of 4.9 £ 1.5 mm and prov
identified as tunas were sent to the GenoDREAM laboratorpatdyed foivgesistiof

barcodingn additional 4swmmbrid larvae were also pmytickss.as
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Fig. IMap of the Mediterranean Sea and surrounding area with three larvae sampling sites: A) Strait o
Sea and C) Levantine Sea.

Capo Passero, loniahrSea-dy dUs 2008 | uManvivaMeds fhefirsn w!
BFT larval survey undertaken by an NGO team in the Mediterranean (Aguilar et al. 200
were conducted 1511uAugust 2008 using a bongo 90 net with a quadrangular mouth op
equipped witht{B0@nesh for horizontal surfacerplarktor s | B & 03B Ud 4 |
1508358589 Ua; ¢ ¢ &. -25knots at thensurfaae for ajcanstantfdardtionmpf
mnutes. Upon renrovalthe sea, all larvae were immediately preserved in ethanol. All lar
then dispadHo experts at IEO facilities in Palma de Mallorca where they were identified
experts. A total of 58 larvae iddntifigdraeere dispatched to the GenoDREAM laboratory |
November 2013 for genetic analysis.

Levantine SAdarvalruise was conducted by Istanbul Univer2dyJduer202@ along the

Sr [ ®NB[ Nnr uBs6f6 1roeUR J &3 e & 3(Bascpd.7 Uly) . g ws
surface waters using a Bongo net of 90 cm diameter and 1 mn2rhdsiosder tbived at 2
minutes. All captured larvae were immediately preserved in 96% ethanol and identified
onboard using microscopes and the taxonomic key by Richards (2005). A total of 38 lar
length of 6.9 £ 1.5 mm weienpliyvidentified .abynnuBhese larvae were then bisected and

the caudal sections were dispatched to GenoDREAM lab for genetic verification.
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Ethics Statement

All larvae used in this study were collected from the MediterraneasisSaxadusing pla
sacrificed via immersion in 96% ethanol, according to standard larval survey practices.
conduct the larval surveys and all legal permits were granted by the International Comr
Conservation of Atlantic Tuna (ICGAGEeRarhttisheries Commission for the Mediterrane

ICCAT is the intergovernmental organization responsible for the management of bluefir

df 1wrf oén YypNwr wrn 6NNOJ NBB W[ NWydei NW Wt

resejls N® 1 BrEsWYr rN erss myfNnedor [ Pqaldowing 3 diz
the parties involved in this research to collect and sacrifice larvae for the purposes of ge

well as ship samples from one country tiifiaatedo (CECAT RNOAQR
3.2.2 DNA extraction

All 188 scombrid anrscoarbrid larvae were digested overnight in a Proteinase K so
EN[rrépnp ayd Jws NI[fBWP[ NN 6Br[ NWN wrr
Purification &itd vacuum manifold. Fragmé&@shsitad~ 650 bp) were amplified (PCR) usil
£ ¢ s GECGACTARAUCATAAAGATATRG3A)) W[ ACTTOAGGRTHGAGCEAA
GAATCAGAAU) 18O NBS eoss)] 1fmiyodsaonnmOomyp ¢ w
volume consisting of 1x PCR Buffer, 1.0 uM of each primer, 160 pg/mL of BSA, 0.4 mV
mM of Mg{R.5 U/mL of Invitrogen Taq polymerase and ~100 ng of template DNA. PCR
consisted of 94°C for 3 min, 35 cycles of 3B0ssecatBRL;, and 30 sec at 72°C, with a fir
extension at 72°C for 3 min. Due to the introgression of the mitdclateldngiigetheme of
T. thynngsene pool (Alvarado Bremer 1997; Chow et al. 2006; Paine et al. 2Gs Ward e
and Tudela 2@09parvae that were idenfifiathhsgaing tli&Ohene were then barcoded
using sequences frorB iegion. DNA extractions from archived tissue shntipjeso$ adult
(2) andl. alalun@2) were used as refgagrizrds for all further analyses. Fragigdnts of the
gene (~680bp) were amplified TSthg tHIECGTAGGTGAACCTEAGEATSH [ -4 5 U
CGCTGCGTTCTTCASTOG 1B NBS NNSOE[ NN Mt 9sor J
same as aboveatlitions were as follows: 94°C for 3 min, 35 cycles of 30 sec at 94°C,

50°C, and 30 sec at 72°C, with a final extension at 72°C for 3 min.
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After receivingC@isequences from Macrogen Europe (AmsterdangyNadrerlands), 1
aligned in B v.6 (Tamura et alugdig)he ClustalW algorithm and trimmed to 612bp.
3.2.BLAST and BOLD search engines
All larval sequences were converted to FASTA format and submitted to a nucleotide BL

NCBI websiétd://www.ncbi.nlm.nih.gbe/first five sequence matches with highest similar

database references (max ident) were analyzed for species consistency. Similarly, all s
submitted to BOLD's Identificatioht@ygtanw(boldsystemBoagpmparison with all species

level barcode records of animals (148,815 sequences as of 09 Nov 2014). All matches

using the percent similarity score.
3.2.4 Neighboumjpitnee analysis

Ten reference sequences from each of thirteen scombrid species were download
(n=122) and GenBank (n=8) (Appendix 1). Sequences were mined from GenBank only
of sequences on BOLD were insufficient. eABHIE fedenetince sequences, eight of the spec
occur in the Mediterranean Sea and may have larvae associatecis todiheis@AokBFT (
thazard, Scomber colias, Scomber scombrus, Euthynnus alletteratus, Katsuwonus pela
T. alainga, The remaining four species are closely related to the other species and wer
order to rule out the occurrence of geneticSotnodpersgipar(icus, Thunnus albacares, Thul
maccoyii, Thunnus atjaRederence sequenceswas r [ s N NN eBr | [ ®osr [
geographic distribution in order to have ample representation of genetic variation. Varic
(all sequences, only reference sequences, all larvae and reference sequences belongir
speciesjkere built using the Neighbour Joining method (Saitou and Nei 1982} with both tl
parameter (K2P) distance model (Kimuralisi@gear{itlei and Kumar 2000)] for distance
matrix construction. The statistical support of eadhusodgthaboedstrap (Felsenstein 198!
analysis with 1000 replications in MEGAG6 (Tamura et al. 2013). Selected trees were m

FigTreditp://tree.bio.ed.ac.uk/softwagre/figtree/
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3.2.5 Assignment by characteristic attribute key

All variable sites of an alignment containing all reference and larvae sequences w
using MEGAG. This simplified alignment was inspected for loci containing unique nucle
diagrstic of particular spEbesharad¢tased key constructed here differs from those constr
by Lowenstein et al. (2009) in that it requires first assignment to genus and then specie
have used nucleotides that may not ingylenspeeits Or genera. Rather we are providing a
step assignment tool which uses multiple characteristics, much like a taxonomic key. A
JNBTrOrrypret fsnn mt grIN{sSINOr RGAs)upr . (
specific nucleotides located at variable sites that are unique to single clades and thus d
nfwnNs. trrN re JONSN powswynf NsBoésf op wf
should be used in combinatiomanNn [ ®f s npwyy{ NN Ynrryrfrn
larval sequences were assigned to species accordingly.
3.3 Results

DNA extractions from all larve were successfully amplified, sequenced and analy:
from 8larvae with phataigic records were uploaded to the Barcode of Life Database (Pro
MLRV; Accession numbers: MLRMOALRVEBE). All other sequences were uploaded dire
to the GenBank database (KT003822 to KT003924). A few unexpected ctiallenges wer
concerning the reference sequences downloaded from both@&_Drgmoh@&enBank.
reference sequence (BOLD: GBGGetBank: GQ414572) affiliatedbvkitbftiéias and
Tudela (2060)responds @itsequenced adlalung@d/ithirhait work, the authors clearly state
that this sequence belongs to a BFT with introgressed mtDNA from albacore; however,
Is associated with the sequences itself in dittegr alatabaseribe how two sequences belon
to PaciflikeT. thynn(Atlantic bluefin with introgresgedtaiistochondnegre used and
published in GenBank (GQ414570 and GQ414573). Both of these sequences were late
the BOLD database (GBACGAAdSEGBGCAUN 2espectivéigyyever, in both databases
GQ414570 is identifledrsmnushile QQ414573 is identifiederstalidnother sequence
featured in [61], which they refdrredi¢miadsgs since hganaded to GenBank (GQ414566)
and BOLD (GBGGCA@4hder the titl€.ahynnuBOLD and BLAST queries, as well as our C
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key, clearly identify this asientaisquendgs likely that the authors have confused sequer
and their IDs at some point (confirmed by J. Vifias)T Forahytasiexioglece (GenBank:
JN097817; BOLD: GBGE&&) 3Moaded by several researchers from the South Korean N
Fisheries Research & Development Institute riiatbyestisose of
3.3.1 BLAST assignment

For all but two sequencespRividel a species match with an identity similarity high
99% (Table 1). The median value for maximum similarity scoresetertss thetdhes fime
each lanwmas 100%. The remaining two larvae from the Strait of Sigibymdeeiyed identi
scores of 93% and 95% for sequences belongiAgxs bodpBhaml(ridae)Tartkynnus
respectively. Overall, only 42% of larvae werfe ihgnnilsda, nearly as many (39%)
were identified as bullet tuna.
Table 1Species amdjin of larvae identificd@&#hdTS narkers, nbmigoining reconstructidBLaA®IT .

Species Strait of Sicily Capo Passerao Levantine Sea
Auxis rochei 53 0 21
Eythynnus alletera 2 0 12
Scomber japonicu: 1 0 0
Thunnagalunga 11 0 0
Thunnus thynnus 21 58 0
Norscombrid larva 4 0 5
Total 92 58 38

The larvae collected in the Strait of Sicily were composed of five different scombri
only 21 identified. akynnuslthough the samples from the Bexgacdintained fewer taxa, none
of the larvae provided were id@ntifigdrassll larvae collected from the lonian Sea, offshore
from Capo Passero were id@ntiigdrasd received identity similarity scores of 100%. The
norscomiatilarvae from Sicily were idetifrechasgmcareBSpicara smaris
Centracanthidae), greateifvastweng drab@chinidae), and pygmy lahtengfesty Ctus
pusillysMyctophidae). Five larvae from the Levantine Sea veead ditisigalenLthentaxa:
brown coml&zrfanus hep&aganidae) (2) and commoiR agellicsae(ythriBpsiridae)

(3). All larvae provisionally identified asiap@rbeguences and later barcod€bS4ith the
gene clusterediwithlungatandards (data not shown), thereby ruling out the possibility of

species identification due to hybridization/mtDNA introgression.
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3.3.2 BOLD assignment

All larvae were identified by BOLD with a confidetO@%c@sidé 8@m the tw
dbrnéronfwrs noésnfssNn wymri N ere Jodpe
because of the program's 1% divergence threshold. All other specimen identifications w
provided by BLAST.
3.3.3 NeighHotuning tree analysis

Neighbour joining tree analySi®@Bsimgences producelefimat clusters of candidate
larvae withieneence sequences.(Riblazvae clustered with reference taxa in the same man
the BLAST and BOLD results. Phenogramsydbetianiag anid reference sequences for
species found in Mediterranean Sea showed lowest bootstrap probability (BP) for branc
the true tunas (BFT and albacore) from the other sec@mpadd BitadS8ontaining the true
tunaandE. alletterafumm the other spé@ies 30B4). The node contaimngdbleei
reference sequences and 74 larvae was the least staife AlltbtB&snoids? had BPs > 80.

Phenograms based on distance matiistesa<ifig p3) had consistently higher BP
values than those built with K2P distanabstéfige Dased phenograms also tended to excl
larval sequences from clusters, as is the case with one larva in the Auxis spp. cluster in
larvhsequences were removed from the alignments, all BP values increased (Fig. 3). Pi
values for the A. rochei (BP = 39) and T. thynnus (BP = 17) nodes increase@l.most dran
atlanticus. maccoVii obesasd. albacare$ssznce sequences were included in the alignme
the neighbmining tree basedimtances failed to differentiate clusters for each and combil
within the same cluster, alongdicintiesd related larvae sequences (BP = 61; Fig. 4). Th
topology of this same clade in the corresasediph&2syram changed somewhat but the
composition remained the same, albeit the BP value was much lower (BP = 35).

