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Abstract

The blue shark, Prionace glauca, is a cosmopolitan species considered to be the most abundant
pelagic shark in the world. It is frequently caught in pelagic fisheries, being the most captured
shark by the Portuguese pelagic longline fishery targeting swordfish. The biology of blue sharks
has been relatively well studied in the Atlantic and Pacific oceans. However, high levels of
uncertainty still persist regarding many of its biological aspects in the Indian Ocean, specifically
in terms of age estimation and growth modelling. For this study, a total of 818 vertebral samples
were collected from blue sharks captured by pelagic longliners in the Indian Ocean, between
March 2013 and September 2016, with sizes ranging from 82 to 301 cm fork length (FL). The
age of individuals was estimated through counting growth band pairs in sectioned vertebrae,
assuming annual deposition. Two growth models were fitted to the age data, a three-parameter
von Bertalanffy growth function (VBGF) re-parameterized to calculate L (size at birth) and a
two-parameter VBGF with a fixed L. The latter was considered the most adequate to describe
the growth of the species, with the estimated parameters being Li,r = 272.2 cm FL, k = 0.15
year” for males and Li,;=283.2 cm FL, k = 0.13 year™' for females. These results suggest that
females have a slower growth than males. The maximum age estimated was 25 years,
representing the oldest attributed age to this species so far. Further work is needed regarding
blue sharks in the Indian Ocean, but this study adds important life-history information that can

contribute for the management and conservation of the species.
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Resumo

Os tubardes oceanicos permanecem menos estudados que os tubardes costeiros, e estdo
entre os menos estudados de todos os elasmobranquios, que incluem raias e tubardes. A sua
natureza altamente migratoria dificulta o estudo destes organismos, € a falta de fiabilidade por
vezes existente em termos de registos de capturas e rejei¢des limita as proje¢des em termos dos
impactos de atividades pesqueiras. No entanto, a biologia destes organismos, incluindo
caracteristicas como crescimento lento, ciclo de vida longo, maturagcdo sexual tardia, entre
outras, torna-os mais vulneraveis em termos de sobreexploragdo. Neste sentido, a importancia
destes predadores de topo nas cadeias alimentares oceanicas impde a necessidade de aumentar
o nivel de conhecimento sobre os mesmos.

A tintureira, ou tubardo azul, como ¢ conhecida a espécie Prionace glauca, ¢ um tubarao
pelégico e oceanico com uma distribuicdo cosmopolita, que inclui d4guas temperadas e tropicais.
Além da distribuicao abrangente, esta ¢ considerada a espécie de tubardo peldgico mais
abundante em todo o mundo, assumindo, portanto, grande importancia nestes ecossistemas a
nivel global. Apesar de ser uma espécie oceanica, pode ser ocasionalmente encontrada em
ambientes costeiros, nomeadamente no caso de juvenis. Grandes migragdes sdo também uma
caracteristica desta espécie, podendo os seus movimentos migratdrios estar relacionados com
o seu ciclo reprodutor, distribui¢ao de presas, correntes oceanicas ou mesmo com a temperatura
da 4gua. Relativamente a distribuicdo da tintureira no Oceano Indico, dados recentes apontam
para uma maior abundancia de tintureiras de maior dimensao em zonas equatoriais e tropicais,
enquanto os individuos mais pequenos demonstram uma preferéncia por zonas temperadas nas
latitudes mais altas. A nivel de tamanhos, a tintureira ultrapassa os 300 cm, podendo chegar até
aos 380 cm. Sdo tubardes viviparos, com um periodo de gestagdo que podera prolongar-se por
9 ou 12 meses, apos os quais as fémeas dao a luz entre 4 a 135 crias, durante a Primavera e o
Verdao. Ambos os sexos atingem maturacdo com um comprimento corporal e idades
semelhantes, sendo a idade de maturagao para machos entre os 4 € 6 anos, e entre 0os 5 € 7 anos
para fémeas. Em termos de longevidade, pensa-se que esta espécie possa viver até aos 20 ou 23
anos de idade.

A tintureira ¢ uma das espécies de tubarao pelagico mais frequentemente capturada como
presa acessoria (bycatch) pelas frotas pesqueiras em todo o mundo, principalmente por

palangres de superficie. A nivel de pesca desportiva, esta espécie ¢ uma das preferidas por parte



de quem pratica esta atividade e frequentemente um dos alvos principais. Em termos de pesca
comercial, a tintureira tradicionalmente era uma espécie de baixo valor comercial, no entanto o
interesse nestes organismos tem vindo a aumentar. No Oceano Indico, esta é a espécie de
tubardo mais capturada pela frota Portuguesa de palangre de superficie dirigida ao espadarte,
sendo a segunda mais capturada além da espécie alvo. A tintureira encontra-se atualmente
listada como uma espécie quase ameagada (Near Threatened) pela IUCN a nivel global, assim
como no Nordeste Atlantico, sendo ja considerada como criticamente ameagada (Critically
Endangered) no Mediterraneo.

A 1dade de um organismo € considerada um dos parametros bioldgicos mais importantes,
sendo que ¢ necessario por exemplo para o célculo de taxas de crescimento, taxas de
mortalidade, produtividade e longevidade. Em termos de avaliagdo de stocks em biologia
pesqueira, a idade e crescimento sdo muito relevantes, dado que sdo utilizados para calcular
pardmetros como abundancia e mortalidade, que estdo na base do estabelecimento de medidas
reguladoras da atividade pesqueira. Os estudos de idade e crescimento em elasmobranquios sao
feitos através da analise de deposicao de bandas de crescimento em estruturas calcificadas
destes organismos, sendo que as suas vértebras sao as mais utilizadas para tal. Uma vez que a
tintureira € uma espécie muito comum nos ecossistemas peldgicos de todo o mundo, a sua
biologia tem sido muito estudada ao longo dos anos, incluindo estudos de idade e crescimento.
No entanto, estes estudos t€ém-se focado em regides dos Oceanos Atlantico e Pacifico, existindo
atualmente apenas dois estudos de idade e crescimento desta espécie no Oceano Indico.

Dadas as lacunas no conhecimento da biologia de tintureira no Oceano Indico,
especificamente em termos de idade e crescimento, este trabalho tem como objetivos: 1) estimar
a idade de individuos da espécie em estudo através da leitura das bandas de crescimento
depositadas nas vértebras dos mesmos; 2) obter modelos de crescimento para ambos 0s sexos
na regido do Indico Sul e finalmente 3) fornecer os dados de idade e crescimento obtidos a
IOTC (Indian Ocean Tuna Commission), sendo esta a organizacdo inter-governamental
internacional responsavel pela gestio desta espécie no Oceano Indico. Para tal, um total de 818
vértebras foram recolhidas por observadores de pesca do IPMA abordo de navios de pesca
comercial dirigida ao espadarte, com arte de palangre de superficie. As amostras recolhidas
foram submetidas a um processo de limpeza e posteriormente de seccionamento. Uma vez
obtidas as secc¢Oes das vértebras, estas foram utilizadas para a contagem de bandas de

crescimento. Tendo como base estudos prévios de validagdo da idade desta espécie, uma



deposi¢ao anual das bandas de crescimento foi assumida. Apos as leituras de idade efetuadas
as amostras, foi atribuida uma idade final a um total de 679, tendo estas sido usadas para os
modelos de crescimento. Dois modelos foram utilizados, a fun¢do de crescimento de von
Bertalanffy com trés parametros re-parametrizado para calcular L, (tamanho a nascencga), e a
funcdo de crescimento de von Bertalanffy com dois parametros, mantendo o L fixo. Ambos os
modelos foram ajustados para machos e fémeas em separado, e para ambos simultaneamente.

O modelo final recomendado por este estudo ¢ o modelo com dois parametros, mantendo
o Ly fixo, para cada sexo separadamente visto que se verificaram diferencas significativas entre
sexos. Os valores estimados para cada parametro com este modelo sugerem que as fémeas
atingem um tamanho méximo assimptético maior € que os machos tém um coeficiente de
crescimento mais elevado, o que indica que as fémeas t€ém um crescimento mais lento (machos:
Lins = 272.2 cm FL, k = 0.15 year'; fémeas: Ly = 283.2 cm FL, k = 0.13 year). A idade
maxima atribuida foi 25 anos.

No geral, os resultados obtidos neste estudo enquadram-se nos intervalos de valores
previamente obtidos por outros estudos. No entanto, a idade maxima estimada no presente
estudo foi a maior até agora descrita para esta espécie. Estes resultados vao de encontro ao facto
de a tintureira ser uma espécie com um crescimento lento e elevada longevidade, representado
uma nova e importante fonte de informagcio acerca da biologia desta espécie no Oceano Indico.
Mais concretamente, estes resultados foram j& fornecidos a IOTC, para serem considerados

aquando a proxima avaliacdo desta espécie em Setembro desde ano.

Palavras-chave: elasmobranquios, capturas acessorias, modelagdo de crescimento, pescas,
palangre de superficie
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1. Introduction
1.1. Elasmobranchs and oceanic pelagic shark exploitation

Elasmobranchs are organisms from the subclass Elasmobranchii, which along with the
subclass Holocephali, belong to the Chondrichthyes class (Compagno et al, 2005).
Elasmobranchs include sharks, rays and skates, and can be distinguished from holocephalans
by having 5 to 7 pairs of gill openings that are not covered (Bonfil, 1994; Compagno, 2001).
They can be found throughout the world’s oceans (Bonfil, 1994) and their habitats extent from
coastal areas to the open ocean, and even the deep sea (Garcia ef al., 2008).

In the past, except for their fins, elasmobranchs had a low commercial value which did
not promote research towards their management (Bonfil, 1994). They have been a target for
commercial fisheries (Springer, 1952), as well as recreational fishing (Anderson, 1980; Casey
& Hoey, 1985). However, elasmobranch exploitation has received more attention due to them
being caught as bycatch of fisheries targeting other species (Anderson, 1980; Bailey et al.,
1996; Coelho et al., 2012; Witzell, 1985).

In terms of what makes elasmobranchs more vulnerable to overexploitation, their life-
history traits, such as reproduction and growth rates, which are also dependent on their habitat,
seem to play a crucial role (Garcia et al., 2008), therefore deserving particular attention. Holden
(1973) previously stated that the capacity of elasmobranchs to withstand increasing levels of
exploitation is directly dependent on the their reproductive biology. Their reproductive modes
are variable, ranging from some species with oviparity, to others with aplacental or placental
viviparity. All elasmobranchs have internal fertilization and, in general, a small number of
offspring that are born at relatively large sizes (Conrath & Musick, 2012; Snelson et al., 2008).
Reproductive cycles can vary from months to years (Cambhi et al., 1998) and both reproduction
rates and fecundity are typically low (Snelson et al., 2008), especially when compared to teleost
fish (Camhi et al., 1998). Thus, the low reproductive potential of elasmobranchs (Vas, 1990),
slow growth rates, late age of maturity and low fecundity (Camhi et al., 1998; Coelho & Erzini,
2002, 2006; Smith et al., 1998; Stevens, 2000), increases their susceptibility regarding
overexploitation when compared with other marine organisms (Frisk et al., 2001; Stevens,
1992). Also, elasmobranchs are predators and are therefore found in lower abundance than
organisms belonging to lower trophic levels (Bonfil, 1994).

Within elasmobranchs, oceanic pelagic sharks are species that spend at least part of their

lives away from continental shelves, in the open ocean, with pelagic meaning they are not



associated to the bottom of the ocean (Compagno, 2008).

The distribution of pelagic sharks in the water column of every ocean basin, makes them
easily accessible to high-technology fleets operating in the open ocean (Camhi et al., 2008;
Compagno, 2008). Thus, they are very often caught as bycatch, namely of longline pelagic
fisheries targeting tuna and swordfish, with species such as the blue shark (Prionace glauca),
silky shark (Carcharhinus falciformis), and shorttin mako (Isurus oxyrinchus) being the most
commonly caught ones (Camhi et al., 2008; Clarke et al., 2014; Huang & Liu, 2010; Oliver et
al., 2015).

In the Indian Ocean, the estimation of total catches of pelagic sharks is compromised by
the deficiency in accurate data, since catches of sharks are often not recorded at the species-
specific level (Clarke et al., 2014; Herrera & Pierre, 2013). Nevertheless, the total catch of
sharks between 1950 to 2012 is thought to have been 40 to 60% of the total catch with all the
species combined for the fleets of longliners targeting swordfish (Herrera & Pierre, 2013).

Despite being highly impacted by fishing, oceanic sharks have been less studied than
coastal sharks, and are amongst the least studied of all elasmobranchs in general (Pikitch et al.,
2008). Their highly migratory nature as well as wide distribution ranges (Kohler & Turner,
2008) creates difficulties in the research process (Bonfil, 1994), and the lack of reliability of
landings and discards data (Clarke et al., 2014; Pikitch ef al., 2008) also limits the prediction
of fishing impacts. Thus, the importance of these organisms in oceanic pelagic food webs as
apex predators (Bonfil, 1994; Camhi et al., 1998; Pikitch et al., 2008) imposes a need to further
study them, fulfilling the gaps of knowledge regarding these organisms (White & Last, 2012).

1.2. Blue shark, the studied species

The blue shark, Prionace glauca (Figure 1.1), is the only species belonging to the genus
Prionace, first described by Linnaeus (1758), belonging to the Carcharhinidae Family (Order
Carcharhiniformes) (Nakano & Seki, 2003). It is considered the most abundant species of
pelagic sharks (McKenzie & Tibbo, 1964; Nakano & Seki, 2003; Nakano & Stevens, 2008),
thus being an important component of pelagic ecosystems at a global level (IOTC, 2007).

Blue sharks have a slender and elongated body, and can be distinguished by their blue
dorsal coloration as well as long pectoral fins, long snout, large eyes, absence of spiracles and
the presence of gillrakers in the internal gill openings (Compagno, 1984; Nakano & Seki, 2003;
Nakano & Stevens, 2008).
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Figure 1.1. Drawing of a blue shark (Prionace glauca) by A. Lopez, “Tokio”, as seen in
ICCAT Manual (Valeiras and Abad, 2009).

The blue shark is a pelagic species with a worldwide distribution (Figure 1.2), including
both temperate and tropical waters (Compagno, 1984), from latitudes of 60° N to 50° S (Stevens,
2009). Kohler and Turner (2008) even mention that the blue shark is the chondrichthyan with
the widest distribution range in the world. This species can usually be found from the surface
until around 200 m (Froese, 2016), but its presence has already been recorded at depths greater

than 1000 m (Queiroz et al., 2012).

Figure 1.2. Global distribution of Prionace glauca with the color yellow representing the area
of its extant range, as seen in The IUCN Red List of Threatened Species 2009 (Stevens, 2009).

In the Indian Ocean, blue sharks can be as far south as 40° S according to IOTC (2007),
although other authors consider that their distribution goes to 50° S (Nakano & Stevens, 2008;
Stevens, 2009). In the tropical waters of this ocean, blue sharks are found in higher abundance
at depths of 80 to 220 m, with temperatures ranging from 12°C to 25°C (IOTC, 2007), but the

preferred temperature interval mentioned for this species is from 7°C (Compagno, 1984) to



20°C (Last & Stevens, 1994). According to Gubanov and Grigoryev (1975), the most
favourable area in the Indian Ocean for the occurrence of blue sharks is in its western equatorial
part, with the highest catches recorded at depths of 130 to 140 m. In the comprehensive study
of Coelho ef al. (in press), results suggest that larger blue shark individuals are found in
equatorial and tropical parts of the Indian Ocean while smaller specimens preferred higher
latitudes.

The fact that the blue shark is an oceanic species (Compagno, 1984) is supported by
studies on its horizontal distribution, showing an increase in abundance in areas with greater
bottom depths in contrast to shallower areas (Hazin et al., 1994). However, they occasionally
can be found closer to inshore waters (Compagno, 1984), particularly in the case of small
juveniles (Litvinov, 2006; Vogler ef al., 2012) and in areas of narrower continental shelf
(Nakano and Stevens, 2008). In fact, blue sharks form aggregations of juveniles in areas near
the coast, and male aggregations are common in the open ocean (Litvinov, 2006; Vogler et al.,
2012). This species can exhibit high site fidelity in areas of high productivity as well as display
differences in diel behaviour linked to foraging habits, undergoing either normal diel vertical
movements (ascending to shallower waters at sunset and descending to greater depths at
sunrise) or reverse diel vertical movements (ascending at sunrise and descending at sunset),
depending on the prey type they are following (Queiroz et al., 2012). Still regarding their
distribution patterns, sexual segregation, both temporal and spatial, is also mentioned for blue
sharks (Hazin et al., 1994; Tavares, et al., 2012; Vogler et al., 2012).

Blue sharks are highly migratory (Kohler & Turner, 2008; Nakano & Stevens, 2008) and
their movement patterns are often related to their reproduction cycles, the distribution of their
prey or even temperature (Montealegre-Quijano & Vooren, 2010; Nakano, 1994; Tavares et
al., 2012). In the Pacific Ocean they tend to undergo yearly migrations; northwards in the
Summer, and then towards lower latitudes in the Winter, while in the tropics their abundance
tends to be uniform throughout the year (Compagno, 1984). In the Atlantic Ocean, tagging
studies have revealed this species undergoes frequent trans-Atlantic migrations, which are
mentioned as being related to current systems (Compagno, 1984; Kohler et al., 2002; Kohler
& Turner, 2008). The study of da Silva (2010) revealed movements of blue sharks from the
South Atlantic Ocean to the Southwest Indian Ocean, but there is a lack of information
regarding migrations of blue sharks in the Indian Ocean (IOTC, 2007). Overall, males and

females seem to have different migratory movements (Hazin et al., 1994), with females tending



to be more abundant than males at higher latitudes (Compagno, 1984).

When it comes to the diet of blue sharks, cephalopods are their most important prey type,
squid in particular (Compagno, 1984; Henderson et al., 2001; Mendonga, 2009; Nakano and
Stevens, 2008). Pelagic teleost fish are also a very common prey (Lopez et al., 2010; McCord
& Campana, 2003). They can also feed on bottom fish (Nakano & Stevens, 2008), small sharks,
invertebrates, mammals and even seabirds (Compagno, 1984).