ThdTSNJ tree constructed from sequences of voucher specimetsa®d larvae ide

alalungdid not reveal any introgressed BFT.
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Thunnus thynnus (79)

0
Thunnus thynnus (79)

99 99
34 = Thunnus al.a_lunga and 3 Thunnus alalunga and
albacore-like - thynnus (11) 98 albacore-like 7. thynnus (1)
34 Euthynnus alletteratus (14

99 Y (14) 29 Euthynnus alletteratus (14)

Sarda sarda
98] 99 9 Sarda sarda

99 . 96| 99

Katsuwonus pelamis
Katsuwonus pelamis

Larva #52 from Sicily

85 99
99 86 Auxis thazard
— 08 Auxis thazard ] |
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58 Auxis rochei (74)
Auxis rochei (73) 53
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99 — Scomber scombrus
Scomber scombrus
99| P Scomber cotias (1
Scomber colias (1) 99 comber colias (1)
9
Non-scombrid (9) Non-scombrid (9)
97 97

Fig. 2Neighbojaining phenograms of Mediterranean scombrid reference sequences clustered with nun
larvae in parentheses. The percentage of reptbatectessoaiatdd taxa clustered together in the bootstra
(1000 replicates) is shown next to each branch (Felsenstein 1985). All ambiguous positions were rem
pair. There were a total of 612 nucleotide positiorsein (A Tinaledatationary distances were computed L
the glistance method (Nei and Kumar 2000) and are in the units of the number of base differences per
involved 280 nucleotide sequences. (B) The evolutionary distasicesthe t€oepapataedter model

[64] and are in the units of the number of base differences per site. The analysis involved 280 nucleot
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7
—— Thunnus alalunga

100
——— Thunnus thynnus
36 99
41 —— Sarda sarda
100
Euthynnus alletteratus
100
100
Katsuwonus pelamis
98
88 ——— Auxis rochei

100
— Auxis thazard
9

100
Scomber colias

100

Scomber scombrus
100

Fig. 3Neighbojaining phenogram of Mediterranean sawelsatu=fieces only. The percentage of replicate
trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown r
(Felsenstein 1985). The tree is drawn to scale, with branch lengshihos¢hef sthenevahittionary distances
used to infer the tree. The evolutionary distances were cdisjaunes metigpth@Nei and Kumar 2000) and &
in the units of the number of base differences per site. The analysiséunened DAl widugdeus
positions were removed for each sequence pair. There were a total of 612 nucleotide positions in the |
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Thunnus thynnus (79)
Thunnus maccoyii
Thunnus atlanticus
Thunnus albacares
[KC015954]

Thunnus obesus

Thunnus albacares

Thunnus alalunga and
33 % albacore-like T. thynnus (11)

Euthynnus alletteratus (14)
100

98 Sarda sarda
| 100

Katsuwonus pelamis

99
86 l: Auxis thazard
% Auxis rochei (74)
36

100
I_ Scomber scombrus

100 |— Scomber colias
100 and S. japonicus (1)

Non-scombrid (9)
97

Fig. 4Neighbojaining phenogram of reference sequences\ieditetagddmmnrespecies) clustered with
number of unknown larvae in parentheses. The percentage of replicate trees in which the associated
in the bootstrap test (1000 replicates) is shown next to the branches (FelsensteiscE®85)ithhe tree is di
branch lengths in the same units as those of the evolutionary distances used to infer the tree. The evc
were computed usindii@nze method (Nei and Kumar 2000) and are in the units of the number of base
per site. The analysis involved 330 nucleotide sequences. All ambiguous positions were removed for «
There were a total of 612 nucleotide positions in the final dataset.
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3.3.4 Charadtased assignment

Construction of a chéaesedrkey uncovered 68 nucleotides capable of distinguishin
reference taxa. As the primary purpose of our researchfwésythdasadativorofthe rest
of the catdlimunngppsequences were the first to be isolated ussiig foucieligies (Table
2). Using these nucleotides a total of 90 larvae were identifidthasnmaemisers of the
representing less than half of all larvae. Six bassHalsepafaterge sequences from the
other fivEhunngpeciedantified eleMbacore tuna among thé\lamgle. thymine located at
position 231 of our alignment was capable Df ispratiefeedinces from the other species of
the same genus. When these criteria were applied tof theviemtiabt satvtad were
identified as bluefin tuna. One outstanding individualwasacgiifiatleadicds
albacaresTorobesusing these criteria. Since none of thesefepadi@s ttenNdediterranean
Seathis is Bky an example of genetic introgressies, o toase discrinforatioey
Auxispecies of the Mediterranean, identioed kevaatgmong the remaining samples. All
thesAuxisandidate larvae were ideAtifiedrasingight bases that were found to discrimina
betweek rochandh. thazareference sequences. Using six diagnostiE uticyousteen
alletteratiesvae were identified. Eleven characterisicdotheesgpart from the other
speess and ten loci ugar@ to identify a singl&lami@gnostic bases wereKaiswfonus
pelamandsarda saillat none of the larvae analyzed were identified as members of eithel
Since the charbhatard identification key Weameddoe the identification of scombrids only, the
remaining nine larvae could not be identified.
3.4 Discussion
3.4.1 (Mis)Identification of larvae

The 11 species identified among the samples are typical of plankton surveys con
region angriehg this sampling season. BFT larvae are commonly associated with larvae «
scombrids, having been previously captured with dense concentrations of bullet tuna of
Tunisia (Giovanardi and Romanelli 2010; Koched et gui&y1e) aSi2p9\and the
Balearic Islands (Alemany et al. 2010). They have also been found alongside albacore

2009; Alemany et al. 2010) and Atlantic black skipjack (Euthynnus alletteratus, Scombr
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al. 2010). Amttrege species, BFT are found in proportionally higher concentrations in de
waters beyond shelf breaks (Alemany et al. 2006; Koched et al. 2012). Among these sf
found in proportionally higher concentrations in deepegtald@keidirraks [25,70].
Researchers in Italy (Cuttitta et al. 2004 usijidesrede in the Strait of SicilyJuyune

2000. Larva& ahepatus, Chromis ¢RmmasentridBeerythrirausdl. dradwave been

captured in the Aetjging June of-2003 (Isari et al. 28i@&)any et(aD0d)ave

encountered all the species that we have identified in the Baledticlstdmohasalside from
Atlantic chub macl8aember collmmbridae). Accurate idenbfitiadéise samples to species
level is a testament to the versatility of the genetic marker used andekegootiagtial of the
resources of the Barcode of Life Database.

Table Zharacteristic attritgogdse of distinguiskmmbrids i@ BediterraneanT8eanosition of each
nucleotide is given in relation to 612bp alignment of all sequences. Diagnostic nucleotides at each loc
parentheses.

Taxa Diagnostic nucleotides

Thunnsgp. 327[A], 372[G], 525[T], 540[T]
Thunnadalunga 228[T], 273[G], 438[C], 495[T], 606[G], 609[T]
Thunnus thynnus 231[T]

T. thynnds albacay&s
maccoyii. obsesus, T.  228[C], 273[A], 495[C], 606[A], 609[C]

atlanticus

Auxispp. 393[T], 453[T], 456[C] (all 3 must be part of the pacl
Auxis rochei 225[T], 247[T], 315[C], 336[T], 348[C], 465[A], 468/
Auxis thazard 225[C], 247[C], 315[T], 336[C], 348[T], 465[G], 468

Euthynnus alletterratus  303[G], 312[A], 408[G], 426[G], 498[G], 553[T]

81[T], 127|GILO[A], 235[C], 249[G], 258[G], 260[C],
Scombepp. 393[C], 434[G], 519[T]

_93[C], 192[T], 225[G], 240[G], 306[C], 312[G], 321[/
*414[C], 423[A], 436[G], 438[A], 561[T], 612[C]

67[G], 72[T], 129[C], 28Wa[A], 306[A], 321[G], 507[(
543[T], 546[T]

Sarda sarda 216[T], 258[T], 264[C], 279[G], 543[G], 567[T]
Katsuwonus pelamis  366[T], 378[T], 390[A], 501 [G], 555[G], 582[T]

Scomber colias/japonicu

Scomber scombrus
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The high number of correctly identified BFT larvae withitethe/&odiqpestedp
since large quantitiesthynrawe typical of the Sicilian Channel, western lonian and southe
Tyrrhenian Seas (Sanzo 1932; Piccinetti et al. 1997). To date, BFT larvae have been fc
concentration in Mediterransarausie Sicily, the Balearic Islands and the southern coast
Turkey (Tsuji et al. 1997; Garcia db,a204@)5H,comes as no surprise that all 58 larvae pri
by the IEO and OCHBAdYiva project were correctly identified, diace kbedirstaéxperts
in the field of ichthyoplanktology. However, the fact that no BFT larvae were provided a
larvae received from the Levantine Sea calls into question all previous publications on t
reproduction in thatremeaxample, Oray and Karakulak (20089) clyetiimadhalfynnus
94 bullet tuAarocheand 22 Atlantic black skpmtitteratlevae the Northern Levantine
basin during larval surveys condicfiecthenZD04. Theagpiol established a benchmark in th
literature by which many assumptions of BFT movements, reproductive behaviour and
structuring has been made. However, during that survey, the researchers, capture prot
identification methaete the very same that procured the misidentified larvae discussed I
possibility that larvae from the Levantine Sea have been misidentified in the past, deme
timing, location and extent to which BFT are spawmikipditdneaadddéET spawning
areas are indeed limited in number, then their accurate identification and subsequent c
oveexploitation, habitat alteration ang@ailkcaibnimportant (Hyde et al. 2005).
3.4.2 DNA extradtiathsise of molecular markers

It is noteworthy that we were able to extract high quality DNA, and identify to spec
larvae that had been archived in ethanol at room temperature for over 5 years. This po:t
taken into considei@tialh collections containing similarly preserved wildlife specimens.
Additionally, the molecular markers used were effective at identifying all lerweseto speci
ofCOZXor sample identification has been criticized, as itladidsbencizadicoh among the
Neothunnus tribe and the Pacific and Atlantic BFT (Ward et al. 2005; Vifias and Tudela
of the members of the Neothuniutrdreasise present in the Mediterranean Sea, this wa:
a concern for study. Our reconstruction of NJ trees including tiveddditianahnon

Thunngpp. sequences were also unable to reliably distinguish the membersBf that gen
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alalungahich consistently clustered independentlysfrBontleecbtherearliest molecular worl
using a suite of allozymes also found albacore to be most divergent and uncovered ver
betwedn albacay&s maccogidr. orienta(illiott and Ward 1995). DNA sequences from the
mitochondm@ntrol region suggest that BFT is a sister taxa of the southern bluefin tuna &
albacore and Pacific bluefin tuna (PBFT) form a divergent monophyletic clade (Alvarad
1997). The high number of diagnostic loci c@@dmqdancas which discriminate between

the albacore and the other Thunnus species sGpgroty thieedwel. of divergence between

species is dependent upon the character used for comparison. For example, the high le
between tlaeiRc and Atlantic bluefin tuna shown when analyzing the mitochondrial contr
(Alvarado Bremer et al. 1997) vanishes when comparing ITS1 gene sequences (Chow
could be a result of historical hybridization of the RBMhiwtihredblied in the transfer of the
albacore mtDNA genome into the PBFT line (Elliott and Ward 1995).

The presence of erroneous or misleading reference sequences in both GenBank
troublesome and con&urehg.it was not dreiont of the founders of these databases that L
should have to check the origin and associated publications of every sequence. The pr
belonging to hybrid organisms in genetic reference databases is confusing and requires
traceability and documentation.

3.4.3 BLAST and BOLD assignment

The results generated by BOLD's global alignments and BLAST's local alignment
consistent with one another. The identity similarity threshold used by BOLD prevented |
of two larvae from the Strait of Sicily, whose identity were later confirmed by BLAST, N.
characteased identification key. Lowenstein et al. (2009) complained that BOLD perforr
during their attempts to identify specids beethendatsibase was still in its infancy then anc
has come a long way since and now contains over 4 million collected from 146 countrie
period of rapid growth, BOLD began featuring sequences mined from GenBank in their
Podl. We have found several sequences that are in clear violation of the data standard:
established when BOLD was first introduced. The founders of BOLD have clearly state

do not undergo any kind of centralized revieuweditydahdatadaptured in the database is
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ultimately dependent upon the individuals that have uploaded the data [48]. At the mon
of th&hunnus thymsegsiences featured in BOLD have been mined from GenBank. This I
of thegeo databases, without BOLD's once lauded traceability standards, threatens to
reputation and usefulness of BOLD.
3.4.4 NeighHotming trees

The NJ trees accurately identified larvae to species level for taxa with reference s
induded in the alignments. Clearly, for this approach to work, query larvae must cluster
sequences; an obvious disadvantage when compared to the BLAST and BOLD approa
trees for species identification has recentlyectvora uadeus sources (Little and Stevenson
2007; Collins and Cruickshank 2013). An entire section focused on NJ trees has been 1
VImidpwléorr NrféfaNn YU N SNUN[ Apmjoyn | {
dimdvantage associated with NJ trees sutfacksai\deruences are assigned to the space
between two reference clusters. On these occasions researchers are forced to retreat t
levels (Paine et al. 2008). By increasing seguemsbsrusied for each reference taxa, one c
decrease the frequency of these ambiguous outcomes (Ross et al. 2008). Our results s
models used for the assembly of distance matrices are also important for the reduction
resulté&lthough the K2P model is the most widely used model for NJ tree construction ir
studies, we have found that distance matriistabasquravige higher BAReakemsts.
critical reviews of NJ tree construction agresgtithhabidgreifies Nditrges based on K2P
distances can be inappropriate to the task and more suitable, less complex models can
effectiviCollins et al. 2012; Srivathsan and Meier 2012). In fact, Qolitestaaa K2E12),
Y ful or f [ NIPpNYJ O w yrrsgt ounrsrldrwf
widely used in fish barcoding studies Braattysterand Meier (2012) suggest that the
widespread use of K2P is a result of its use by egpbnkbatsadirmvipanted to highlight the
extreme differences betweeRaspapesesearchers are simply following the examples of t
or that of BOLD wheshtbhe K2P model fate¢akéication trees (Ratnasingham and Hebert 2(
3.4.5 @hactdbased assignment

Realizing the faults inherent in the NJ tree approach, some researchers-have foul
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based method of specimen identification has proven more appropriate to the task (Rich
Lowenstein et al. ZHAg et al. (20073tructed a chavastat key for identification of
degraded tissue samples using reference sequences from 17 species of the Scombride
Western Atlantic Ocean. Our molecular key differs significanty,kegcd e mecdd@ll
(2007) begins with position 575 of our alignment, thereby providing only 37 bases for c«
molecular key of Lowenstein et al. (2009) was generated from alignments shifted only £
positions towards the 3he@dDdaquence. The molecular key of Lowenstein et al. (2009) |
Thunngpecies only, as they were making efforts to develop a tool for seafood traceabili
they did not include in their study the sKiisuWwdmos, pelarglsebally cosmopolitan fish
and by far the world's most important tuna fishery in the globe. They, too, discovered th
nucleotide that distinguishgsnirem all other tunas. Many of the diagnostic loci discovere
Lowensteinle{2009) no longer function after the incBesiorbdighearidxispp.
sequences. Chaaset keys for scombrid species have also been developed for the mit
control regionldisdAlvaraddremer et al. 1997; Chow et al. 2006)
3.5 Conclusion