Blue sharks can be longer than 300 cm in total length (TL) (Pratt, 1979) and have been
reported to reach as much as 380 cm TL (Compagno, 1984). They are placental viviparous
sharks (Compagno, 1984), with both sexes attaining sexual maturity at similar body lengths
(Pratt, 1979). In the north-western Atlantic Ocean, Pratt (1979) found that males are sexually
mature at an average size of 183 cm fork length (FL) (218 cm TL) and females at 185 cm FL
(221 cm TL), with similar values mentioned for the western Atlantic (Castro and Mejuto, 1995)
and for the Indian Ocean (Gubanov & Grigoryev, 1975; Gubanov, 1978). In the case of the
Pacific Ocean, slightly smaller lengths are reported for sexual maturity (Nakano, 1994). Mature
females have been hypothesized to breed every second year on average (Vas, 1990), but this is
still uncertain and an annual cycle is also possible. The gestation period of the blue shark lasts
from 9 to 12 months, and the young are born in the Spring and Summer (Compagno, 1984;
Nakano, 1994; Pratt, 1979). Pups are born within a size range of 35 to 44 cm FL, reaching
numbers of 4 to 135 pups per litter (Castro & Mejuto, 1995; Compagno, 1984; IOTC, 2007,
Nakano, 1994; Pratt, 1979). Snelson et al. (2008) even mentioned blue sharks as the pelagic
sharks with the largest litter size. The estimated age of maturity for male blue sharks is at about
4 to 6 years old, and at 5 to 7 years old for females (Cailliet et al., 1983; Lessa et al., 2004,
Nakano, 1994; Pratt, 1979; Vas, 1990). According to age and growth studies, the longevity of
this species is thought to be about 20 to 23 years (Cailliet et al., 1983; Manning & Francis,
2005; Romanov et al., 2011; Stevens, 2009).

1.2.1. Blue shark major threats
The blue shark is considered the most abundant species of pelagic sharks (McKenzie &
Tibbo, 1964; Nakano & Seki, 2003; Nakano & Stevens, 2008). However, it still faces some
threats that can compromise their current populations.
The threat concerning blue sharks that has been mentioned the most over the years is that

it is one of the most frequent pelagic sharks caught as bycatch of fisheries worldwide (Campana



et al., 2009; Pratt, 1979). While it can be caught by hook-and-lines, pelagic trawls, and bottom
trawls if near the coast, pelagic longlines are the most common fishing gear capturing blue
sharks (Compagno, 1984; Diaz & Serafy, 2005; Stevens, 1992), more specifically pelagic
longline fisheries targeting tuna and swordfish (Anderson, 1980; Bailey ef al., 1996; Campana
et al., 2009; Carruthers et al., 2011; Francis et al., 2001; IOTC, 2016; Pratt, 1979; Stevens,
1992).

Despite the typical characteristics of elasmobranchs that make them more susceptible to
overexploitation, other specific factors also contribute to blue sharks being a major bycatch
species. Blue sharks are a placental viviparous species, meaning they give birth to live young
that are nourished by females during their development, thus being more prone to overfishing
(Vas, 1990). A factor that can be considered is the dense aggregation pattern they reveal,
namely of males and juveniles (Litvinov, 2006; Vigler ef al., 2012). Such aggregations mean
they can be found in a much higher abundance than average, in those specific locations, thus
being an easier target for fisheries (Litvinov, 2006). Since male blue sharks form these
aggregations in open waters, outside zones of national jurisdiction, combined efforts of inter-
governmental organizations such as FAO (Food and Agriculture Organization of the United
Nations), ICCAT (International Commission for the Conservation of Atlantic Tunas), I0TC
(Indian Ocean Tuna Commission) and others, are needed to implement international measures
related to their management (Litvinov, 2006), which can complicate that process. Also
contributing to high numbers of blue sharks caught as bycatch, is the fact that due to foraging
habits they can spend the night close to the sea surface, leading to a spatial and temporal overlap
of their habitat and pelagic longline fishing effort (Queiroz et al., 2012).

Blue sharks have also been frequently caught in sports fisheries (Anderson, 1980;
Compagno, 1984; Skomal & Natanson, 2003; Stevens, 1984, 2009; Vas, 1990), in fact being
one of the preferred species for those practicing this activity, along with mako sharks (Casey &
Hoey, 1985). Babcock (2008) mentioned blue shark as the pelagic shark species that is most
caught by anglers. In the study of Stevens (1984), blue shark was also the most abundant species
in the sport fishing catches.

When it comes to commercial fisheries, blue sharks were rarely a targeted species in the
past (Nakano & Stevens, 2009; Stevens, 2009). However, there has been an increasing
commercial interest in this species in the recent years, both as a food source and also for its fins

(Dent & Clarke, 2015; Eriksson & Clarke, 2015). Markets where blue shark meat has been



increasing include Japan, Spain, China, Uruguay, Indonesia and Singapore (Dent & Clarke,
2015). Thus, regardless of its low commercial value in the past decades, the exploitation of blue

shark as a target species has been increasing in recent years (Aires-da-Silva et al., 2008).

1.2.2. Blue shark stock status

Globally, blue sharks are considered as “Near Threatened” by the International Union for
Conservation of Nature (IUCN) Red List (Stevens, 2009). Regionally, this species has been
considered "Near Threatened" in the Northeast Atlantic (Sims ef al., 2015) and “Critically
Endangered” in the Mediterranean (Sims et al., 2016).

According to data from FAO FishStat available in FAO (2017), despite a slight decrease
of 140 251 t to 121 208 t from 2013 to 2014 respectively, the global captures of blue sharks
have been increasing considerably over the past decades (Figure 1.3). The first year considered
in this dataset is 1950, in which the capture production reported specifically for this species was
only 47 t, and the last year considered is 2014. However, it should be noted that in the earlier
years, species-specific data was not usually recorded or reported for sharks, as well as other
bycatch species, and therefore those statistics in the earlier years have very limited use. On the
other hand, in the late 1990's and early 2000, collection of species-specific statistics and
reporting started to increase, especially for the more industrial offshore fleets, therefore also
influencing the trends as reported by the FAO production statistics. The maximum capture was

registered for 2013 (with 140 251 t as mentioned above).

Global Capture Production for species (tonnes)
Source: FAO FishStat
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Figure 1.3. Global capture production of Prionace glauca in tonnes, from 1950 to 2014.
Source: FAO (2017).



In the Indian Ocean, the inter-governmental organization responsible for the management
of the blue shark is the Indian Ocean Tuna Commission (IOTC). This organization is in charge
of the management of tuna and tuna-like species in the Indian Ocean, as well as non-target
species associated to these fisheries, thus including pelagic sharks such as blue sharks. The
responsibilities of IOTC include, amongst others, to accomplish the assessment of stocks, as
well as adopting measures for both their management and conservation, based on scientific
research and advice. The Report of the 19th Session of the IOTC Scientific Committee (10TC,
2016) contains the latest stock information for the blue shark in the Indian Ocean, mentioning
a reported catch of 30,054 t in 2015, and an average reported catch of 29,535 t between 2011
and 2015 for the species. The stock status for 2016 remains uncertain. The only stock
assessment carried out so far for blue sharks in the Indian Ocean took place in 2015, with the
next scheduled for September 2017. Three different stock assessment models were applied to
blue sharks in 2015, namely the Stock reduction analysis (SRA), Bayesian State-Space
Production Model (BSSPM) and Stock Synthesis III (SS3). Two of them (SRA and SS3)
suggested that the stock is subject to overfishing at the moment, but still not overfished, and the
other model (BSSPM) indicated that the stock was close to Maximum Sustainable Yield (MYS)
levels, although not yet considered subject to overfishing. Therefore, the actual status of the
stock in the Indian Ocean over the past decade remains uncertain, since the stock assessment
models used obtained conflicting results so far.

The IOTC also conducted an ecological risk assessment (ERA) in 2012, which aimed to
assess the resilience of the shark species in relation to the impacts of certain fisheries. From
that assessment, blue sharks were ranked as “medium vulnerability” for longline fisheries in
the ERA ranking, since they were the most productive but also second most susceptible species
to this fishery (IOTC, 2016).

According to IOTC data (2016), the reported catches of blue shark have been increasing
sharply since the 1970’s in the Indian Ocean, when the expansion of many pelagic longline
fleets started in that Ocean. Between 2011 and 2015, the main fleets capturing this species in
this region were Indonesia, Spain, China (Taiwan), Japan, and Portugal (I0OTC, 2016). In the
case of the Portuguese pelagic longline fleet targeting swordfish (Xiphias gladius), in the Indian
Ocean, blue shark is the most captured species of shark (Mufioz-Lechuga et al., 2016). The
work of Mufioz-Lechuga et al. (2016) reveals that the blue shark catch was 28.9% of the total



catch for this fishery in the period of 2011-2015, being the second most caught species
following the main target, swordfish (Figure 1.4).
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Figure 1.4. Total recorded catch (%) by species for the Portuguese pelagic longline fleet
targeting swordfish in the Indian Ocean, from 2011 to 2015. SWO = swordfish, BSH = blue
shark, DOL = common dolphinfish, LEC = escolar, SMA = shortfin mako, BET = bigeye tuna
and ALX = long snouted lancetfish. Source: Muiioz-Lechuga et al. (2016).

Overall, and as the MSY estimate for the blue shark in the Indian Ocean still remains
uncertain, IOTC suggests a “precautionary approach to the management” of this species,
indicating that the tendency for an increase in fishing effort can lead to biomass declines of blue
sharks.