Misidentification of early life stage fishes has already occurred in various commer
leading to inaccurate estimations of spawning stock biomass (Daniel and Graves 1994;
We have shown here, fottithe thiatina larvae collected from the Mediterranean Sea have
misidentified by larval survey crews. If the larvae and eggs of BFT are to be used to imj
assessments in the future, it is imperative that problems associatationitrepeswgadentif
Fishery independent data, such as larval abundance, are certainly welcome for the bett
assessments where traditional fishery data has lost its credibility; however, scientific rig
control must also acgothgadata or we run the risk of repeating the mistakes of the past.
barcoding is a legitimate technique that can support species identification and play a cr
fisheries management efforts. We suggest that all routinelvisigdaesae@tkauld make use
of both morphological taxonomists and geneticists in order to ensure both accuracy of r
use of financial resources. We also call upon the few taxonomic world experts to updat:

keys assated with fish species of economic and conservation concern, embrace the dig
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and pass their knowledge onto new generations through trairsigroeibsts gdheus
Information and Communications TechnologyavaittdslasMost barcoding efforts are
dependent on online d&talvaseher sequences; therefore, it is crucial that quality standa
upheld if the barcoding effort is to retain its legitimacy. Enough doubt has been cast on
usefd\lJ trees for specimen identification purposes that they are now regarded by many
attractive communication tool; however, they are still being widely used. Conversely an
two decades of use in scombrid identificabasediargstare still not used as a reliable and
recognized tool. Perhaps it ifitmlysautomated style of NJ trees that have kept phenogr
popular, despite their fallibility. Several efforts are being made to automaterhe generati
based keys and their use as specimen identification tools. The BOLDiggatesticnow featt
Characters analysis suite and R has a package (Spider) dedicated to their use (Brown
Characteased keys also have potentialdorittansigroarrays and high throughput NGS
genotyping platforms. Certainly, standardized high throughput genotyping tests will hav
impacts on the future of larvae identification and fisheries surveys.
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Appendix Reference sequences used for alignments, phenogram analysis and CA dev
stated otherwise, all sequences were recovered from BOLD.

Auxis rocliBiSFSF128, AB105165.1 [GenBank], AB103468.1 [GenBafk], GBGC005
GBGC1666, GBGC38596 GBGC3858 GBGC3859 GBGC3860) GBGC7423

Auxis thazéF@BA31®, FOAB08, GBGC 166 GBGC385) GBGC3851 GBGC3354
07, GBGC3865 GBGC74%4 GBGC708, GBGC7489

Scomber cqlEGFPSE3&, 8488406.1 [GenBank], FAFR FUHPSO68 GBGC3820
GBGC332Z, GBGC38722GBGC3873 GBGC3874 DSFSF29)

Scomber japorild@611117.1 [GenBank], DSBSBREIYTREBA, MFC2688, FARG481

08, FARGA32, FARG48%, FMV 168, RFE265, RFE269)

Scomber scon{bLiEP025, FCFPS0860 FCFPS06]1 FCFPS1062 FOA 708, FOA800

04, SCAFBOYL SCFAC88; SCFAD4®; GLF0O&3

Euthynnus allettgf&B899716.1 [GenBank], BZD®/EZHBOMABS DNATR7IS
DNATR77ABDNATR7-6, DNATRYI/Z, LIDM587, MFSP&e® MFSP&RT) MXI11103

07)
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Katsuwonus pe(@H1507, DSFSFD97 ANGBF6825 ANGBF6322 ANGBF6827
GBGC16686, GBGC49%9 GBGC498) GBGC498] GBGCA49&2

Sarda sar@ENATRO0A2, DNAY12203, DNATR123]1 DNATR1233 DNATR1A3
CSFOMO04&8, MLFPI110, MLFPI227, MLFPI199, MLFP100)

Thunnus alal R§2A8684, GU256526.1 [GenBank], JN086151.1 [GenBab@], CSFOMO79
GBGCA64D, GBGCAMTH GBGCAZLM; RFE233, RFE2G8, RFE408)

Thunnus albaq&e§&BF6823, FOA869, FOA808, MFC188, RFE2a8, RFE265,
SAFC038., SCFACIT® TZMSCAE, WLIND461)

Albacorkke Thunnus thynnus (GB&QA443

Thunnus thynnus (FOBOBDAS98, FOA395, DNATR142Z3 DNRAR17243,
GBGC00488, GBGCO883 GBGCA44, SCFACHR) SCFACHE)

Thunnus mac@eyt05741.1 [GenBank], DOASIAB08, FOA8D8, FOAB04,
GBGCAL16, GBGCAMTB GBGCAA GBGCAZ) GBGCALR)

Thunnus ob¢SA$-C0A4., ANBF68112, ANGBF632) ANGBF682] FCHIL18a,
FCHIL1826, FOA884, FOA882, GBGCAIZR, GBGCAZY

Thunnus atlan{ie@sA\9525, MEFM1a®, MEFM168 MEFM 1615} MEFM 1453)
MFSP18283, MFSP1884 MXI111%, MXI114%, TOBAGEKD)
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Chapter 4

Discovery of single nucleotide
polymorphisms in the bluefin tuna genome
using a genotypingby- sequencing
approach.

May 27, 2014 Inigo Rodriquez entered into the classroom with his head hanging lowiay the

inquisitive stares of his classmates. He silently dropped his bag to the floor beside his desk, nudged his
chair aside, sat down with a heavy sigh and laid his head down on the desktop. The other students knew
it wasn't wise to press the obvibusorose Inigo and turned their gaze forward. The sunshine from the
classroom window blinded the little boys sleepy eyes and he was once again sailing across a sea of blue
by his father's side. After years of anticipation he had finally been invited saibwith his father and

uncle on the family's tuna purse seiner. He had worked into the night while his friends played in the
waning spring sunsets. His father had managed to clear three weeks from his school calendar and the
whole town had known thatibo was setting sail to hunt the mighty bluefin with his father, as the
Rodriguez boys had done for generations. But it hadn't lasted three weeks. Not even 24 hours. After only
23 chaotic hours of madness, his uncle had received the call over the ragligudta was caught.

The sound of his teacher's voice barely registered as thoughts swam in circles in his mind. He blinked
away a tear of frustration and balled his fists. His teacher carried on, knowing it unwise to interrupt the
boy's meditation. Inigdidn't care to listen to his teacher as he was occupied with greater matters than
algebra. Why had the government stopped them from fishing on the first day at sea, when there were

obviously so many tuna still in the ocean? It just wasn't fair!
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Publicain Note:

The following two chapters decribe the accomplishments of a consortium of partn
the International Commission for the Conservation of Atlantic Tuna. The majority of the
described below has been executed by thedBg\wRutiohevrdten content of the chapters.
Samples were provided by the various groups associated with the author affiliations an
were conducted at AZTI Tecnalia, the University of the Basque Country and by G.N. PL
Universitof Bologna. All Next Generation Sequencing library preparation, sequencing ar
preparation occurred at KULeuven in Belgium with direct consultation from G.N. Punch
at the University of Bologna. The contents of Chapteehdyapeirtgateatted for publication.
TitlePopulation structure and genetic management unit delineation in the bluefin tuna u:
genotypHigsequencing approach.
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4.1 Introduction

Molecular tools are increasingly used by fisheries researchers to inform managen
Over the past three decades, various genetic techniques have been used to identify the
and largdfragment length polymorphisms, barcoding, metagenetics) in order to underst
distribution, movement and habitat use. These techniques are now being used to inves
of seafood fraud such as mislabeling, laundextiog afddaisifientation (Lowenstein et al.
2009; Miller et al. 2012; Nielsen et al. 2012). Genetic population structure studies are a
spatial dynamics, migratory movements and kinship of commercially targeted species il
maagement and conservation units. This kind of work is essential for an accurate unde
mixing rates so that contributions from each stock to annual catches can be accurately
assessment purposes (Habicht et al. 200héetgyimioi individual fish captured at feedin
aggregations can help to identify habitat use and thus areas and times appropriate for «
Information concerning genetic adaptations and shifts in a speciessppatal tistribution i
changing environmental parameters can help predict the impédtsfoiatirmate\ttlange
2008; Nielsen et al. 2009). Molecular tools are often used for phylogeographic studies t
barriers to the movements ohp@ndatmecies, providing information about their preferred
environmental conditions and sensitivity to natural and anthropogenic pressures (Dudg
Knowledge concerning the distribution of past populations as inferretplip preskcstudies
future distributions in response to changing environmental conditions. Genetic diversity
fisheries managers about a population's genetic effective size, or an estimate of the nul
spawning stock that contribated tgathe sampled cohort. As the number of adults descre:
population, genetic drift and inbreeding increase, resulting in loss of adaptive variation :
of detrimental genes (Hutchinson et al. 2003; Poulsen et dl. 2008). Dudgedoretedion
is vital for the assessment of a population's wellbeing and can be used to help maintain
potential. Molecular tools are also being used in aquaculture to manage inbreeding, ide
monitor impaxiatural populations (Bekkevold et al. 2006). The accidental release of h
aquaculture stock into the wild has reduced the genetic diversity of natural stocks and t
deleterious traits to wild fish (Coughlan et al. 2066¢. leésedlyclybas identified that
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industrialized fishing has had numerous genetic, physical and demographic impacts on
targeted species (Allendorf et al. 2008).

In the past 15 years, several molecular techniques have liedricegploitkateraan ef
more accurate depiclimmoius thymaoysilation structure and spatial dynamics in line with t
results from electronic tagging campaigns and traditional ecological knowledge. The so
resolution of molecularuestirag been constantly evolving and recent results are showing
potential for adding clarity to this issue that has interfered with the optimal managemen
(see Appendix 1 for a summary of all molecular analyses of BIHIE tbseajied ne€=frammp
themitochondrial DNA control region (mtDNA CR) were the first to show evidence of dif
between the western Atlantic and Mediterranean populations (Alvarado Bremer et al. 1
effectiveness of this meslalled into question when a later study was unable to detect di
between populations over multiple years (Ely et al. 2002). A third study that followed so
contained an analysis of allele frequencies from 37 allozyshmegledoand thanditiered
significantly between the western and eastern groups (Pujolar 2003). As if to validate tf
results, Alvarado Bremer et al. (2005) analyzed 607 samples from the western and eas
Mediterranean Seaubp sequence of mtDNA CR and found no significant difference:
the eastern and western stocks of BFT. Two studies have since shown significant diver
Mexico and Mediterranean populations using mtDNA CR seques¢€adssomiet@datellite
2007; Boustany et al. 2008). Population Box 1llustration representing fixation inc
use fixation indices to describe the distril| measures of heterozygosity, used to es

o . L . differentiation of populatipnslffeeding
genetic diversity within a species (Box 1}| within sympulations)(fand genetic divers

of an entire spegijes (F
F

IT

these studies the fixation index used to ¢

populationg)Mas estimated at between C
‘ Individual ‘ ‘ Sub-populations ‘ ‘ Total ‘

0.0129. A review of population genetic p
57 marine species estimated meangnd ! P For

values of 0.062 and 0.02, respectively, fombinguke(i¢aptes 1DBE)I populations are
differentiatdten the walues used to define these differences are lower than the average

fish. Of course, this is to be expected for a speddss wittadoeapatterns, long lifespans,
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broadcasting of gametes and repeat spawningaso&tsd/imtieent.

The same pattern of inconsistent results can be seen among the studies that ana
differences between sampling locations in the Mediterranean. Evidence of genetic struc
Mediterranean was first pubd6Bddwhen mtDNA CR sequences and microsatellites shoy
genetic divergence ofofthaygar captured in the lonian and Tyrrhenian Seas (Carlsson e
Three years later, this study were repackaged to include additionabEitapies &oth the G
the Western Mediterranean and 25 samples from theuppign{Seeywergre[ r [ ®N
GNNOJ NEBWI NWI P (owslssr N[ wg. 2007).
again found between the easternMediteesteaan. In 2010, a study comparing samples
collected from six locations in the western and central Mediterranean (Adriatic, Tyrrhen
Alboran, Algeria and Sardinia) using eight microsatellites, caletdhied fgdficant F
28 pairwise comparisons between populations (Riccioni et al. 2010). This analysis inclu
historical samples from 1911 (Tyrrhenian) and 1926 (Adriatic), which were significantly
other samples, including modsrin@artipdesame location. A similar study in 2013, reanaly
same data with the addition of 60 individuals from the Levantine Sea (Riccioni et al. 20:
found evidence of at least-fiupelatitns within the Mediterranearidlz sjppetared
along an environmental gradient (salinity and temperature). Conversely, other studies L
microsatellites and mtDNA CR sequences have been unable to detect divergence amo
sampling locations (Boustany et BA2608t.\2011). The first effort to characterize BFT
populations in the western and eastern Atlantic using single nucleotide polymorphisms
the most significant evidence for differentiation of populations to date {Adibaituaet al. 20:
17 SNPs revealed significant differentiation of BFT captured in the north west Atlantic a
Bay of BiscayM.120+0.091, p < 0.01) and the western Medacrisa€ad/@; p < 0.01).
Thesefestimates are an ontiegrafude higher than previous estimates using the other apj
Due to the limited number of Western Atlantic samples used in their study (n=15), the r
verified with an increased number of samples.

Several important factorsieanarifie outcome of investigations into genetic structuri

BFT populations. As discussed in Chapter 1, several locations from which some of the .
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studies collected samples, are feeding aggregations that are visitedst®rB&idrom both t
western stocks. Moreover, genetic divergence has been observed between collections
within months of each other at the same feeding location (Carlsson et al. 2006). Theref
inappropriate to make pairwise samjpayisamples from these locations for genetic structu
analyses, since they cannot be considered populations. Furthermore, considering the h
nature of the species, it is also unwise to analyze groups of adult BFTnoagtured outside
locations, since they are likely to be of mixed origin. The only studies that can be awarc
providing valid information concerning divergence of populations are those that have us
youngftheyear. Comparisons dbouitlade samples from multiple years in order to avoid
positives for divergence due to sampling bias, temporal variation in the survival of larva
effects (Larson and Julian 1999). Of course, the choice of mole@gpeararkehargedals
influence on the outcome of population investigations.
4.1.1 SNP Discovery and the role of Next Generation Sequencing in fisheries research
It has been nearly a decade since the first protocol for NGS, or highwhsoughput s
published (Margulies et al., 2005) and its impact on biological studies has been profour
technological advancement that led to a veritable revolution in genetics was a massive
capillary electrophoresis, allowing for milt@mscafssisactions occurring in parallel. The
reactions happen rapidly and hundreds of Gigabases can be produced in a single run c
DNA that have been fragmented and assembled into libraries. NGS refers to a number
technolieg that rely on either emulsion PCRs (semiconductor sequencing, pyrosequenc
sequencing by ligation-oaséidd’CRs (reversible terminator sequencing and ligation seq
Of course, NGS is well known for the advances thathelszesjadosied of entire genomes;
however, its capacity to rapidly identify SNPs throughout the genomecatiimgth coding an
regions has had a major influence on conservation genetics. These tools have allowed
advances in fislhregearch, includingdate population structuring, population assignment, k
analysis, local adaptations and estimations of effective populations size (Seeb et al. 20
SNPs can be discovered by a number of different methodsgirerediggoSanger

targeted genes products and expressed tag sequences, shotgun sequencing, and Next
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Sequencing. At least 80 SNPs are recommended for the detection of low levels of diffel
highly mobile species (Ryman et ale@té ))dtethassembled into panels containing at lea
loci. SNP panels have been used to identify species and populations of albacore tuna, |
salmon, and blue catfish, and distinguish between wild and natural popltaicis of salm
2010; Albaina et al. 2013; Amish et al. 2012; Drywa et al. 2014; Hess et al. 2014; Hous
Larson et al. 2014; Li et al. 2014). In 2011, Molecular Ecology Resources dedicated in ¢
publications) to the use of Si¢Rsviatiom genetics (mostly fish species). One of the main c
of FishPopTrace (Stokstad 2010), an EU funded consortium of 15 research groups, wa
research related to fish population analysis, seafood traceatiliyr@ndmdamforcgment
in the fisheries sector.
4.1.2 Aim of the study

The goal of this study was to develop a SNP panel capable of distinguishing grou
within spawning and nursery areas in the western Atlantic and Mexdi2XAr@Ran Sea. Sinc
sequences and microsatellites have both provided mixed results in this regard, we hope
to BFT population structuring using the increased resolution and genome coverage of S
genotypHhgsequencing approach usimgitizeHiSeq platform will be used for SNP discove
fisheries related research, these methods have been applied to studies focused on spe
simple population structuring (limited range, anadromous, single spawnayg events). Thi
present particularly unique challenges in that BFT is a highNivedjsgiecjesnavitnarge
effective population sizes, high genetic diversity and at least two large spawning areas.
4.2 Materials and Methods
4.2.1 Tissue samplingAaecttiAdtions

A total of 105 larvae and 45@thevegr (YOW)dividualkgere captured at various
spawning areas and adjacent waters in the Mediterranean Sea, Gulf of fvtexico and Caj
2007 to 2@l #ing the late spring and earlgnenthmglrable 1, Fightéalyae used in this
study were collected using plankton nets and sacrificed via immersion in 96% ethanol,
standard larval survey practices. Imentdhmoddaal identification, all larvae wese barcodec

ensure proper species assignmeny{CYiateveye captured with hand lines and trolling lin

Pagelp4



Permission to conduct sampling surveys and all legal permits were granted by the Inter
Commission for the Conservation of Atlari€) TGREATTGLCthe intergovernmental
organization responsible for the management of bluefin tuna in the Atlantic Ocean and
wrn wild BNsNWBN® [ g NN mss g o wuwnnon ) [ o e fwg
(GBYP). ICCATiésba recommendation-I8¢allblving the parties involved in this research
collect and sacrifice young BFT for the purposes of genetic research as well as ship sa

country to another (Cert. No. ICCAIARMA12

Table ISamples abAtic bluefin tuna used for development of a 384 #INEl genulygatg generated by
fromGenotypHgSequencing.

Sampling locatior Sample code Age class Year N. individuals
Levantine Sea (LE EMLS1V Larvae 2011 10
EMLS1D YoungftheYear 2011 29
EMLS1D YoungftheYear 2012 40
EMLS12b YoungftheYear 2012 21
Strait of Sicily (ST CMSI1D YoungftheYear 2012 21
CMSI1/ Larvae 2012 21
CMSI1D YoungftheYear 2012 40
Balearic Islands (B. WMBAOD YoungftheYear 2009 41
WMBA1@ YoungftheYear 2010 45
WMBA11 YoungftheYear 2011 40
WMBA12 YoungftheYear 2012 40
Tyrrhenian Sea (T WMTY110 YoungftheYear 2011 37
WMTY 12D YoungftheYear 2012 40
WMTY 120 YoungftheYea 2012 40
Gulf of Mexico (GO  WAGMO¥V/ Larvae 2007 11
WAGMO8/ Larvae 2008 14
WAGMOSY Larvae 2009 25
WAGMOY Larvae 2009 24
Cape Hatteras (C. WAGMO® YoungttheYear 2008 16
Total 555
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Approximately 20hnguscle tissudifi from each of the 450 YOY and 105 complete o
partial (caudal fin or eyeball) larvae were digested overnight in a Proteinase K solution.
Jws NIJBWwnpnfNn esBrr Wil sSWIAINS wrn 14§ B(
kit @ad vacuum marefald; | r [ ¢ [ & [ & N.DNAwpS eltagwiinpb@istiied) s | |

water heated to BINA .concentration and purity was measured with a NanoDrop.

N\

-y N

Fig. 1Sampling locations (GOM = Gulf of Mexico; CAP = Cape Hatteras; BAL = Balearic Islands; TYR :
Sea; STS = Strait of Sicily; LEMind_Sea).

4.2.LenotypiBgSequencing
Extracted genomic DNA was digesfguiilith thstriction enzyme which has a 5bp
recognition site (5'GCBIGGWCG). As in Elshire et al. (2011), the follthumgnstandard

sequencing adaptofigateckto all fragments:

S-ACACTCTTTCCCTACACGACGCTCTTCCGATCTxxXxX
5-CWGYyyyAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT

JoNnsN, UU111120U0 wrn U0ttttU0 NN N [
L ®ON SNNrp[n, s doBgekkogmpatinleStidky endin wy [ N8B ouws

S-CWGAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAG
5-CTCGGCATTCCTGCTGAACCGCTCTTCCGATCT
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The GBS librasiese sequenced on HiSeq2500 (lllumina)et@Drbpchaded
multiplexing 188 individuals on each sequencirggEndevitiopactwithin thefihgject,
Genomics Core Facility (KULeuven) in collaboration with BioGenomics. Due to the very
fragments sequenced and discovered polymorphisms, individuals with less than 500k ri
resequenced tovachsufficient depth of sequencing for reliable genotype calling.

4.2.3 De novo SNP discovery

Asrecommendeflishire et al. (2011), barcodegialiy ledges were removed from the
raw Illumina DNA sequence data using the Universal Aledlysik Engigheline (UNEAK
Lu et al. 2Q1@hich is an extension of the TASSEL vBNEpAQgidentifies SNPs in the
absence of reference genomes by clustering similar 64 bp sequences (tags) that differ |
(tag pairs or recgdrtag3he pipeline also employs a network filter that removes any cluste
includes more than one SNP. In this mannen82ai38/&dBsand among these an averag
of ~50% of SNPs were called per individual from each SalRplingrio&itoed according to
the representation of a minimum number of individuals per sample. All SNPs with less t
representation among all individuals within each sample were removed, resultinginad
27,316 SNPs.

The datagets then converted to a Genepop file format using PGD Spider (Lischer
2012), and a basic quality check analysis was performed using the Adegenet package |
Ahmed 2011) and GENETIX (Belkhir2£10). 189 @&xcess aldygiesity was observed for
the majority of loci which warranted additional tests and analysistticegneaad|edeoual
distribution of read coveragethsdesnoveNP discovery pipeline was abandoned for reaso
discussed in tsal®eand Discussion sa&fteomsecognizing this issue, the data for all individu
were pooled within five gesgraphiageas or st(@alf of Mexico and Cape Hatteras were
merged into a western Atlantiarstratamdlyzed usinggaomiparisons of the total number o

reads per allele per locus.
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4.2.4 Genotypiygequencing allele frequency analysis
4.2.4.1 Reference genome assembly

Agenonreference was assembled using data genesaigaengiggnuimesingle
indivdlual captured offshore from the Baleari¢=

_ o Box 2ZSummary statistics frdertbeo
(unpublished d&kes) genomic library was seql assemble genome using AbySS.

in 2 x A3p pairexhd mode on a HiSeq 2000 (| No. of contigs 6,309,01
A total of 94,000,207-paitedads were produ¢ ow@! length 944,001 2
th i dto 71b P No. of contigs >= 50( 278,2¢

ese were nmmed 1o P duelity Ngs Largest contig size 5566
ABYSS (1.3.7; Simpson et al. 2009) was us¢| nso 318!
de nowassembly of the genome. ABySS was| N75 172:
standard parameters;maadsazie of 31. This re 150 56,01
: . L75 122,74
in an assembly of 6,309,067 contigs and a ¢ Gpercentage 29,50

944 Mb (additibdetails provided by AbySS a
provided in Box 2Qquakty contiml the assembled genome, the original data was mapped
Bowtie2 (version 2.2.0; Langmead and Salzberg 2012) in the local modus.
4.2.4.2 Referdased SNP discovery

The afementioned raw ganedequence data (Section 2m2)typéesxdd using GBSX
(Herten et al. 2@EB$X trimarbodes and adagitoveng for one sequencing error in the
barcodes and enzyme restriction site, thereby geaetly @ngadvjimigipg and mapping
Reads fronseguenced individug!s-that

.. ) Box 3Percentage of reads that were retained after F
were distributed across multipl¢, gemuyitiplex filtration.

were recombined and ovedagdp Stata % of data retain Number of rea
, , Western Atlantic 86.87 146,942,65¢
pairs were merged using FLAS _

Balearic Islands 90.09 225,310,444
1.2.7; Mdgnd Salzberg 2011). || |igurian Sea 90.36 36,418,929
concerning the reads that were Tyrrhenian Sea 86.88 282,901,49¢€
g : Strait of Sicil 87.36 135,885,94C

after this filtration step are featt ! _ e
Levantine Sea 91.58 124,845238

Box 3. Merged read pairs were

pooled according to strata and mapped against the genome reference ad mapped to th
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(from section 2.4.1) using Bowtie2 (version 2.2.0; Langmé&ajl asidSdletmeg 20

modus. Merged reads were filtered based on a mapping quality eqoalit@appedeater thar
particular location with 99% c@&itaigggmomic coordinates and corresponding coverage st:
the targeted regi@re retrieved using BEDtools (version 2.17.0; Quinlan and Hall 2010).
coverage for each location in the genome was normalized for each stratum using the fc

Normalized depth location = Locatkdigluesittoral read nowelbbexll strata
Total read number of this stratum

Locations with a normalized depth of 50 or more, over all strata, were selected for the i
representative SNPstiatall

SNP calling was performed for all strata, based on the quality filteradingapping, in
FreeBay@ersion 9.9.10; Garrison and Marth 2012). Similar settings to the human genor
calling were used: mapping qualitas guaty bBybperforming SNP calling simultaneousl
on the mapped data of all strata, SNP information for all candidate positions in all strate
including positions that were homozygous for certain strata.
4.2.4.3. SNP selection

Giva that the read data for each locus was pooled by strata it wasn't possible to c
individual allele frequencies. As such, a proxy for allele frequency was developed using
counts. SNPs were selected for a 384 SNP gesetypipgpanklia value (DV), which was

calculated for each locus using the following formula:

DV = Pop.1 [Number of reads for reference allele} . Pop.2[N umber of reads for reference alleIeJ

Number of reads for both alleles Number of reads for both alleles

A minimum of 18 read counts for each locus per stratum was set as a threshold ir
maintain confidence in SNP validity. Preference wathgiveadfoleB&lPalues between 1.0 a
0.7 (high), 0.7 and 0.6 (mid) and 0.6 and 0.5 (low) (Table 2). Additional SNPs with exce
coverage were selected to complete the 384 SNP panel. Finally, all SNPs were filtered
compliance witlctiteria of Fluidigm genotyping design (minimum flankingfs&@|bence leng
and <65% GC content).
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Table:2Number of SNPs selected for the 384 trial SNP panel in order to differentiate between five stra
WATL WATL WATL WATL LEVvs LEVvs LEVvs BALvs TYRvs TYR vs

vs LEV vs BAL vs TYR wSTS BAL STS TYR STS STS BAL
High 8 4 0 2 1 14 9 9 1 5
Mid 7 9 0 3 1 19 8 19 1 12
Low 23 31 3 28 3 29 29 38 14 23
3 33 5 62 46 66 16 40

Total 38 44

Using the SNP flanking regions derived from tiesl ahocemaate reference genome,

all sequences were then compar&hdith mod(sea baBscéntrarchus |3aad general

teleost sequences available through GenBank using the Basic Local Alignment Search
Altschul et al. 1997).
4.2.5 384 SNP panel validation with 188 individuals
In an effort to validate the SNHa s#iled@8 of the 555 indivichealdor the SNP
discovery process (Table 3) were genotyped -igniugeaBdeaBiiyping was carried out

withlte BiomarkTM HD platform (Fluidigm) and run with ROX as the passive reference

and HEX SNPt{@sssays for specific allele calling.