In the Atlantic Ocean, blue sharks are managed by the International Commission for the
Conservation of Atlantic Tunas (ICCAT). Despite an overall level of uncertainty in the results
of their latest stock assessment, all models used suggested that the North Atlantic stock is not
overfished and overfishing is not occurring (ICCAT, 2015). Regarding the South Atlantic stock,
one of the models estimated the same scenario but another one indicates that the stock could be
overfished and that overfishing could be occurring. Since 2016, ICCAT has implemented catch
limits for blue shark in the North Atlantic (ICCAT Rec 16-12, 2016).

In the Pacific Ocean, there are two organisations responsible for the management of blue
sharks, namely the Western and Central Pacific Fisheries Commission (WCPFC) in the western
and central Pacific, and the Inter-American Tropical Tuna Commission (IATTC) in the eastern

Pacific. The International Scientific Committee for Tuna and Tuna-like Species in the North



Pacific Ocean (ISC) carries out stock assessments in the Pacific Ocean, providing information
to the previously mentioned institutions. In the ISC’s report regarding their last stock
assessment for blue sharks, considering the most reasonable parameter values, both models
used suggest that the North Pacific stock is not overfished and overfishing is not occurring (ISC

Shark Working Group, 2014).

1.2.3. Blue shark stock structure

When it comes to the management and conservation of a certain species, its stock
structure is a crucial factor to take in consideration. Knowing if there is one global stock or
several ones, and how many in each ocean, becomes extremely important since different inter-
governmental organizations are responsible for managing a certain species and carrying out
stock assessments at a population level in the respective oceans of their mandate.

In the case of the Atlantic Ocean, three different stocks are currently considered for blue
sharks, the North Atlantic, South Atlantic and Mediterranean stocks (ICCAT, 2015). However,
a new project mentioned in the latest ICCAT blue shark stock assessment report aims to
investigate the population structure of blue sharks in the Mediterranean, exploring their
connection with non-Mediterranean populations. Despite the existing South and North
differentiation, studies such as the one by Verissimo et al. (2017) and da Silva et al. (2010)
suggest that the South Atlantic stock is at least continuous with the Western Indian Ocean,
possibly with the North Atlantic too.

In the Pacific Ocean, different stocks of blue sharks are currently recognized by ISC, one
in the South Pacific and another in the North Pacific (ISC Shark Working Group, 2014). The
genetic study of Taguchi et al. (2015) reported significant but weak differences between
populations of blue sharks in the South and North Pacific, thus supporting the separation
currently assumed when it comes to management purposes. Additionally, the study of King
(2015) confirms that the North Pacific as a whole is a single stock, but points to the need for
investigation of the genetic structure of populations in the South Pacific. The ISC also mentions
that blue sharks are rarely found in the tropical equatorial waters that separate the North and
South stocks. In addition, the results obtained by Li et al. (2016) suggest that in the Central
Pacific Ocean there is one single panmitic population of blue sharks.

The stock structure of blue sharks in the Indian Ocean still remains uncertain, as

mentioned in the most recent IOTC report regarding this species (IOTC, 2016). However,
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studies such as the previously mentioned suggest that there is a single stock between the South
Atlantic and the Indian Ocean (da Silva et al., 2010; Verissimo et al., 2017). Overall, more
studies on the population structure for blue sharks are needed since stock structure has high
implications in terms of the management of the species, and there is a lack of biological

information in the South Pacific and Indian Oceans (Taguchi et al., 2015).

1.3. Age and Growth studies in elasmobranchs

The age of an organism is considered one of the most important biological parameters,
since it 1s a crucial component for estimating growth rates, mortality rates, productivity and
longevity (Campana, 2014; Campana, 2001; Goldman et al., 2012).

Overall, stock assessment is very important for fisheries management by providing
information about the effects of fisheries on fish populations, through population modelling
(Francis, 2016). Therefore, information about age and growth is essential to fisheries
management because it is required to calculate parameters such as abundance and mortality
(Campana, 2001) which are estimated from stock assessment and are the basis for establishing
harvest control rules (Dichmont et al., 2016). Thus, errors when it comes to age estimation,
especially underestimation of age, can result in inaccurate stock assessments (Goldman et al.,
2012), possibly leading to the overexploitation of certain stocks (Campana, 2001).

The information obtained from stock assessment not only indicates the status of
populations at that given period, but it also provides a mean to make predictions about their
future condition. Furthermore, fisheries biologists often use age-based population models for
which age structure data is essential, as well length and weight (Cailliet & Goldman, 2004).

Regardless of being commonly phrased together (Campana, 2001), age and growth have
different meanings, that were stated by DeVries and Frie (1996) as age being a “quantitative
description of the length of time that an organism has lived” and growth to “the change in body
or body part size between two points in time”.

Age estimation in fish can be done through methods such as radiochemical decay rates,
tag-recapture studies and others, but the most common is by counting periodic growth
increments in hard structures (Bennett ez al., 1982; Campana, 2001, 2014). In teleost fish, the
estimation of age is mostly done by counting periodic growth increments in otoliths (Fablet &
Le Josse, 2005). However, other calcified structures show these increments too, including

scales and even opercular bones (Campana, 2001; Mahé et al., 2016). Elasmobranchs do not
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have otoliths and their modified scales (i.e., dermal denticles) do not reveal perceptible growth
bands (Campana, 2014). Thus, age estimation in these organisms is usually done through
vertebrae, spines, neural arches, caudal thorns and other structures, with vertebrae being the
most commonly used (Goldman et al., 2012). The vertebrae are removed from cervical or
thoracic regions of the animals, or even other locations depending on the species (Campana,
2014). Nevertheless, as stated by Campana (2014), the application of age estimation techniques
in elasmobranchs is still much behind that of teleost fish, which have been much more studied
regarding this parameter, in part due to the absence of otoliths in elasmobranchs. In some
species of elasmobranchs, namely deep water organisms, the structures such as vertebrae are
poorly calcified, making age estimation more complex and difficult, and age determination is
usually based on spines (Cailliet & Goldman, 2004).

As summarized first by Cailliet and Goldman (2004) and later by Goldman (2005), the
process of estimating age is composed of five steps: collecting the hard part samples, their
preparation for the age determination, age reading, assessing the validity and reliability of the
results and finally data interpretation (modelling growth).

Regarding age estimation in elasmobranchs using vertebrae, transverse sections,
longitudinal (sagittal) sections, or the whole vertebral centra have been used (Figure 1.5)
(Goldman et al., 2012). Although using the whole vertebral centra can lead to inaccurate results
for most species because it becomes difficult to distinguish age bands in older mature
organisms, as these bands get more tightly grouped (Campana, 2014). If the growth bands are
illuminated from below, having transverse sections of the vertebrae can avoid obscuration of
the bands on opposite halves. However, age estimation for older animals can still be difficult
(Cailliet & Goldman, 2004; Goldman et al., 2012). Thus, unless it is clearly demonstrated that
the same age is estimated for a certain species through the whole vertebral central or transversal
sections, sagittal sections of vertebrae should be used (Campana, 2001; Goldman, 2005). Also,
these vertebral sections should be cut through the centre of the vertebral centra (Campana,

2014).
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Figure 1.5. Representation of transverse and sagittal sections of the vertebral centra by G.M.
Cailliet (Moss Landing Marine Laboratories, California State University), as seen in Goldman
(2012).

Along the vertebrae, as with other structures used for age estimation, the calcified
material is deposited forming opaque and translucent bands, according to the seasons (Cailliet
et al., 2006). Opaque/wide bands correspond to summer growth and translucent/narrow bands
to winter growth (Cailliet & Goldman, 2004; Carlson & Baremore, 2005).

In 2004, Cailliet and Goldman (2004) and Goldman (2005) mentioned that the optical
properties of age bands (opaque/translucent pattern) could be variable between species, as well
as depending on the light source and methodology used, thus advising that the wide/narrow
pattern should be used for ageing instead, stating that it tends to be consistent. However, Cailliet
et al. (2006) updated the previous work, mentioning that the optical properties should be used
rather than the wide/narrow pattern, since the width of bands can be variable, bands can be
more exaggerated in the early years and get more similar to each other as individuals get older
and consequently have slower growth. Therefore, according to these authors, the pattern of
opaque/translucent bands is more seasonally consistent. However, Cailliet et al. (2006)
indicated that the opaque/translucent pattern should still be used depending on the methodology
applied, because the methods of preparation of the calcified structures can modify their optical
properties, as previously mentioned. More recently, Goldman et al. (2012) went back to the
initial idea by stating that the basis for elasmobranch age estimation should be the wide/narrow
pattern. Campana (2014) also mentions the width of bands when it comes to the interpretation
of the vertebral sections. Additionally, Goldman et al. (2012) indicate that the narrow bands
are the ones used for counting, being referred to as rings or annuli.

An annual growth cycle in elasmobranchs is then represented by a pair of wide/narrow
bands in a vertebral section, which extends from one arm of the corpus calcareum to the other

arm, crossing the intermedialia (Figure 1.6) (Goldman et al., 2012). These authors also
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recommend a species-specific approach instead of relying on the assumption that the banding

pattern is consistent for different species.

PB

Figure 1.6. Sagittal section of Lamna ditropis where the corpus calcareum and the
intermedialia are visible, as well the centrum radius (CR), pre-birth ring (PB) and birth ring (P).
The arrows represent the age rings. Source: Goldman (2005).

The preparation of samples for the age readings is well described by Goldman (2005) and
more recently by Goldman et al. (2012), basically including cleaning and sectioning the
calcified structures. These can be stained by a variety of different methods before being
mounted on microscope slides, including crystal violet and silver nitrate staining which are
amongst the most simple ones, in order to enhance the visibility of age bands (Goldman, 2005).

The interpretation of age bands represents a source of error, often revealing substantial
variability (Goldman et al., 2012). However, accuracy in age estimations and therefore growth
estimations is essential for the sustainable management of fisheries (Fernandez-Carvalho et al.,
2015). Thus, establishing ageing protocols and using methods to evaluate the precision of age
readings becomes necessary (Goldman, 2005; Goldman et al., 2012). Ageing protocols refer to
the need of a consistent methodology when it comes to the estimation of age, highlighting the
need for not one but at least two readers to independently interpret the age bands twice, and
without previous knowledge of the size of individuals (Campana, 2014; Goldman, 2005;
Goldman et al., 2012). If there is a disagreement regarding some samples, those should be
analysed again by the two readers together, although if they do not reach a consensus, then

those should not be included in the study (Goldman et al., 2012). The methods most often used
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for the evaluation of the precision of estimations are the average percent error (APE) technique
(Beamish & Fournier, 1981), and the modification of this method by Chang (1982), the
coefficient of variation (CV). Another method used is the percent reader agreement/percentage
agreement (PA), mentioned as simple and accurate (Goldman, 2005), as well as the percent
agreement plus or minus one year (PA £ 1 year). Additionally, age bias plots are also advised
to use together with the previous statistical approaches (Campana, 2001).

In addition to the accuracy of age estimation by the readers, the assumption that the
growth rings of the samples used are true indicators of the age of individuals should also be
confirmed (Goldman et al., 2012). Therefore, the terms validation or verification of age
estimations are related to the evaluation of the periodicity of the growth bands deposition on
the calcified structures (Cailliet, 1990). Cailliet (1990) defines verification as “the process of
confirming an age estimate by comparison with other indeterminate methods” and validation
as “proving the accuracy of an age estimate by comparison with a determinate method”. Several
methods can be used for age validation, namely mark-recapture studies of known-age
organisms, bomb radiocarbon dating and most commonly in the case of elasmobranchs,
chemically tagging wild individuals (Goldman ef al., 2012). Nevertheless, due to the difficulty
of validation in elasmobranchs, verification methods are more frequently used, such as the
relative marginal increment analysis and the centrum edge analysis (Goldman et al., 2012),
these being statistical approaches. Despite this separation, the same authors also state that some
of these methods can be used either for verification or validation, particularly if used in
combination with others.

When it comes to the estimation of growth parameters in fish, there are many growth
models and variations of those models, but the von Bertalanffy and Gompertz are the most
frequently used (Goldman et al., 2012). However, in fisheries biology the most commonly used
is the von Bertalanffy growth function (VBGF) (Cailliet et al., 2006; Haddon, 2011), which
derives from the original model defined by von Bertalanffy (1938).

1.3.1. Age and Growth of the blue shark
Along the years, several studies on the age and growth of blue sharks in various regions
were carried out, using different methodologies to obtain growth models for this species in the

various oceans. In addition, a few studies on age validation of this species have also been done.
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In the Northern Hemisphere, age and growth of blue sharks is well documented both in
the Atlantic Ocean (Aasen, 1966; Henderson, et al., 2001; MacNeil & Campana, 2002; Skomal
& Natanson, 2003; Stevens, 1975) and Pacific Ocean (Blanco-Parra et al., 2008; Cailliet et al.,
1983; Nakano, 1994; Tanaka et al., 1990). There is also the study of Megalofonou et al. (2009)
in the Mediterranean. In his study, Stevens (1975) states that no growth curves exist for blue
sharks prior to his work. He used the von Bertalanffy growth model for his samples and for the
length-frequency data previously obtained by Aesen (1966), thus obtaining the first two growth
curves for blue sharks. MacNeil and Campana (2002) compared age estimations using the
whole vertebrae and sectioned vertebrae. Their results show similar growth curves for both
methods, although they mention that age estimations with the whole vertebrae can
underestimate the age of older blue sharks.

In the Southern Hemisphere, age and growth of blue sharks are not as extensively studied
as in the Northern Hemisphere. Lessa et al. (2004) estimated age for blue sharks of the South
Atlantic, and Manning and Francis (2005) of the South Pacific. The latter used the whole
vertebral centra for individuals < 150 cm FL and sectioned vertebrae for individuals of 150 cm
FL or more. In the South Atlantic there is also the study of Hsu ef al. (2015). More recently, in
the South Pacific, Francis and Maolagain (2016) attempted to estimate the age of specimens
caught in New Zealand using the same method as Manning and Francis (2005), and X-rays to
visualise the bands. However, they were unable to estimate the age of blue sharks due to
ambiguity in band pattern interpretation. There is a particular lack of information for the Indian
Ocean. The study of Jolly et al. (2013) in South African waters includes a small part of the
Southeast Atlantic as well as the Southwest Indian Ocean, obtaining growth models.
Rabehagasoa et al. (2014) provide the only other published work with growth models for blue
sharks in the Indian Ocean, this being a working document from IOTC and not published as a
peer-review paper. Other than these, regarding this ocean, there is information about the size of
individuals by Romanov and Romanova (2009), in their sample of 2842 animals ranging from
57 to 311 cm FL, and size distribution patterns and structure (Coelho et al., in press). Also
importantly, Romanov and Campana (2011) were able to age/validate the age of two sharks
using bomb radiocarbon.

Regarding age validation studies for the blue shark, only one was done for the Indian
Ocean by Romanov and Campana (2011), as mentioned above. Previous to that, Skomal and

Natanson (2003) validated the age of two young sharks in the North Atlantic through the
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injection of oxytetracycline (OTC) and recapture of the injected animals. In the South Atlantic,
Lessa et al., (2004), tried to validate the periodicity of growth band deposition using Marginal
Increment analysis. Despite the results not being conclusively supportive of an annual
deposition, they still considered that growth bands are formed annually, but recommended more
validation studies for this species, particularly with larger sample sizes. More recently in the
South Atlantic, Hsu ef al. (2015) concluded that band deposition is annual, through Marginal
increment ratio and centrum edge analysis. In the North Pacific, results obtained by Wells
(2016), also using OTC injections in a sample of 26 sharks (most of them being juvenile, and
with a maximum time at liberty before recapture of 587 days) supported an annual deposition

of band pairs for this species.

2. Objectives
The present work aims to fill the gap of knowledge about the biology and the population

dynamics of blue sharks in the South Indian Ocean, which are crucial aspects for both the
management of fisheries as well as for the conservation of the species. The specific objectives
are:

1. estimating the age of individuals through the reading of growth bands in the vertebrae;

2. obtaining growth models for both sexes in the South Indian Ocean;

3. providing age and growth data of this species to IOTC for stock assessment purposes

and management advice.

3. Materials and methods
3.1. Sampling

All the samples used in this study were collected by scientific fishery observers from the
Instituto Portugués do Mar e da Atmosfera (IPMA) on board of Portuguese commercial
longline vessels that target swordfish (Xiphias gladius) in the Indian Ocean. A total of 818
vertebrae were collected from March 2013 to September 2016. Vertebral samples were
collected in the South Indian Ocean between 23.75°S and 34.85°S (latitude) and from 40.70°E
to 92.97°E (longitude) (Figure 3.1).
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Figure 3.1 Map of the area of collection of Prionace glauca samples (females and males
represented) in the South Indian Oceann. The plots are represented in 5x5 degree grids, with
the sizes of the plots proportional to sample size (N).

Still on board of the fishing vessels, the sex of all individuals as well as the fork length
(FL) were recorded. Fork lengths were measured in a straight line to the nearest lower cm.
Vertebrae were removed from the region below the anterior part of the first dorsal fin of each
individual. After extraction, all vertebral samples were kept frozen in the vessels, as well as

during transportation to IPMA, and then stored frozen until being processed in the laboratory.

3.2. Sample processing
All vertebrae were first cleaned and then sectioned. The cleaning process started by
manually removing all the organic tissues around each vertebra using scalpels and tweezers.
After that, they were immersed in a solution of 4—6% sodium hypochlorite (commercial bleach)
during approximately 5 to 10 minutes (depending on the size of each vertebra) to remove any
remaining soft tissues, and finally placed in water for a few minutes to eliminate all the sodium

hypochlorite. Once cleaned, all vertebrae were stored in ethanol at 70% until further use.
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To prepare the vertebrae for the sectioning process, they were first air-dried from the
storing ethanol during approximately 30 minutes and then mounted on microscope slides, using
a synthetic polymer glue. The center of each vertebra was marked with a pencil to help making
it more visible when placing them in the cutter. They were left during 24 hours for the glue to
air dry completely. Once the glue was fully dried, each slide was placed in a sectioning cutter,
a Buehler Isomet 1000 precision low-speed saw, with two diamond waffering blades, to
produce 0.5 mm sagittal sections. The sections were cut through the center of the vertebrae and
also through the rays, but avoiding the thicker ones.

To enhance the band pattern, the sections obtained were stained with Crystal Violet
solution (Sigma-Aldrich Co., St. Louis, MO), previously used in other shark ageing studies
(e.g., Coelho et al., 2011; Fernandez-carvalho ef al., 2011; Fernandez-Carvalho et al., 2015;
Rosa et al., 2017), during 2 (for small sections) or 3 minutes (for bigger sections) on each side.
Only one of the two sections obtained from each vertebra was stained, to later compare the
visibility of the stained versus the non stained bow-ties of the vertebrae. After staining, both
sections of each sample were covered with paper and tightly wrapped between two microscope
slides, in order to maintain the original shape once fully dried. They remained wrapped for 24h
until completely dried.