Table:35ampling details of young BFT samples selected for SNP panel validation.

Sampling locatic Sample cod Age class Year Stratum  N. individual
Levantine See EMLS1D YoungftheYear 2011 LEV 27
EMLS1D YoungftheYear 2012 LEV 21
Strait of Sicily  CMSI1D YoungttheYear 2011 STS 21
CMSI1D YoungftheYear 2012 STS 27
Balearic Island WMBA11 YoungftheYear 2011 BAL 24
Tyrrhenian Sei  WMTY12 YoungftheYear 2012 TYR 24
Gulf of Mexico WAGMOF/ Larvae 2007 WATL 2
WAGMO08/ Larvae 2008 WATL
WAGMO9Y Larvae 2009 WATL 10
WAGMOY Larvae 2009 WATL 8
Cape Hatteraa WAGMO0® YoungttheYear 2008 WATL 16
Total 188

A quality check was performed in order to remove SigBlytinafphaiewaon

guality or failed to anfpidyhierarchical Bayesian method described in Beaumont and Bal

iImplementadBayescan software (Foll and Gaggiotti 2008) was used to detect loci with s
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for selecticlog10PO > 1). The Beaumont and Nichols (1996) FDIST approach, impleme
(Antao et al. 2008) using a 0.995 confidencsatteidahtdgis Ps showing evidence of
balancing selection, which were then removed. Using Geh&Ray ootiteandiRousset
1995; Rousset 2008), SNPs were analyzed for heterozygosity excess/deficiency using
the following Madt@in parameters: 1,000 dememorization steps, 100 batches and 1,00t
batch. STRUCTURE software (v2.3.4; Pritchard et al. 2000; Hubisz et al-124%¥3), a Baye
clustering algorithm, was used to visualize the populbdisimsatectiueceatent of admixture
by individual and population. For each analpsisod bli®k with 50k MCMC reps was
employed, using the admixture ancestry model, correlated allele frequencies and samp
for the LOCPRIORImoaimbda values were inferred and the number of potential ancestrz
analyzed was equal to the total number of strata. For each value of k the analysis was |
results showed that the samples collected from the LebahtneGemain 2ifierently than
all other populations and were thus removed from further analyses. An analysis of the f
using BELS software (baakwiaation losakection) selected the optimal SNPs for discrimin
of populatiomsturing (Bromaghin 2008). A total of 59 SNPs were selected for optimizati
discrimination between the samples collected from the Gulf of Mexico and the Mediterr:
Another 48 SNPs were selected for their discriminatory powecatwsevitbantpkng lo
Mediterranean, 11 of which had already been g&lacittc dmchianaation.

Genotypes for all 188 individuals from the remaining 96-&NBxz@nksditioen re
HardyWeinberg tests were performed usingleaieopidah (Raymond and Rousset 1995;
Rousset 2008) fixed with the following default Markov chain parameters: 1000 dememc
batches and 1000 iterations per batch. Alpha values were adjusted using the Bonferron
above, outlierigere identified using Lositan (Antao et al. 2008). Various population struc
statistics{f=+ F) were calculated with Arlequin v3.5.1.2 (Excoffier et al. 2009). Genetic
differentiation between samples was estimatgadibin@&BTiHEL 0.4 (Goudet 1995),
testing significance with the adjusted noriGAl) leweinultiple comparisons (Bonferroni
correctio®TRUCTURE software (v2.3.4; Pritchard et al. 2000) was used to elucidate pe
population structuring. Thralighalytses, the admixture model and LOCPRIOR option we
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selected. Preliminary analysis for the optimal number of ancestral clusters (k) made use
and 50k MCMC reps with 20 replicates at each of value of k ranging frofmgiciopbe total
analyzed. These results were then analyzed with STRUCTURE harvester and a final ra
was ranalyzed with 500k burnins and 750k RIG84€ irgpsf groups using the 59 and 96 SI
panel was further analyzed using tpackdegerth R, which provides Discriminant
Analysis (DA, defining groups), based upon a dataset of Principal Components (PC, re
several dimensions) constructedid@m garibtypes (Jombart 2008; Jombart and Ahmed Z
4.3 Relts

4.3.1 De novo SNP discovery using the UNEAK pipeline

Comparisons between read coverage by individual and measures of DNA quality
(nucleic acid purity, DNA purity and DNA concentration) revealed no significant correlat
Therefe, the DNA extractions used for analysis were satisfactory for the required purpo:
preliminary analyses of allele frequencies continually showed an excessive number of t
thresholds of read count were increased.

Additional asédyof a subset of 22 individuals with more than 2 million reads reveals
results. More detailed analysis of datasets with minimum thresholds of 3, 4 and 5 read
locus revealed a trend of increasing heterozygosity wiidh@opatatistis.ofhe majority of
loci within the dataset requiring a minimum read count of 3 had observed heterozygosit
0.4 (Fig.3A). When the minimum read count threshold was increased to 4 and 5, values
increased atrmexpected rate (Fig.3B,C). Within the 5 minimum read count dataset, the d
between expected and observed heterozygosity was overwhelmingly negative for the n
(Fig.3D).

Overall observed heterozygosity within eachndplaised wistwde the expected
heterozygosity and the difference between the two (Fig. 4). The data trend shows a def
heterozygotes at 2 read counts and a steadily increasing frequency of heterozygotes af
These uncharactegstis that appear to be independent of DNA quality and quantity were
of errors in the work pipeline. For this reason, the analysis of individual genotypes was

alternative approach was developed.
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Trend of average expected H, observed H and

expected H - observed H with increasing min. read counts
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Fig4:Overall observed (Hobs; blue) and expected (Hexp; red) heterozygosity from four datasets conte
genotypes withrinimunadecounts per loci. The difference between expected and observed heterozygc
Hobs; purple) is plotted for each dataset.

4.3.2 Genome assembly

GBSX processing resulted in the retention of a much higher percentage of reads |
after FL2H tool filtration (Table 4). Merging of read pairs produced longer sequences (u
which, when mapped against the genome reference, resulted in much improved mappi
confidenceable)s In total 866,121 locations in the dhtheahpagsagy and normalized depth
filtration criteria. SNP calling by FreeBayes resulted in 2,467,103 SNP positions, of whi
intersected with the >50 coverage mapped locations. After filtering for only biallelic SNF

strata), a totdl&1,895 SNPs were found to be sufficiently represented among all strata.

Table:AResults from the analysis of original data mapped to the assembled genome reference.

Description % paire@nd reac % reads No. of pairemd reac No. of read
Pair Aligrd concordantly exactly : 68.07 68.07 63,984,850 127,969,7C
Pair Aligned concordantly >1 tim 6.09 6.09 5,720,552 11,441,10:
Pair Aligned discordantly 1 time 2.34 2.34 2,203,070 4,406,140
Not aligned as pair, aligned exac - 3.82 - 7,18%21

Not aligned as pair, aligned >1 ti - 18.18 - 34,176,08:
Overall alignment - 98.50 - 185,182,54
Unique alignment - 74.24 - 139,565, 3¢
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Table apping statistics of reads per strata after combining read pairs using FLASH tools.
Total read:  Aligned Aligned Aligned mor Alignment Reads with Ph

Otimes exactly onc than once rate score > 20

We(s\‘/t\fgsﬂa' 146,942,6: 4.69%  57.95%  37.36%  95.31% 10772,'83;2/’0577
Ba'?gzi)'s'ar 2253104 2.19%  53.67%  44.14%  97.81% 12'32:20/,"67]
Tyr[?ig‘;‘” S 186,001,4¢ 17.94%  46.17%  35.89%  82.06% 15’; ggg)aeje
S”"Z‘gTO;)SiC" 135,885,9¢ 13.44%  51.79%  34.77%  86.56% 82223%87

Le‘gﬁgt\i/r;e St 1248453t 381%  57.99%  38.20%  96.19% 8; 519212;3)/,00 45

4.3.4 SNP genotyping

All 188 individuals were sufficiently genotyped for population structure analysis. F
384 SNPsweéfe ngoolymorphic, unrecognized or provided low quality data. Thirteen SNI
minor allele frequencies of 1886 #waiosk all populations. An additional 53 SNPs were rerr
of which showed evidence of balancing selection and nine consistently failed to provide
statistical analysis. In total 3#4¥sititthecovered SNPs failed thedlyechidatiéimally,
33 SNPs were removed as they were found to be/deitsmbegEHaitdyium. This left a pool
of 221 SNPs for which average percentage of missing data per SNP locus was 2.57 +:
value of 2.4%. The aven@gegpe of missing data by individual was 2 + 6% with a mediar
0%. YOY captured in the Levantine Sea in 2012 were removed iirdatahpalatdsa, as the
divergent from all other populaheirsribhision interfered witlysige ana
4.3.5 Genetic diversity and/eiatzsrg Equilibrium

The mean heterozygosity across all loci was 0.344 + 0.155 with the lowest value |
assigned to larvae from the Gulf of Mexico 2008 and the highest value (G827 + 0.161) .
Levantine Sea 2012 samples. Of the final 221 SNP candidates, all behaved according 1
following Bonferroni correction.
4.3.6 Detection of outlier loci

The hierarchical Bayesian method described in Beaumont and Balding (2004), im
Bayescan software (Foll and Gaggiotti 2008) detected ondymuuet SN Ishibwing
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logl0PO > 1)Qutlier detection using Isositeare revealed a total of 8 candidate loci for posit
selection and 12 candidate loci for balan¢ifig.se#gctiAfter selection of the final 96 SNP
panel, the analysis was run again with the same settings, revealing 2 candidate loci for

and 3 candidate loci for balancing selection had been retained (Fig. 5B).

A Fst/iHe

0250

0.025 0050 0075 0100 0125 0150 0175 0200 0.225 0250 0.275 0300 0325 0.350 0375 0400 0425 0450 0475 0500

He

Markers — Candidale balancing selection — Candidale neutral — Candidate positive selection

B Fst/He

0025 0050 0075 0.100 0125 0.150 0.175 0200 0.225 0250 0.275 0300 0325 0350 0375 0400 0425 0450 0475 0500
He

['® Markers — Candidate balancing selection _ Gandidate neutral — Candidale positive selection |

Fig. 5Lositan analysis results for datasets containing 167 individ\als 26 & REE §NBstl figures,
the lower and upper coloured band represents a threshold inwhich loci are candidates for balancing s
selection, retpely. The confidence interval was set at 0.995.

4.3.7 Populations Genetics

Using genotypes from the final 95 SNP panel, the genetic differentiation between
significant, with a glgbalie of 0.0158{pe<0.05). The g|ghak@lculated to be 0.0429,
demonstrating that only 25% of the variation in the dataset is due to between populatiol
Analysis of the entire dataset with genotypes from all 95 SNPs revealed significant diffe
the Western Atlantplesaend 3 strata (Balearic, Strait of Sicily 2011, Levantine Sea). The
Sea samples also differed significantly from fish captured in ttinee SiadatonicSaly 2td 1
(Table 6). Analysis of the dataset with just 48 SNesethhteansesof discriminatory power

within the Mediterranean showed that only one significant pairwise difference persisted

PagelfL7



2011 and the western Atlantic; Table 7). However, when all 167 samples were analyze«
panel dgeed to differentiate between western Atlantic and Medditerranean populations,

comparison with the western Atlantic was signifigargl(i€abienged-between 0.0165 (Strail
of Sicily 2012) and 0.0369 (Levantine Sea).

Table oviatix of Kvalues calculated using 96 SNP genotypes for 167 individuals from 6 samples. FST \
provided under the diagonal and indicators of signifisegruéd@headMBhare shown above the diagonal.
Significani;kalues are highkdig in yellow.

W. Atlantic Balearic St Tyrrhenian S S. Sicily 20 S. Sicily 20 Levantine S

W. Atlantic * NS * NS *
Balearic Sea 0.0162 * NS NS NS
Tyrrhenian Se 0.0161 0.0165 * NS NS
S. Sicily 2017  0.0218 0.0077 0.0152 NS NS
S. Sicilyo22 0.009 0.0062 0.0104 0.0091 NS

Levantine Se.  0.0274 0.0083 0.0216 0.0106 0.0081

Table Matrix ofsfvalues for 167 individuals from 6 samples calculated using a 48 SNP panel designed
between groups of BFT in the MediteF&eaal ®saare provided under the diagonal and indicators of sic
(*) and neignificance (NS) are shown above the diagonalatigsificamidghlighted in yellow.