Finally, the two sections of each vertebra were mounted onto microscope slides using
Neo-Mount, and left to dry completely. Once dried, they were observed under a Nikon
dissecting microscope with a mounted high resolution digital camera, using transmitted white
light. Photos of each observed sample were recorded and then digitally enhanced using the
ImagelJ software (Schindelin et al., 2015) by adjusting the contrast and brightness (Figure 3.2).
The same software was then used to mark the growth bands, as well as the focus and the outer

edge of the corpus calcareum of each vertebral sample.
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Figure 3.2 Microphotographs of two vertebral samples of Prionace glauca specimens collected
for the present study with identification of the birthmark (b) and the growth bands (indicated by
numbers), as well as the focus and the outer edge of the corpus calcareum (OE). The individual
on the left has an estimated age of 3 years and the one on the right has an estimated age of 13
years.

3.3. Age estimation and precision analysis

Age was estimated by counting the number of wide/narrow pairs of bands in each sample,
through the respective recorded photos. Annual deposition of growth bands was assumed and
the first distinct band (usually associated to an angle change in the outer edge of the corpus
calcareum) was considered to be the birthmark (Blanco-Parra et al., 2008; Francis &
Maolagain, 2016; Hsu et al., 2015; Jolly et al., 2013; Lessa et al., 2004; Megalofonou ef al.,
2009; Rabehagasoa et al., 2014; Skomal & Natanson, 2003; Wells et al., 2016).

Prior to the start of the readings used to obtain the results, a reference set of 50 samples
was selected, 25 being from female specimens and other 25 from males. These were selected
containing approximately the same number of samples corresponding to individuals of each
body length class (size classes of 10 cm), in order to be representative of the total sample size.
Once the reference set was complete, growth bands in these 50 vertebrae were then read by the
main reader and author of the present work, together with two researchers from IPMA, reaching
a consensus for the age of all of them. Then each reader carried out an independent reading.

When the results from the three readers had two or three readings differing from the initial
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agreed age for a certain sample, those vertebrae were analysed again by the three readers
together to reach a new consensus/agreed age.

From the total sample size (n=818), 793 samples were used for age readings, with the
remaining 25 being initially excluded since no obvious/consistent band pattern was visible. All
793 vertebrae were read three times and without previous knowledge of the length or sex of
each specimen, in order to prevent bias while counting the growth bands. In order to calibrate
the readings (i.e., making sure the same criteria were always used when marking the growth
zones), a reading of the reference set was carried out before the start of each reading. Also, to
prevent familiarity with any particular vertebra, each reading was finished before starting the
following one. Additionally, a fourth reading was carried out for the samples whose first three
readings produced three different attributed ages, but with two of the three differing only by
one year. After all the readings, only vertebrae whose band pair counts obtained three or two
out of three equal readings were considered for the age and growth analysis.

In order to compare the precision between the three initial readings, the coefficient of
variation (CV) (Chang, 1982), the percentage of agreement (PA) (Beamish & Fournier, 1981)
and percentage of agreement within one growth band, and two growth bands (PA + 1 year, PA
+ 2 years) were calculated and compared among the readings. Additionally, age bias plots were
also used to graphically compare the accuracy of the three readings (Campana, 2001). Each of
the three readings (with 95% CI) was plotted for the agreed age. This agreed age was attributed
when between these three readings, at least two were identical. The precision analysis was

carried out using the R statistical language (R Core Team, 2015).

3.4. Growth modelling

In order to obtain the vertebral radius (VR) of each vertebra, the distance between the
focus of vertebrae and the outer edge of the corpus calcareum was digitally measured in the
photos of each vertebral sample using the "Measure Cumulative Distances [1]" macro in the
Imagel software. This macro measures cumulative distances along a segmented line selection
or between the points of a point selection. The distances were measured to the nearest 0.001
mm as according to the scale present in the dissecting microscope magnification used to take
the photos. Three different scales were used when taking the photos, depending on the size of
the vertebrae, and all of them were adjusted to pixels in ImageJ (resulting in 1 mm = 298 pixels,

I mm = 157 pixels or I mm = 99 pixels). Since in some of the vertebral sections the tips were
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broken, thus not showing the focus or the complete outer edge of the corpus calcareum, those
were not used to calculate VRs, only 727 out of the 818 were used. The relationship between
the vertebral radius and fork length of each specimen was then obtained using a linear model

following the equation below:

FL=a+ bVR

where, b is the slope and a is the intercept.

To obtain growth curves for the studied species, two growth models were used, both of
them applied to males and females separately and to the two sexes combined. The first model
used was a three-parameter von Bertalanffy growth function (VBGF) re-parameterized to
estimate L, (size at birth) instead of t, (theoretical age at which the expected length is zero)

(Cailliet et al., 2006):

L= Lint— (Lint—Lo) x & ©*9,
where L; = mean size (FL, cm) at age t (year);
Linf = maximum asymptotic size (FL);

Lo = size (FL, cm) at birth;

K = growth coefficient and t = age (year).

The second model used was a two-parameter von Bertalanffy growth function (VBGF)

where L was fixed:
Li=Linf(1 — be ™),
where b was calculated with the following equation:
b = (Lint — Lo)/Linf
For the latter model, Ly was fixed to the maximum size at birth described for this species by

Pratt (1979) and also by IOTC (2007) in the Indian Ocean, which is 44 cm (FL).

Both of the previous models were fitted to the age data using nonlinear least squares (nls
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function in R) and all plots were created with the package “ggplot2” (Wickham, 2009) in R (R
Core Team, 2015). For each of the fitted models, the growth parameters were estimated, along
with standard error (SE) and 95% confidence intervals (CIs).

In order to test the null hypothesis that there was no difference in growth parameters
between both sexes, a likelihood ratio test (LRT) (Kimura, 1980) was performed, using the
“fishmethods” package (Nelson, 2017) in R (R Core Team, 2015). Additionally, the model
goodness-of-fit was compared with the Akaike Information Criteria (AIC), as well as with the
Bayesian Information Criterion (BIC) values. The model with the smallest AIC and BIC values

is considered the best fit to the data.

4. Results
4.1. Sample characteristics
A total of 818 shark vertebrae were collected for the present study, of which 491 (60%)
were from male sharks and 327 (40%) were from females. The size distribution ranged from

93 to 301 cm FL for males (mean = SD: 203 £+ 50.2 cm) and the females ranged from 82 to 284

cm FL (mean + SD: 204 = 40.9 cm) (Figure 4.1).
Sex
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Figure 4.1. Size (FL, cm) frequency distribution of males (n=491) and females (n=327)

Fork length (cm)
vertebral samples of Prionace glauca individuals collected in the South Indian Ocean between
March 2013 and September 2016 (n=818).

Frequency (n)
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Of the 818 samples, 793 were used for age readings, with 133 of these having three
different readings but at least two of them differing only by 1 year, thus a fourth reading was
carried out for these 133 samples. After all readings were completed, 679 (85.6%) vertebrae
(421 males and 267 females) were considered to have a valid estimated age (at least two

identical readings) and were thus considered for the age and growth analysis.

4.2. Age estimation and precision analysis

The percentage agreement between the three readings, first and the second, first and third
and the second and third was 29%, 37%, 44% and 54%, respectively, suggesting a progressive
improvement in the consistency of readings. PA + 1 year between the first and second, first and
third, and second and third readings was 67%, 71% and 78%, respectively. PA + 2 years
between the first and second, first and third, and second and third readings was 83%, 85% and
89%, respectively. The CV between the three readings, the first and second, first and third, and
second and third was 8.95%, 9.15%, 8.05% and 5.65%, respectively, and APE between the
three readings, the first and second, first and third, and second and third was 6.72%, 6,42%,
5.69% and 3,99%. The age bias plots (Figure 4.2) between each reading and the agreed age

between the three reveal a high agreement with no systematic bias.
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Figure 4.2. Age-bias plots of pairwise age comparisons between reading 1 (A), reading 2 (B),

reading 3 (C) and the accepted band pair count, for vertebral samples from Prionace glauca
collected from the South Indian Ocean.
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4.3. Growth modelling
Regarding the relationship between vertebral radius (mm) of each vertebra and the fork
length (cm) of the respective specimen (Figure 4.3), significant differences were found
between sexes (P < 0.05). Therefore, the regression equations between VR and FL were
calculated for females (FL = 17.45 VR + 13.26; r* = 0.91) and males (FL = 15.82 VR + 29.82;
1 = 0.95) separately.

300 1

200

—F
—M

Fork length (cm)

100

5 10 15
Vertebral radius (mm)

Figure 4.3. Relationship between the fork length (cm) and the vertebral centrum radius (mm)
for Prionace glauca males (M) and females (F) from the South Indian Ocean. Dots represent
individual observations and the solid lines represent the linear regressions where FL = 15.82 VR
+29.82 for males and FLL. = 17.45 VR + 13.26 for females. FL = fork length and VR = vertebral
radius.