W. Atlantic Balearic S Tyrrhenian S S. Sicily 20. S. Sicily 20 Levantine S

W. Atlantic NS NS * NS NS

Balearic Sea 0.0152 NS NS NS NS
Tyrrhenian Se  0.0044 0.0232 NS NS NS
S. Sicily 201  0.0192 0.0154 0.0268 NS NS
S. Sicily 201:  0.0042 0.0155 0.0169 0.0173 NS
Levantine Se 0.0284 0.0157 0.0355 0.0177 0.088

Table 8Matrix of;fvalues for 167 individuals from 6 samples calculated using a 59 SNP panel designec
between BFT from the Western Atlantic and Mediterranean Sea. FST values are provided under the d
of sigficance (*) andsignificance (NS) are shown above the diagoalafigsificamidghlighted in
yellow.
W. Atlantic Balearic St Tyrrhenian S S. Sicily 20. S. Sicily 20 Levantine £
*

W. Atlantic * * * *
Balearic Se 0.0229 NS NS NS NS
Tyrrhenian S 0.0256 0.0033 NS NS NS
S. Sicily 20! 0.028 -0.0022 0.0016 NS NS
S. Sicily 20! 0.0165 -0.0024 0.001 -0.0033 NS

Levantine S 0.0369 0.0015 0.0105 0.0017 0.0011
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4.3.8 Detection of genetic clusters

Cluster analysis basedBayésian algorithm performed in STRUCTURE revealed st
differentiation of western Atlantic and Mediterranean samples as well as genetic structt
Mediterranean Sea (Fig. 6). The 48 SNP subset showed pronounced pofhdation structt
Mediterranean at 3 different levels of assumed ancestral populations. The 59 SNP sub:
significant differentiation of the western Atlantic from all samples in the Mediterranean.
DAPC analysis were similar, with saimplesstem Atlantic differentiated from the

Mediterranean samples and some amount of structuring between Mediterranean group

Strait of Sicily Strait of Sicily Levantine Sea Balearic Islands Tyrrhenian Sea Strait of Sicily Strait of Sicily Levantine Sea  Baleanclslands Tymhenian Sea West Atlantic  West Atlantic

Fig6:STRUCTURE analysis of 123 BFT collected from the Mediterranean Sea usingn@a subset of 48 S
validated 96 SNP panel. The model used assumes 2 (A), 3 (B) and 4 (C) ancestral populations (Left).
analysis of 167 BFT from the Mediterranean and Western Atlantic using a subset of 59 SNPs from the
developed by the BGSA Gensticsum. The model used assumes 2 (A), 3 (B) and 4 (C) ancestral popul
(Right).
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Fig.7:DAPC analysis of 167 BFT collected from the Mediterranean Sea and western Atlantic using 96
subset of 59 SRPEIfels and dots in shades of blue are samples from the western Atlantic and warmer
associated with the Mediterranean Sea samples.

4.4 Discussion

Several errors were made in the development and analysis of the original GBS de
errors vedetected when increases in minimum read count thresholds resulted in a cons
heterozygosity throughout the dataset. By increasing the number of read counts require
individual genotype, one expects to eliminatehaétesweypdesncorrectly called as
homozygotes due to the low detection rate of alternative alleles. In our dataset the aver
by locus increased to 60%, while many loci had heterozgosily)0&tuaisroeivwesn gad
counts awlas five. Some GBS protocols have advised that loci with mean observed het
>0.75 should be discarded (Nielsen et al. 2011; White et al. 2013). If this advice had be
we wouldn't have had a dataset to analyze.

We initially sudpd that the dataset suffered as a consequence of low sequencing ¢
to low quality DNA; however quality control analysis of sequencing coverage and sever
DNA quality and quantity suggested that the two were unkelyreégad vitnatseliuse of
ApKl as the restriction enzyme (RE) during the preparation of sequencing libraries. In t
passed since the begnining of this project, several studigihéibeashpreptrations
couple with lllmangequencing results in low, biased error prone coverage of genome sec
we [ NB N{rnrf ] NBO[IE ¢s5SINS 60 rfB nuwl wsH
provides low coverage if théeeEpnge [ s N 20P3). Thatfsame fyeargnother study

published results from an analysis of the performance of thredp&difstianednzymes (
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Ecd 22l) which determin@gh&lawas the worst performing RE relative to the others (De Dt
al. 2013). Thel&imental difference was crgoiféd tiwe base pair cut site (GC[A/T]GCO),
compared to the six base pairs targeted by the othé&pREshbdlteothiginsthe other REs
(enabling it to attach to the genome more frequentlyjsban idabmoontabase which can
increase the number of candidate attachment siteSp®igestitia usanigh number of
missing data, irrespective of the quality of data that one begins with (De Donato et al. 2
samples with haghthdcoverage, researchers can expect to have ~30% missing data for a

individual in a dataset (Beissenger et al. 2013).

A great deal of bias can be introduced to the dataset during the sequencing of GE

theApeKdut site tamysections of DNA heavy in GC ===*==*
i i ORI . Box4:Observed and theoretice
genomic regions rich in the nucleotides are heav. frequency distribution of the n

of times that optimalAp#&eéd
fragments were sequenced (fi

underrepresented (Minoche et al. 2011). A 2013 Beissinger etal. 2013).

@

resulting in some genomic regionsdyeing over

O Observed distribution
O Theoretical distribution

GBS had a-noiform distribution oéseg reads in th
site adjacent sequence fragments are left virtuall :

while other portions have read depth >1000x the

0.04

(Beissenger et al. 2013). Box 4 shows the result: *

0.02

comparitige theoretical distribugadepeqsence

T 1
0 ] 0 50 60 >65
s observed

& h““[[]\l‘[]nmmm-&lﬂ.‘ il “M
I 2 30 4 !
Number of times site wa:

versus the realized distribution of read&ap#ien us
combined with the Illumina platform (Beissenger et al. 2013). The authors of that study
the median number of reads per sequence fragment was zero, setstdritidily.less than e
Usind\p&I for DNA digeston results in the production of many short and repetitive
DNA (De Donato et al. 2013), which can easily be incorrectly aligned, resulting in parals
heterozygous loci. Heterozygoiasaraechly identified as homozygotes even among regior
high read coverage (Lu et al. 2013). Minoche et al. (2011) has analyzed the origin of se
generated by the Illumina platform bylemmpanthgeferdmased assemisklyoqpiences
produced by GBS. They found that errors generated by lllumina HiSeq-platfoH@Gs are ty

T conversions, as the fluorophores attached to these bases are excited by the same las
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spectra may not be perfectly(déipacitectt al. 2011). Errors in lllumina generated sequen
far more likely to be substitutions (99.5% of errors), rather than insertions and deletions
of incorrect base calls occurring after guanine and before @demuokeaatahyiis.

Recent GBS studies have used alternative REs with long@sh&se pAtaut sites (
studies of wildmoadel spedisaide et al. 2014; Kort et al. 2014; Li et al. 2014). In fact, th
majority of GBS studibavkais@g&l as RE have focused on SNP discovery in highly
domesticated agricultural crops (Elshire et al. 2011; Morris et al. 2013; Sonah et al. 201
2014). Ironically, the GBS protaquLgiag first introduced as a rabydeadé S
approach for high diversity species in a study that focused on highly inbred populations
barley (Elshire et al. 2p&1)s simply an inappropriate choice of RErfmdsildyerostic
diverse species with large effatdivenpzizes.

The data was greatly improved by the development of a genome reference which
improvement of SNP discovery due to the rough template that it provided for assembly
The trimming algorithm executed by thgr&B8X (terten et al. 2015) greatly improved the
guality of merged reads and increased the overall length of fragment that could be aligr
genome reference. Both of these improvements to the protocol overcame the ambiguiti
challages afe novNP discovery. For considerably lower library construction and sequer
pooling of genotype data from NGS sequenced individuals can allow for accurate estim
population allele frequencies with similar accurdeystedragialglsas (Gautier et al. 2013).
Since we chose to pool all of the GBS data, due to the weaknesses described above, ir
frequencies were lost and the resulting analysis focused on read counts instead. Admit
have inttockd some bias into the SNP discovery process; however, the results seem to
themselves. Technical valinesitindi§covered SNPs showed a 75% conversion rate to ful
SNP arrays.

4.5 Conclusion

This study outlines several shertédh@ GBS approach when anatysileg a non

species with high genetic diversity and effective population sizes. By dig&p#tig our DNA

restriction enzyme, sequencing with the Illumina platform, and analyzing the resulting d
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UNEAK pipeline, we have effectively written a protocol for errors to be avoided when us
technology. Despite these technical challenges, we managed to salvage the data achie
of developing a high throughput genotypingShrglaiibled@deloped in this chapter was us
to genotype an additional 556 BFT. The details of that exercise are explained in Chapte
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AppendixBummary of all BFT genetic population structuring studies to date. Numbers in parentheses reflect the number of samples

Year Marker Sample size Resultp Reference

1999 mtDNA CR Mediterranean Sea and western Allele frequency revealed no differentiation withinp4e@iga2anean ( AlvaradBrerer JR, Naseri |, E
Ocean (140) Allele frequencies revealed differentiation of pooled MED and W. Atlant (1999) Col Vol Sci Pap ICC/

49:12129

2002 mtDNA CR Western Mediterranean 1990 (31 No differentiation Ely B, Stoner DS, Brenigeahn
(32), 1993 (37), 1998 (38) JM, Addis P, Cau A and Quz
Atlantic Large Adults 1994 (34) (2002) Mar Biotech 48833
Atlantic Small Adults 1994 (38)

2002 IdhAuclear Western Mediterranean 1990 (31 Differentiation of MED 199i8o#imet strata Ely B, Stoner DS, Bremer A.

gene (32), 1993 (37), 1998 (38) No other differentiation of other strata combinations JM, Addis P, Cau A and Quk

Atlantic Large Adults 1994 (34) (2002) Mar Biotech 58833
Atlantic Small Adults 1994 (38)

2003 37 allozyme NW Atlantic 1996 (39) No differentiation within MED Pujolar JM, Roldan Ml &hd F
NE Atlantic 1994 (49) No differentiation of E Atlantic and MED (2003) Mar Biol 14681.3
Western Meditegira(@01) Significant allele frequency diffeBDERsrfpyme between pooled E Atlantic
Central Mediterranean (133) and pooled W estern Atlantic

2004 9 microsatel Young of the Year only No temporal differentiation withi(FAER 0 .=0@.836)3 , Carlsson J, McDowell JR, Di
Balearic 1998 (74) No differentiation between Balearic andJy7O@0BBHD.196) Jaimes P, Carlsson JEL, Bo
Balearic 1999 (60) No temporal differentiation between Baleriac, Tyrrhégian aidd0oni@883 Gold JR and Graves J E (20
Tyrrhenian 1998 (28) Differentiation of Balearic, Tyrrhenian an@idenia0(RR2E0.019) Ecol 13: 3331366.
Tyrrhenian 1999 (33) No differentiation of temporally pooled Balearic d@fe000@HENA26)
Tyrrhenian 2002 (63) No differentiation of temporally pooled Baleafigth00d46im0 (103)
lonian 1998 (9) Differentiation of temporally pooled lonian ane,F9ro&Tiam(015)
lonian 1999 (16) Differentiation of temporally pooled Balearic, lonian BypD D0 3a038)

2004 mtDNA CR Young of the Year only Differentiation of lonian, Balearic and Tyed28®= 0.0314) Carlsson J, McDowell JR, Di

(868bp) Balearic (24) No differentiatioan of Balearic and lanjz0.8e8B:0.25) Jaimes P, Carlsson JEL, Bo

lonian (23) Gold JR and Graves J E (20

No differentiation of Balearic annT$a@es 0.027B50.053)

Tyrrhenian (22) Differentiation of lonian and TyrrhenigrOSEEG8E= 0.03) Ecol 13: 333556.
2005 mtDNA CR Western Atiarfb0) No differentiation of AtaatiER (= 0.002= 0.245) Alvarado Bremer JR, Vifias .
(450bp) Eastern Atlantic (24) J, Ely B and Pla C (2005) M
Mediterranean (Gulf of Mersin, A Evol 36: 1687.
lonian Sea, Libyan coast, Tyrrhe!
Tunisian coast, Ligurian Sea, Gu
Valencia) (323)
Total n=607*
*Additional samples from Ely et €
2006 8 microsatel Iceland EEZ (800) Differentiation of pooled early season (1999+2002) and pooled late sea Carlsson J, McDowell JR, C.
(F-=0.01547= 0.000) JEL, Olafsdéttir D and Grave

No differentiation between alternative temporal or spatial combinations (2006) ICES J Mar Sci 63: 1
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2007

8 microsatel Gulf of Mexico Larvae 2003 (40) Global differentiakgn @.0058= 0.0005)

WMED @Y 1998002 (255)
EMED YOY 12982 (25)

Differentiation of WMED andr&GAM048= 0.0260)
Differentiation of WMED and EMHED00677©.0279)
Differentiation of GOM and EMBD( 1= 0.0236)

Carlsson J, McDowell JR, C
J.E and Graves JE (2007) J
98: 228.

2007 mtDNA CR  Gulf of Mexico Larvae 2003 (40) Global differentiatiqr (0.0128= 0.0139) Carlsson J, McDowell JR, C.
WMED YOY 12982 (255) Differentiati of WMED and GQM: (0.010@5= 0.0359) JE, Graves JE (2007) J Here
EMED YOY 12982 (25) Differentiation of WMED and/EMED.q17¢5= 0.0482) 28.

No difference of GOM and/EMED.(13d= 0.1105)

2008 mtDNA CR GuUf of Mexico 129®5 (61) Differentiation of GOM and MED Boustany AM, Reeb CA and
Western Mediterranea2008947) (n .= 0.01116, p = 0.03029) BA (2008) Mar Biol 158t.13
Eastern Mediterranea2008982) N significant differentiation of GOM and, WMEL2235 0.0GH)
Range of size classes No significant differentiation of GOM ang-EQEIBHS: P.12019)

No significant differentiation of WMED angFE0MENA19-[0.6504)

2010 8 microsatel Adriatic 262305 (73) Globdtg,contempordiy=£ 0.01£< 0.0001) Riccioni G, Landi M, Ferrara
S. Tyrrhenian 2007 (39) Differentiation of tigstiosampleg#£ 0.02@< 0.0001) Milano I, Cariani AgZa Sella
Ligurian 1920900 (36) Differentiation among all pairwise comparisons except contemporary pc Barbujani G and Tinti F (201
SW Sardinia 2005 (29) S Tyrrhenian, Ligurian and SW Sardinia, and Adriatic and Ligurian. Natl Acad Sci 107(2102.
Algeria 2006 (39)
Alboran 2005 (40)
Historical Adriatic-1926 (69)
Historical Tyrrhenian 1911 (39)

2011 7 microsatel Turkey 2008 (48) No differentiation of EMED andRAMEDQR= 0.2) Vifias J, Gordoa A, Fernand
Balearics 2008 (48) Cebrian R, Pla C, \(Alaghelt

Araguas RM (2011) Rev Fis
Fish 21: 5271.

2011 mtDNA CR Turkey 2008 (48) No global differentiatigs0.008= 0.618) Vifias J, Gordoa A, Femén_d
B:{'JZ?T: 'giégobi (;‘:r)nples coqt g O differentiation of EMED and WMED\ (y=0106Pt- 0.135) gfg'é;‘sil\?'(az gil\;an:%j:ﬂ%
* . . P~ u I
(2002) and Brermtrm2005) No temporal differentiation across all 31 g=sanfflés® =0.111) Fish 21 5571
Total MED of known origin = 516
2010)

2013 17 SNPs Bay of Biscay (46) Differentiation of NW Atlantic, Bay of Biscay and Mediterranean Sea Albaina A, Iriondo M, Veladc

Balearic Sea (46)
NW Atlantic (Virginia) (15)

For= 0.029+0.0R4,0.05

He= 0.272 + 0.178

Fo= 0.096 + 0.133

BEINWAF.= 0120+0.091, P < 0.01
MEBNWAF,=0.116+0.078, P < 0.01
BBMEDF, = 0.004+0.007, P>0.01

Laconcha U, Zarraonaindia |
Arrizabalaga H, Pardo MA,
Lutcavage M, Grant WS and
A (2013) Animal Genetics. d
10.1111/a§631
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Chapter 5: Assessment of the genetic p opulation
structure of modern bluefin tuna using a
genotyping -by-sequencing approach.

When buxom spring's luxuriant airs
The softer wish, and blow the geni:
The tunnies, rushing fralsmticADeep,
In Midland seas with us their nuptial
Them first Iberia's hardy sons det
Skill'd in the labours of the bloody |
Next, near the Rodan's Mouth, the swa
Maffilia's Pleasures, and Rluastan
Next Aetna's Isle, and rich Etruria’
Dismiss their tillers to the wat'ry tc
To wider deeps beyond the Tuscar
The shoal disperses, and the sport's
Prodigious draughts enrich experienc
When am'rous tunnies teagtiaktrains

Some likely coast of fit extent they
With mossy caves and verdant herb:z
Steep be the shore, and gentle be t
A faithful spy some neighboring mour
And gives the timely signal to his fr
With wdtftul look the coming shoal d«
Recounts their numbers, and remarks
Nets, like a city, to the floods desc
Their gates, their bulwarks, and their st
Distinguisht by their families and y
With swift advance the rddrsballfepair.
Crowds unsuspicious thro the fatal
And loads the closing net with copio

- Oppian's Halieutitdertury C.

g
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5.1 Introduction

Currently, ICCAT manages the Atlantic bluefin tuna stocks (BFT) as if they were con
populations: one which spawns in the Gulf of Mexico anchf@VagessmAtiantiorand a second
that spawns in the Mediterranean Sea and forages in the Mediterranean and North Easter
al. 2005). Several tagging and otolith studies have demonstrated that these two populatior
and forfarge feeding aggregations in the Atlantic Ocean, particularly in {Adantimity of the M
Bight (see Chapter 1). Despite this mixing, spawning seems to occur in isolation and som:
that the two populations appear to hapedeuelgebdifferences in life history traits and physi
characteristics (Waples 1998; Fromentin and Powers 2005; Heasiddertalvi2ie08hdid
assumption among ICCAT's Standing Committee on Resleatr&FandoSiahgtiosastern
Atlantic and Mediterranean Sea mature after approximately 4 years (~110cm/35kg), while
north western Atlantic aren't mature until they reach 8 years of age (~200cm/150kg; From:
2005However, this assumptmeasingly criticized and recently, at the 2015 ICCAT BFT Dat
Preparatory Meeting (Méadudyéh 2015) several committee members expressed doubts abc
validityRegardless of these doubts, the theory of isolated spawning ddexigogndttieeGulf of
Mediterranean is well established and it is rarely called into question, if ever. Now, manag
genetic tool that can be used to identify the origin of individuals in order to detect seafood
monitor ratésnixing and recruitment.

Recent evidence from an array of technologies including satellites tags, genetic mar
microchemical analysis of otoliths suggest that the population structure of BFT is even mao
current two populatiagement model (reviewed in Chapter 1). The eastern BFT may actual
a nomadic population that spawns in the western Mediterranean and forages in the Atlantsi
population that remains within the Mediterranean, spaimrting Levsoiatie Sea (Fromentin
2009Historical accounts of fish migrations in the Mediterranean refer to large herds of BF’
of the Black Sea at the end of the summer when modern adult BFT are expected to be fee
Mederranean Sea in the AtlantBadbaan1854). MorAastatle wrote about the meat of BFT
caught near Constantinople being much more enjoyable in the fall, after the annual plague
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(probably copepods) abates (AristotiBEBbNBREWestern and eastern basins of the Mediter
Sea also show geographic differences in life history traits. It is well known that BFT spawn
Mediterranean in late May, in the central Mediterranean in Junéensdestdate as July in
Mediterranean. A geographic gradient of sea surface temperatures is likely responsible fo
cascade of spawning, as the Mediterranean warms up earlier in the east than the west (Ht
temporal differenganvning times would reinforce the separation of populations if BFT are i
returning to the locations of their natal origin for spawning (Rooker et al. 2008). If BFT in i
Sea are indeed two separate populations spawrtdlegitastdaloehould be able to detect
genetic differences between the two. These differences may already be reflected in the pr
captured throughout the Mediterranean. A survey of adult fish captured in the western anc
Mediterranbéatween May and July-200808vealed that approximately 95% of fish caught in
west were large fish (>100kg) while 40% of the eastern BFT could be considered small (<
al. 2008). Differences in physical characteristieBauathsispegies' phenotypic plasticity or
selective habitat use by different demographic groups. Alternatively, they may be the expr
adaptations to localized environmental conditions (temperature, salinity a@@igter circulati
Several studies have demonstrated weak signals of populations structuring within the Mec
(Carlsson et al. 2004, 2005; Riccioni et al. 2010, 2013; see Chapter 4 for review); howeve
be criticized for not havingesslgpée sizes and a lack of representation from the eastern Me
(Levantine Sea). Moreover, similar studies using the same techniques and markers have |
differentiation of populations within the Mediterranea@{B8L¥taay et al. 2008). As such, the
issue clearly remains unresolved.

As described in Chapter 4, a 96 SNP genotyping panel was developed and technica
we use the same SNP panel for the genotyping of an addition&l &l BEmdenrajing th
genotyped individuals up to 723. This represents the most ambitious number of samples t
Pujolar et al. (2003) and Carlsson et al. (2006) who each genotyped 800 and 822 individu
This study is alsodsiegmographically comprehensive genetic analysis of BFT, with samples
as far away as Libya, Turkey, the Gulf of Mexico and the Gulf of St. Lawrence. Samples w
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a six year period with several samples captured ahthéaatengeagranutliple years, thereby
allowing for an analysis-ahimtal genetic variation. This ambitious project allowed for a rigor
assessment of the genotyping panel and contributed to a more complete understanding of
of the species. An accurate understanding of the population structure of BFT and the factc
distribution is essential for the development of management plans capable of ensuring the
species.
5.2 Materials and Methods
5.2.1 Sample collection

A total of 7Aflantic bluefin tuna Biehnus thyphfrosn different age classes were capture
in 14 different gepgraphical locations throughout tleabtedieSigahgappesliXdae
were collectadguplankton nets and sacrificed via immersion in 96% ethanol, according to s
survey practiBeside morphological identification, all larvae specimens were barcoded as d

Chapter 3 to ensure proper species assignment.

Figl1.Sampling locations of Atlantic bluefin tuna (medium and lafgesgdatisaydlayae) genotyped (GOM =
Gulf of Mexico; CAP = Cape Hatteras; NWALtl = North West Atlantic; CNAtl = Central North Atlantic; CIS -
PTL = South PdrtMi2C = North West Morocco; WM = Western Mediterranean or Balearic Islands, Tyrrhelr
CM = Central Mediterranean or Sicily, Malta, Gulf of Syrta; EM = Eastern Mediterradggrendikelvantine Se
for a detailed map of Medit8earszanpling locations.
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All YOY were captured with handlines and trolling lines. Adults were captured by lon
seine. Permission to conduct sampling surveys and all legal permits were granted by ICC/

coordinated thromgh tfi d-f ¢ nuy [ H NS N WB N ®
recommendation (R&®) allowing the pemb@lsed in this research to collect and sacrifice youn

1Br EBEW[ [N ©r B n

Atlantic BFT for the purposes of genetic research argiftcanspwtcsamipieto another (Cert.

No. ICCAT RMAUD).

Table:1Samples genotyped with the selected 96 SNP panel. Integers in parentheses in N. Individuals coll
samples that were eventually removed from the analysis duectess(ga$piRg genotyped). Samples use
for SNP development are indicated with an asterisk.

Sampling locatio Geographic regi Samgicode Age class Year N.individuals
Gulf of Mexico GOM WAGMOKX/* Larvae 2007 2
GOM WAGMO8/* Larvae 2008 8
GOM WAGMOSh* Larvae 2009 10
GOM WAGMO9/* Larvae 2009 8
GOM WAGM1&/ Larvae 2010 40 (4)
Cape Hatteras CAP WACHO®* YoungfheYear 2008 16
Gulf of St. Lawret NWALI WAGSL1B Large Adult 2013 23 (1)
Central North Atla CNAtl CNAT1M MediurAdult 2012 24
CNAtl CNATZ1R Large Adult 2012 47 (1)
Canary Islands CIS EACI1d Large Adult 2013 24
Morocco MRC EAMO12 Large Adult 2012 24
MRC EAMO13 Large Adult 2013 19
Portugal PTL EAPOIL Large Adult 2011 23
Balearic Sea BAL WMBA1L* YoungftheYear 2011 24
BAL WMBA12/ Larvae 2012 40
BAL WMBA1® YoungftheYear 2013 34
Ligurian Sea LIG WMLI130  YoungftheYear 2013 33
Tyrrhenian Sea TYR WMTY120* YoungftheYear 2012 24
TYR WMTY13)  YoungftheYear 2013 40
Malta MLT CMMA1® YoungftheYear 2013 40
Strait of Sicily STS CMSI08/ Larvae 2008 25 (2)
STS CMSI1®O*  YoungftheYear 2012 21
STS CMSI1D*  YoungftheYear 2012 27
STS CMSI1®  YoungftheYear 2013 40
Gulf of Syrta SRT CMSY1M Medum Adult 2012 24
SRT CMSY12 Large Adult 2012 24
Levantine Sea LEV EMLS1D* YoungftheYear 2011 27
LEV EMLS1®  YoungttheYear 2013 40
Total 731 (8)
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5.2.2 DNA extractions atypigatyP
Approximately 20mg of muscle tissosifpatiovial BFT and complete or partial (caudal

or eyeball) larvae were digested overnight in a Proteinase K solution. Genomic DNA was ¢

dbrnoérénfwsis wrn 1fsdednNn [fsdrE ysrr NnaEwUs
manifolé r | 1 r [ ¢ [ & [ ®N. DNAwag ebutehvitjdilistilesi Watey heatdd top r |
60°C.

SNRyping was carried out with thé"Blénpdakform (Fluidigm) and run with ROX as the passi
reference dye and FAM and HEX Sd¢Rtygofor specific allele calling.

Basic quality control analysis nweelpmrftihe raw data using summary statistics produce
Arlequin3.5.#Excoffier and Lischey. @@iduals with low genotyping coverage (<70% SNPs
genotyped) and loci with an excess of missing data (>10%) were removed fromrtbie analys
allele frequencies (MAF) of less than 0.01 among all samples were removed from the date
5.2.3 Genetic diversity and outlier detection

BFT capturetheaGulf of Mexico between 2009 ame pooled for all calculations, due t
the limitedimber of larvae in each sdngsl@féxpected and observed heterozygosity were ce
inGenetix v. 4.05 (Belkhir et20099% he inbreeding coeffjdideilr @&nd Cockerham 1984) was
calculated for each sample using Arlefjulncr3ver@.checked for departure from HWE across
entire dataset and among each sample separately, using Genepop on the Web v.4.2. (Ra
1995; Rousset 2008) conprimbialocus test for Hardy Weinberg equilibriutn,gmerformed wi
millioMarkov chain steps and 100k dememorization steps.

Identificatiodaxdi under selection was performed using Arlequin v3.5.2 with the follow
finite island mdb#, simulated demes per group, 20000 coalescentrsaohuCatities lperfor
were again identified using the Beaumont and Nichols (1996) FDIST approach, implemen
(Antao et al. 2008) with a 0.995 confidence interval. Sequences of all identified outlier loci
BLAST alignments (Alktc&iull990) against all sequences contained in the NCBI database
blastn algorithm.