A total of 679 blue shark specimens were given a final agreed estimated age, with ages
ranging between 1 to 20 years old for females and between 1 to 25 years old for males. The
LRT test (Kimura, 1980) results did not reveal differences between males and females for each
parameter individually (Li,s LRT: X*= 0.07, P> 0.05; k LRT: X*=0.29, P > 0.05; to LRT: X*
= 2.73, P > 0.05). However, for all parameters combined the test indicated significant
differences between sexes (LRT: X*= 10.25, P < 0.05). Therefore, both growth models used,
the three-parameter VBGF and the VBGF with a fixed Ly, were fitted for females and males
separately (Figure 4.4).
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Figure 4.4. The von Bertalanffy growth function (VBGF) for Prionace glauca based on age
estimations through counting of vertebrae growth bands. Circles represent observed data and
the lines represent the VBGF (three-parameters VBGF and VBGF with fixed L) for males
(A), females (B) and combined sexes (C).
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The estimates for growth parameters are displayed in Table 4.1. The estimated values of
Linr were higher for both sexes when using the three-parameter VBGF instead of VBGF with
fixed Ly. For both models, Li,s was higher for females. The values for k were slightly higher
when using VBGF with a fixed L. The estimates for L, with the three-parameter VBGF were
similar for males (Lo = 73,8 cm FL) and females (Lo = 74,99 cm FL) (Table 4.1). The three-
parameter model presented a lower AIC and BIC then the model with a fixed Lo, suggesting
that the first model represents a better fit to the data. However, more biologically reasonable
values are likely produced with the two-parameter model with fixed L (see discussion section
for details). The results obtained with the recommended final model suggest females reach a
higher asymptotic length (Linr) than males, and males have a higher growth coefficient (k),
indicating a slower growth for females (males: Liye = 272.2 cm FL, k = 0.15 year'; females:

Lins=283.2 cm FL, k = 0.13 year™).

Table 4-1. Growth parameters estimated for Prionace glauca (males, females and combined
sexes) in the South Indian Ocean with the three-parameter von Bertalanffy growth function
(VBGF) and VBGF with fixed Ly at 44 cm fork length (FL). All parameter estimates for both
models are presented with standard error (SE) and 95% confidence levels (95% CI). Liys=
maximum asymptotic length, k = growth coefficient (year '), Lo = size at birth (cm FL). Final
parameters recommended to be used are represented in bold (see discussion section for details).

) 95% CI
Sex Model AIC BIC Parameter Estimate SE

Lower Upper

Lin 302.0 8.3 287.6 321.2

VBGF 3543 3559 k 0.102 0.009  0.084 0.121

Males Lo 73.8 5.1 63.3 83.6
Lin 277.2 3.4 270.6 284.2

VBGE 3567 3579 '

L0=44 k 0.147 0.005  0.138 0.157

Lin 319.7 18.4 291.1 371.8

VBGF 2350 2364 k 0.084 0.013  0.058 0.111

Females Lo 74.7 7.4 59.3 88.9
VBGF Lins 283.2 6.2 271.6 284.8

2362 2373

L0=44 k 0.129 0.007  0.115 0.143

Lin 309.5 8.4 295.0 328.6

VBGF 5900 5918 k 0.093 0.007  0.078 0.108

Combined Lo 75.9 4.2 67.6 83.9
Lin 278.3 3.0 272.3 284.6

;’?fiz 5944 5958 !
= k 0.141 0.004  0.133 0.149
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5. Discussion

Blue sharks are considered the most abundant pelagic sharks (McKenzie & Tibbo, 1964;
Nakano & Seki, 2003; Nakano & Stevens, 2008), as well as one of the most frequently caught
bycatch species of fisheries and by sports fishing worldwide (Campana et al., 2009; Casey &
Hoey, 1985; Pratt, 1979). Thus, they have been extensively studied, this including age and
growth studies. However, age and growth studies of blue sharks in Southern Hemisphere are
lacking considerably when compared to the Northern Hemisphere, in particular for the case of
the Indian Ocean in which this topic has barely been explored for this species. Therefore, the
present study presents important new age and growth data for blue sharks in the South Indian
Ocean.

Vertebrae of blue sharks are known to be difficult to read, due to a poor contrast of the
bands (Manning & Francis, 2005; Rabehagasoa et al., 2014; Skomal & Natanson, 2003). In the
present study, 25 vertebral samples of the total 818 that were collected were initially excluded,
not being used for age readings since no band pattern was visible or was extremely diffuse. This
could be due to the preparation of such samples, or simply their quality prior to sample
processing. Nevertheless, this is an interesting fact since 25 represents a small percentage of
the total sample size of 818 of the present study, thus not compromising age and growth
estimations. However, in studies with much smaller sample sizes, discarding considerable
amounts of samples can represent significant problems.

Age estimation using whole vertebrae instead of sections is an easier and less expensive
approach, since it is less time consuming and does not require specific sectioning equipment
(MacNeil & Campana, 2002). However, different studies report that whole vertebrae tend to
under-estimate the age of older sharks, since they do not provide an adequate visualization of
the growth bands in these specimens, when they start to group, and being more diffuse, thus
more difficult to interpret (MacNeil & Campana, 2002; Tanaka et al., 1990). On the other hand,
Jolly et al. (2013) prepared whole centra unstained and also stained sections, mentioning that
the latter ones were unsuccessful to read. Nonetheless, all vertebral samples used in the present
study were sectioned, and although difficult to read as it is known for this species, such sections
allowed readings to be made for all age groups, from 1 year old sharks to as old as 25 years.
Regarding the staining method used, in which sections were stained with Crystal Violet
solution, this stain had been successfully used in other shark species (e.g., Coelho et al., 2011;

Fernandez-carvalho ef al., 2011; Fernandez-Carvalho et al., 2015; Rosa et al., 2017), but never
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before used with blue sharks. For each vertebral sample one section was stained and the other
was left unstained for comparison purposes, and it was concluded that the stained sections
provided a higher contrast in the growth bands for the vast majority of the samples. Thus, the
stained sections were preferred overall, with the unstained being used on rare occasions for
confirmation purposes. Another factor that helped with band visualization in this study was the
digital enhancement of the section’s photos. A slight adjustment of contrast and brightness
made a considerable improvement in the contrast between the bands, however such adjustment
should be slight since overdoing it can create the opposite effect.

In the present study, age validation was not carried out. However, other studies such as
those of Hsu ef al. (2015), Lessa et al. (2004), Romanov et al. (2011), Skomal and Natanson
(2003) and Wells et al. (2016) have verified or validated the age of blue sharks, with all of them
supporting an annual periodicity of growth band deposition for this species. Thus, previous age
and growth studies for blue sharks (Table 5.1) have considered that growth bands are formed
once a year with the first one being the birthmark (age 0). The same assumptions were
considered in the present study. However, more work needs to be done regarding age validation
for blue sharks. Studies already done are not only few, but also use very small sample sizes,
covering small age ranges and not leaving animals in liberty long enough before recapture, in
case of validation through tag-recapture. For instance, Skomal and Natanson (2003) validated
the age of only two specimens around the age of 4, and Romanov et al. (2011) validated the
age of only two sharks as well, these being much older (19 and 23). Therefore, the absence of
more comprehensive age validation studies (with greater sample sizes, wider age ranges and
longer liberty periods) for this species, all over the world, can compromise the objectivity of
age and growth estimation studies.

In terms of precision analysis of the age estimates, several approaches were used in the
present study, namely the percentage agreement, the coefficient of variation, the average
percent error and age bias plots. The PA was progressively higher between the first and second,
first and third and second and third readings, revealing a gradual improvement in the
consistency of age readings. CV and APE are both widely used for precision analysis of ageing
studies, with Campana (2001, 2014) suggesting a value of less then 7.6% for CV and 5.5% for
APE, although mentioning most shark age studies have a CV exceeding 10%. In this study, all
values of CV were below the usual 10% found in many shark studies, one of them even being

below the suggested 7.6% level. Regarding APE, two of them exceed the suggested value of
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5.5%, but only for around a unit maximum, and a third value exceeds it by 0.10%. Therefore,
and considering these are suggested values and not a set level for precision analysis (Campana,
2001), the CV and APE results together with the age bias plots obtained for this study support
the consistency of age estimations and their adequacy for the studied species.

When it came to choosing a growth model to fit to the age data, the von Bertalanffy
growth function, that derives from the original model defined by von Bertalanffy (1938) was
chosen because it is the most commonly used in fisheries biology for stock assessment purposes
(Cailliet et al., 2006; Haddon, 2011), which is the end goal for the results of the present study.
Also, since it is the most used in previous age and growth studies for blue sharks (Table 5.1),
it 1s beneficial to use it when it comes to making comparisons. In the present study, two
approaches of this model were used, namely a three-parameter VBGF, and a two-parameter
VBGF with a fixed Ly. Unlike in the previous studies for this species, in which the three
parameter VBGF estimated t, (theoretical age at which the expected length is zero), in this study
this model was re-parameterized to estimate L, (size at birth) instead. Even though it may be
the same using one or the other from a mathematical point of view, t, lacks biological meaning,
making L, a more robust approach with an immediate interpretation (Cailliet et al., 2006;
Carlson et al., 2003; Goldman et al.,2012; Goosen & Smale, 1997). This is particularly relevant
in the case of elasmobranchs, since size at birth for these organisms is usually well defined
(Goldman et al., 2012).