After optimization of panel of SNPs to be used for analysis, B didecaddarantia
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trang\tlantic discrimination of groGpaseredgrvdivided into SNP panels containing 43 and 4
loci, respectively.
5.2.®opulation genetic structure

The genetic heterogeneity and differentiation of YOY and larvae samples was estim
3.5.2, using several analyses of molecAMOX#aimcerfler to examine multiple levels of varia
in the dataset. The following population structuring scenarios were explored by assigning
priorarbitrary groups: 1) Western Atlantic (GOM, CAP) vs. Mediterranearaigawestern Me
(BAL) vs. Central West Mediterranean (TYR, LIG) vs. Central Mediterranean (STS, MLT)"
Mediterranean (LEV), 3) Temporal replicated pooled by geographic region (see Table 1),
analyzed separately. Additional aaglggesmed using genotypes generated by the 46 and 4:
sulpanels for tAdtantic and wMiediterranean differentiation. All Alt®¥yYAgormed with 1000

permutations and a significance level of 0.05. Pairwise comparisensdeettee nusagples

FSTAT v.2.9.4 (Goudet 1995), testing for significance with the adja8t68)rfomimaltigec! (
comparisons (Bonferroni correction).
5.2.Detection of genetic clusters

Genetic admixture and population structuring was investigated using STRUCTURE
et al. 2000), a software that employs a Bhgss@starauimethod. During all STRUCTURE
simulations, the LOCPRIOR model was used becavmeed firevaled by population
differentiation analysis. STRUCTURE provides an option to use geographic sampling loca
information to assistiva clustering of groups in datasets that have genuine population struc
signal is too weak for standard structure models to detect (Pritchard et al. 2010). The LOC
suitable when one is assuming that the sampling ilofcatticats/enalpdut ancestry (Hubisz et al.
2009). STRUCTURE analysis was conducted with the following settings: 10k Burn In, 50k
Model, LOCPRIOR using the geographical regions defined in Table 1 and lambda inferrec
plot athe mean likelihood L(K) and variance per K value from all STRUCTURE analyses w
using Structure Harvester (Earl and von Holdt 2012) and used to infer the optimal K value

ancestral clusters. Indivsteaing was further agsegséie Adegenet package R1wthich
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provides a newly dedicated tool Discriminant Analysis of Principal Components (DAPC) tr
Discriminant Analysis (DA, defining groups), based upon a dataset of Principal Componer
data weveral dimensions) constructeddmm garttypes (Jombart 2008; Jombart and Ahme
2011).
5.2.5 Population assignment tests

Individuals from two datasets containing 1) young and 2) adulo Be mastlikedtygned t
spawning areasgih aising Geneclass2 software (Piry et al. 2004), considering as reference
individuals divided in two broad classes: the Western Atlantic ahddhesNadiie—soran
upward bias of assignment scores, an additethalduiabidsedaltulation of assignment scores
performed (Anderson 2010). A random selection of 50% of young individuals were selecte
sample and pooled by the two geographic regions to serve as assignment references, whi
used as queries. The Rannala and Mountain (1997) criterion was used along with a threst
minimum threshold of 70% for the scores of assignment was implemented throughout all |
assignment analyses.
5.3 Results
5.3.1 SNP genotyping

Eight individuals were removed from the dataset due to low genotypiing coverage (T
success rate for genotyping of the remaining 723 individuals across all loci was high (99%
(SNP_010, SNP_329) with high missing datar(et0S)RadhdalUMAF < 0.01 across all
populatiowsre excluded from calculations
5.3.2 Genetic diversity and outlier detection

Observed and expected heterozygosity ranged from 0.37.3%4 &.89@(inéable 2)
and from 0.365 to 0.395 pénszanpte).386 + 0.010; Table 2), rBspeati8dliPs significantly
deviated from HWE (low He) when analyzed among all samples; however when analyzed
these loci were consistently divergent from HWE among all samples.
Calculatiorigtee inbreeding coefficient (Table 2) showed that the sample from Cape Hatterz
deviated from HWE due to a deficit of hetgrd2zy§aepl(fe = 0.042).

Pagelp9



Table Zummary statistics for 80 SNP loci among eight samples@saitegdling decaiaphi Number of

individuals (n), expected heterozygodityb@érved heterozygosity (H

Pooled GeographicSa n H:. H, Fs P (rand&=0bsJ
Gulf of Mexico 64 0.38!0.35' 0.04( 0.080
Cape Hatteras 16 0.36!0.34( 0.09: 0042
Balearic Sea 98 0.39!0.38- 0.02¢ 0.139
Ligurian Sea 33 0.37:0.36:-0.01 0.674
Tyrrhenian Sea 64 0.39:0.37' 0.02¢ 0.169
Malta 40 0.39:0.37¢ 0.04¢ 0.110
Sicily 1110.38!0.38: 0.01 0.287
Levantine Sea 67 0.39!0.38: 0.03¢ 0.125

Ouikr loci analysis revealed that only two loci (SNP161 and SNP385) are candidate:

selectionfF 0.057 and 0.117, respectively; Fig. 2). Western Atlantic samples appear to ha
proportion of cytosine-Q048%) at SNP_161, wimared to the samples from the Mediterranear
(0.176.248; Appendix 2). Conversely, at SNP_385 Mediterranean samples have a lower
cytosine (0-40667) than samples from the Mediterra®EganNe s of these loci aligned with

anypublished sequences from the NCBI database.

0.225
0.200
0.175
0.150
0.125
0.100
0.075
0.050
0.025
0.000
-0.025
-0.050
-0.075
-0.100
-0.125
-0.150

Fst

Fst/He

SNP_161
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I ® Markers — Candidate balancing selection — Candidate neutral

Candidate positive selection |

Fig2 Comparison Q&iird heterozygosityn(BO polymorphic loci from 723 individuals to identify outliers and p
candidates for selection using Lositan. Loci highlightedidateltofergoesitive selection, in blue candidates fo
balancing selection and in green are selectively neutral.
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5.3.3 Genetic differentiation

Analysis of the fixation indices of all$apaple®{Eamplesvjpaif) and individuals
(F;) revealed that the majority of variation in the dataset could be attributed to between ind
(Table 3). Among the different sample groupings analyzed via AMOVA, the only scenario
with significant statistical suppatrohagpdpulation in the Mediterranean and another in the G
Mexico (Table 3, AMOVA 1; Table 4, AMOVA 5). Thard pidPded) highedkes (FST =

0.013, p = 0.6@4002) than the full 80 SNP panel (FST = 0008 (2t -fth@Jiairwise

comparison between these two regions.

Table Results from various AMOVAs using 80 SNP loci and three different populations structuring scena
codes refeT able 1.

AMOVA Groupings % of variation  Fixation indice p-value

AMOVA LAIl samples, two groups: GOM, CAP vs. all Mediterranean samples

Among groups 0.75 FCT =0.008 0.010 +0.00
Among samples within groups 0.56 FSC =0.006 0.000 + 0.00
Among individuals within samp 2.23 FIS =0.023 0.018 £ 0.00
Within indduals 96.45 FIT=0.035 0.004 £ 0.00
AMOVA PRAIl samples, eight pooled groups: WAGM, WACH, BAL, LIG, TYR, ST.
Among groups -0.08 FCT =0.001 0.512+0.01
Among samples within groups 0.85 FSC =0.009 0.000 £ 0.00
Among individualsnasdmples 2.24 FIS =0.023 0.019+0.00
Within individuals 96.98 FIT=0.030 0.001+0.00
AMOVA BMediterranean samples only, four groups: (BAL) vs. (TYR, LIG) vs. (§
Among groups 0.28 FCT =0.002 0.985 % 0.00
Among samplésinvgroups 0.80 FSC =0.008 0.000 + 0.00
Among individuals within samp 1.79 FIS=0.018 0.065+0.01
Within individuals 97.69 FIT =0.023 0.020 = 0.00
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Table Results from various AMOVAs using twari&iNRdesigned to elucidataatitierof western Atlantic and
Mediterranean samples (46 logjjcanmb swithin the Mediterranean (43 loci). For samphbtmdes refer to

AMOVA Groupings % of variation  Fixation indice p-value

AMOVA 846 SNP WALl vs. MEpasgh GOBK\P vs. all Mediterranean samples

Among groups 1.31 FCT =0.013 0.004 +0.00
Among samples within groups 0.58 FSC =0.00€ 0.000 £ 0.00
Among individuals within samp 1.99 FIS =0.020 0.044 +0.00
Within individuals 96.11 FIT=0.039 0.010+0.00
AMOVA 843 SNP MED-gopulations : BAL vs. LIG vs. TYR vs. MLT vs. STS vs. L
Among groups 0.31 FCT =0.003 0.864 = 0.01
Among samples within groups 0.82 FSC =0.008 0.000 = 0.00
Among individuals within samp 1.86 FIS =0.019 0.079 £0.00
Within individuals 97.63 FIT =0.024 0.029 = 0.00

Pairwise comparisons of all samples showed differences between geographic areas
persistent between years (Appendix 3). For thisaeastsphudta were combined wiere sam
had taken place in the same areas over multiple years. Young tuna caught during differen
the Gulf of Mexico and Cape Hatteras showed very little variation between samples, provi
to pool temporal samplesgiothis teder to increase statisticagFodWeBE439; Fig. 3
A,B). After pooling, Western Atlantic samples significantly differed from all other Mediterra
(R;;= 0.0080.0278; Fig. 3 C,D)cJihatfices using data frorB# @hel also show significant
differences between samples from the Strait of Si¢#yCaD@EVIglEAtFices plotting the
divergence of genotypes from the 46 SNP panel show significant differentiation of the sarn
samplesifn the Strait of Sigily (FO068), Baleayie (F006) and Tyrrheniag S€007).

5.3.4 Detection of genetic clusters

Results from the Bayesian cluster analysis performed with Structure v.2.3.4 showed
divergence of the Weatdetic And Mediterranean samples as well as subtle but temporally si
differences among Mediterranean samples (Fig. 4). The results from the DAPC analysis ir

aweaker degree of differentfléstent Atlantic samples from tresm&sedgamples, which are
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completely overlapping, suggesting migration of individuals between geographical areas a
(Fig. 5).

A GOM CAP BAL LIG TYR MLT STS LEV B GOM CAP BAL LIG TYR MLT STS LEV

GOM NS * NS * * * * GOM NS . NS * * * *
CAP  0.0004 * NS NS * * * CAP  0.0035 * NS * * * *

BAL NS NS NS NS NS BAL NS NS * NS NS
LIG 0.0001 NS NS NS NS  LIG 00071 -0.0022 NS NS NS NS
TYR 0 0.0005 NS NS NS TYR 0.0098 -0.0024 0.0008 NS NS NS
MLT 0.0038 0.0029 0.0028 * NS MLT 0.006 0.0027 0.0077 * NS
STS  0.0076 0.0005 0 00012 0.0057 NS STS -0.0014 -0.0005 -0.0008 0.0068 NS
LEV  0.0087 -0.0012 -0.0003 0.0004 0.0033 -0.0002 LEV -0.0026 -0.0019 -0.0009 0.0048 -0.0013

C WAtl BAL LIG TYR MLT STS LEV D WALl BAL LIG TYR MLT STS LEV
WAL * NS * * * * WAL * NS * * * *

BAL  0.0096 NS NS NS NS NS BAL NS NS NS NS NS
LIG  0.0067 0.0001 NS NS NS NS LIG -0.0022 NS NS NS NS
TYR 00072 -0  0.0005 NS NS NS TYR -0.0024  0.0008 * NS NS
MLT - 0.0038 0.0029 0.0028 * NS MLT 0.006 0.0027 0.0077 * NS
STS  0.0085 0.0005 -0  0.0012 0.0057 NS STS -0.0014 -0.0005 -0.0008 0.0068 NS
LEV --0.0012 -0.0003 0.0004 0.0033 -0.0002 LEV -0.0026 -0.0019 -0.0009 0.0048 -0.0013

Fig3 Pahwise Fresults using young tuna (larvaeddtiteyeargsamples pooled byhgemg@n. Statistical
significance of results are indicated as signitsignifi¢aot (d®B) after correction for multiple testing (adjusted
nominal level of 0.05) above the diggealakaraté-shown below therdjaghred.>®G0Nd < 0.01 are

highlighted in light blgealdes >0.01 are highlighted inMizricelsisummarize results from pairwise compariso
using 80 SNPs (A,C) and 46 SNPs (B,D), as well as pooled (C,D) and unpooled (AR)saespden Atlantic se
codes refeTéble 1.

DA eigenvalues

DA eigenvalues

(AR

t\ 'g’/w.\‘loﬁx u) ;
_WQ 31120

=

Fig5: Discriminant analysis of principal components of 493 young tuna individuals considering 80 SNP (A
panels (B).
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GOM+CAP BAL LIG TYR MLT SIC LEV

Fig 4STRUCTURE plot of 493 young tuna samples geRstypdiviau@D@Nimns represent the proportion of
membership from two inferred ancestral clusters. Plot of the mean likelihood L(K) and variance per K valt
STRUCTURE analyses, produced by Structure Harvester is inset.

5.3.5 Assignment tests
Atotal of 80.3% of young tuna and 79.1% of adults were assigned to one of the two

using the reference datasets composed of young tuna genotypes. Results from the direct
young tunas to the full reference getadi®td)Mere very similar to the unbiased method for
assignment that used 50% of young tuna as references and the remaining 50% as querie:
proportion of individuals assigned to the Western Atlantic (16.0%, average aoesn= 87%) ¢
Sea (64.3%, average score = 91.6%) using the unbiased method changed little from the re
self assignment datasets (19.1%, average score = 88.4% and 60.2%, average score = 92
The average scores for assigediemt ahdnlarge adult samples to the Western Atlantic and
Mediterranean were 87% and 92%, respectively (Table 6). Same assignment tests perforr

SNP sydanel resulted in an overall decrease in both assigned individualsgimsaiff and avere
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score (~1%) and an increase of unassigned individuals. In total, the proportion of adults a:
Western Atlantic and Mediterranean was 10% and 67.4%, respectively. When the proporti
from each sample assigned t@athatg@sgas are visualized onto maps (Fig. 6; Fig. 7), rates

mixing throughout the range become more obvious.

Fig 6 Proportional assignment of 50% of randomly selecteetiinegesarshymleg (n=244) to Western Atlantic
and Médrranean spawning areas of origin as defined by the genotypes of the remaining 50% of individua
calculated using GeneClass2. Individuals with an assignment score <70% were considered NOT ASSIGI

Fig 7: Proportional assignmahilibtamples (n=230) to Western Atlantic and Mediterranean spawning are
calculated using GeneClass2.
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