When calculating the AIC and BIC values for both models, the three-parameter VBGF
seems to be a better fit to the age data (see Table 4.1 in the Results section). However, while
the fits are better from a purely statistical perspective, in biological terms it might be more
adequate to use the two-parameter VBGF with a fixed Ly, since the birth size of the studied
species is already known (IOTC, 2007; Pratt, 1979). As such, the inclusion of a well-known
parameter in the model as a fixed value, rather than allowing for its estimation with the
associated uncertainties, might be more adequate even at the expense of a somewhat poorer
overall fit to the data. Therefore, the VBGF with fixed L is the model recommended by this
study, more specifically with a growth curve for each sex separately since significant
differences were found between sexes.

When comparing the results obtained by the present study with the ones obtained by
others in the Indian Ocean, namely Jolly ef al. (2013) and Rabehagasoa et al. (2014) (Table

5.1), the maximum asymptotic length estimates are slightly higher in the present study than in

31



the other two. In terms of k, the values here obtained are around the ones estimated by the
previous authors. In this study, results suggest that females reach a higher asymptotic length
than males, and males have a higher growth coefficient, indicating a slower growth for females.
The same was found in some of the previous studies done all over the world, while in others
the opposite results were obtained. The maximum size reported for blue sharks by Compagno
(1984) is of 380 cm TL (317.3 cm FL*") which is higher than both L, values estimated in this
study. However, when considering the previous age and growth studies of blue sharks made all
over the world that are summarized in Table 5.1, the estimates for L;,r here obtained are within
the range of values of those studies, which range from 198.8 cm FL* to 353 cm FL* (Blanco-
Parra et al., 2008; Stevens, 1975). The same happens for the k estimates of the present study
which are between the range of 0.10 year' to 0.68 year' observed in the other studies.
Nevertheless, it is relevant to point out that the 0.68 year™ value for k obtained by MacNeil and
Campana (2002) is much higher than all other studies here presented, where values vary mostly
between 0.10 and 0.18 year™.

Regardless of the VBGF with a fixed Ly being the model recommended to use, it is still
interesting to look at the values estimated for L using the three-parameter VBGF, and compare
those with the known size at birth. The results obtained for L, were 73.8 cm FL for males, 74.65
cm FL for females and 76 cm FL for the combined sexes. These values are higher than the 35-
44 cm FL size at birth range described by Pratt (1979), and also by IOTC (2007) in the Indian
Ocean. Estimates in other blue shark studies fall in this range, such as the L, obtained by Cailliet
etal.(1983) of 37.6 cm FL* and 47.1 cm FL obtained by Henderson et al. (2001). Megalofonou
et al. (2009) and Rabehagasoa (2014) estimated slightly lower values of 26.8 cm FL* and 30.2
cm FL*, respectively, with the latter one corresponding to a study in the Indian Ocean. In the
present study, the higher results for size at birth can be explained by the lack of samples of

younger ages when comparing with the remaining ages within the total sample size.

! Note: All FL* measures were obtained by converting original TL measures using the equation
by Kohler et al. (1995) for blue sharks: FL =0.8313 x TL + 1.39.
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Tabela 5-1 Summary of previous age and growth studies of Prionace glauca in various regions of the world. C = combined sexes, F = female, M = male, TL = total length, PCL = precaudal
length, FL = Fork length, VBGF = von Bertalanffy growth function, L;,s = maximum asymptotic size (in cm) and k = growth coefficient. Spaces filled with “- refer to information that is
not available.

Samole siz VBGF Max
Study Ocean Vertebrae condition Band Visualisation n Measure (p ¢ size Sex parameters attributed
cm) Lint k age
Aasen (1966) N Atlantic Whole centra Silver nitrate staining 268 TL - C 394 0.133 8
il itrate staini t itt
Stevens (1975) N Atlantic Whole centra and sections Silver nitrate staining, transmitted ¢ TL 42-2725  C 423 0110 7
polarized light
C 265.5 0.223
Cailliet et al. (1983) N Pacific Whole centra Silver nitrate staining, X-ray 130 TL 28-252.1 M 295.3 0.175 9
F 241.9 0.251
. . Haematoxylin staining (s), silver nitrate M 369 0.10
. 1 t t L. 1 TL 110-2 11
Tanaka et al. (1990) N Pacific Whole (w) centra and sections (s) Staining (w) 95 0-280 F 304 0.16
M 289.7 0.129
. . . . ) 1
Nakano (1994) N Pacific Whole centra Silver nitrate staining 271 PCL F 2433 0.144 0
Henderson et al. Unstained, silver nitrate stained and
i hol t ’ 1 TL 4-22 . 12
(2001) N Atlantic Whole centra alizarin red S stained; white light 59 64-228 € 3765 0 6
MacNeil . N 0.68
a ez zicog)ampana N Atlantic Whole (w) centra and sections (s) Unstained, reflected white light 185 FL 147 - 282 C 33(())(;‘: 05 8st
C 285.4 0.17
Skomal ;‘;‘)?atans"n N Atlantic Sections Reflected white light 411 FL 49-312 M 2823 0.18 16
( ) F 286.8 0.16
Lessa et al. (2004) S Atlantic Sections White light 236 TL 173.8-310 C 352.1 0.157 12
Bl P cal C 303.4 0.10
ancoéoé(i)rgra erat N Pacific Whole centra Silver nitrate staining 184 TL 90 - 253 M 299.9 0.10 16
( ) F 237.5 0.15
Megaloft . . L .
cga ?288;);1 etal Mediterranean Whole centra Digital enhancement, reflected light 54 TL 81.7-315 C 40155 0.13 12
C 311.6 0.12
Jolly et al. (2013) S Atlantic/ S Indian Whole centra No staining, white light 197 TL 72-313 M 294.6 0.14 16
F 334.7 0.11
Rabehagasoa et al. . . .. . L
2014) S Indian Sections No staining, transmitted white light 188 FL 36 -276 C 258 0.16 15
Hsu et al. (2015) S Pacific Whole centra X-ray 742 TL - C 352.1 0.13 15
i Maolagai s
Francis ?;g | 6)&0 agamn S Pacific Whole centra and sections No staining, white light and X-ray 232 FL Readers in this study were unable to age the samples
C 278.3 0.14
Present study S Indian Sections Crystal Nitrate staining, white light 679 FL 82-301 M 277.2 0.15 25

F 283.2 0.13




The maximum estimated ages obtained in this study were 20 and 25, for females and
males, respectively. The oldest individual was a 25 year old male with 301 cm FL. The
estimates for both sexes are older than any of the previously estimated ages in previous studies,
as summarized in Table 5.1. However, the longevity of this species is thought to be of about 20
to 23 years (Cailliet et al., 1983; Manning & Francis, 2005; Romanov et al., 2011; Stevens,
2009). In their age validation study for the Indian Ocean, Romanov ef al. (2011) obtained the
ages of 19 and 23 for male specimens with 273 cm FL and 270 cm FL, respectively. Therefore,
the estimates of the present study are close to those of Romanov et al. (2011). Nevertheless, in
that study both specimens were the same sex, and despite having almost the same size still
presented different ages and growth rates. This supports the need for more age and growth
studies of blue sharks in the Indian Ocean, and of their biology in general.

When looking at all previous studies mentioned as well as this study (Table 5.1), there
are no evident trends in growth between the Atlantic, the Pacific and the Indian oceans,
suggesting a similar growth for blue sharks among different world regions. The same idea was
previously mentioned by Nakano and Seki (2003), and Tanaka et al. (1990), who reported that
variations in the estimates between different studies are most likely due to differences in
techniques used to prepare the samples, different criteria for growth zones ageing and reader
precision and bias, which compromises a realistic comparison of growth between different
areas.

Overall, the results obtained in this study are mostly within the ranges obtained in
previous studies for other oceans. However, it should be noted that we estimated a higher
maximum observed age compared to what was previously described. These results now
presented support the fact that the blue shark is a long-lived, slow growth species, and provide

important additional knowledge to the biology of blue sharks in the Indian Ocean.
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6. Conclusion and remarks for future research

As a conclusion, we believe the present work provides relevant data about the biology,
namely age and growth, of blue sharks in the Indian Ocean, filling the considerable lack of
information regarding this species in this Ocean. Therefore, data here obtained can be used for
stock assessment of blue sharks, contributing for the management and conservation of this
species. That is of particular importance considering the stock status of blue sharks in the Indian
Ocean still remains uncertain. In fact, the results obtained in this study were already provided
to the Indian Ocean Tuna Commission, to be considered in the next meeting for stock
assessment of this species that will take place in September 2017 (Andrade et al., 2017).

In terms of recommendations for future research, more work regarding age and growth
of blue sharks in the Indian Ocean should be carried out, since even with the addition of the
present study there are still significant information gaps, especially when comparing with the
Atlantic and Pacific Oceans. However, even these oceans where age and growth of blue sharks
have been more extensively studied would benefit from more studies, since in most of the
previous works sample sizes were small and the size ranges of the collected specimens tended
to be narrow. Thus, the estimated parameters may not be very representative of the overall
populations, including all age classes. International collaborations between several fishing
nations to obtain results covering entire ocean basins or even more, as opposed to studies at
local scales, would be most useful. Particularly, if pursued with a standardized methodology,
in order to minimize variation due to preparation techniques and age reading bias, thus
providing a mean for objective comparisons between different areas. In addition, only a few
age validation studies for blue sharks have been carried out. Thus, this is an area that should be
more explored in order to improve the robustness of results obtained in all age and growth

studies.
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