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Abstract

The blue shark (Prionace glauca) is the most frequenpyureal shark in pelagic
oceanic fisheries, especially pelagic longlines targetvwgrdfish and/or tunas. As part
of cooperative scientific efforts for fisheries and biologidata collection, information
from fishery=0Observers, scientific projects and surveys, fram recreational fisheries
from several nations in the Atlantic and Indian Oce®as compiled. Datasets included
information on location, size and sex, in a total of 478,220 blakk shcords collected
betweens1966 and 2014. Sizes ranged from 36 to 394 cm fork length. Considerable
variability was observed in the size distribution by regima season in both oceans.
Larger bluessharks tend to occur in equatorial and tropigiinss and smaller
specimens in higher latitudes in temperate watersr@iftes in sex ratios were also
detectedrspatially and seasonally. Nursery areas intietid seem to occur in the
temperate southeast off South Africa and Namibia, indihwest off southern Brazi
and Uruguay; "and in the northeast off the Iberian Peainantl the Azores. Parturition
may occur in the tropical northeast off West Africa. he tndian Ocean, nursery areas
also seem to occur in temperate waters, especialy inoilthwest Indian Ocean off
South Africa, ‘and in the southeast off south-westernrdliast The distributional
patterns jpresented in this study provide a better understandlingw blue sharks
segregate by size and sex, spatially and temporally, andvienghe scientific advice to
help adept:mere informed and efficient management and cotiservaeasures for this

cosmopolitan species.

Keywords: Atlantic Ocean, Indian Ocean, fishery observer programagipeisheries,

size distribution, spatial distribution.
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I ntroduction

The blue shark (Prionace glauca, Carcharhinida@®ne of the widest ranging of all
pelagic shark species, found throughout tropical and tempsgatefrom latitudes of
about 60°N.to 50°S (Last and Stevens, 2009). It is a pelagic speamy disiributed

from the sea'surface to depths of about 85@ven though deeper dives down to 1,000
m have ‘been recorded (Campana et al., 2011). The blue shar&ceaat species
capable/of long-range migrations (e.g., Queiroz et al., 2005; da&iwl., 2010;
Campana etwal., 2011), but can also occasionally occur closer & sbpecially in

areas where the continental sheff is narrow (LastSaedens, 2009). The sporadic
presence=ofblue shark recsuitas been described very close to shore in some areas

(e.g. Northeast Atlantic, Mejuto et al., 2014).

Blue sharks are captured by a variety of fishing gearsmbst catches that have been
reported. take place as bycatch in pelagic longlines targetimags (Thunnus spp.) and/or
swordfish™ (Xiphias gladius), where it is the most prevaldwatrkscaptured (Mejuto,
1985; Castro et al., 2000; Mejuto and Garcia-Cortés, 2005; Hazin et al., 2008;
Romanov et al., 2008; Mejuto et al., 2009; Coelho et al., 2012). Dependihg on t
fisheries;yareas and seasons, blue shark catches carty bigniéicant in the overall
catch, and in some specific cases can account for marec@% of the total fish catch

and aroeund-830% of the total elasmobranch catch (Coelho et al., 2012).

In the Atlantic; the average blue shdakdings reported to ICCAT (International
Commission for the Conservation of Atlantic Tunas) dkerlast few years (2010-
2014) were approximately 64,000 t, of which approximately 58% weretfierhorth
and 42% from the South Atlantic. Overall, this represapisroximately 8.5% of the

total pelagic fish landings in weight for the Atlantioonsidering that the average annual
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landings (all species combined) reported to ICCAT during the gzeriod were
approximately 756,000 t (Anon., 2014). In the Indian Ocean, thegavemranual blue
shark landings reported to IOTC (Indian Ocean Tuna Commjseer the 20162014
period=weresapproximately 28,000 t (Anon., 2015a), which represents iagtedy
1.6% of the total pelagic fish landings considering an aveasageal landing (all
species 'eombined) reported to IOTC of approximately 1,700,000 t for rtiee [sariod
(Anon., 2015a). However, compared to the Atlantic Ocean, thi eatt landings of
blue sharksin“the Indian Ocean are likely considerabliiehighan the reported values
due to under-reporting and lack of species-specific identdicator many shark species
in some fisheries. Over the same period (2@004) the reported landings of "sharks
nei - notelsewhere included" for the Indian Ocean \apmoximately 47,000 t (Anon,
2015a), which_ considering the prevalence of blue shark in pejagic catches, is likely

composed ‘of a large proportion of blue sharks.

Understanding the spatio-temporal dynamics of marine spisaedremely important
for fisheries management and conservation, as it allowdteax baderstanding of the
species distribution and potential impacts by fisheries. Soewous studies have
focused/on the distribution of catch rates of blue sharpermife areas of the Atlantic,
includingsthesworks of Hazin et al. (1994a), Mejuto and Gatdaes (2005), Domingo
et al."(2002), Montealegre-Quijano and Vooren (2010) and Carvalho et al. {2@d)
southwest=Atlantic Cortés et al. (2007) and Tavares et al. (2012) in the westerh Nort
Atlantic; "Megalofonou et al. (2009) in the Mediterranean; and Vandepeaé (2014a,
2014b).in the Central North Atlantic. Previous studiese also investigated size
distributions of blue sharks in broad areas of the North anthS\tlantic, such as
Mejuto and Garcia-Cortés (2005), and in more specific arehe ditlantic, such as

Tavares et al. (2012) off Venezuela in the Caribbean Seadgackat waters, Carvalho
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et al. (2010) in the southwest Atlantic, and da Saval. (2010) off the Atlantic-Indian
confluence zone. For the Indian Ocean, the currentiableiinformation on blue
shark is stil very scarce, and includes mainly obsengtom biological aspects and
distribution=(e:g., Gubanov and Gigor’yev, 1975; Seles et al., 2014), and size, sex,

catch rates and reproductive parameters (Mejuto and Gawocias, 2005).

Ecological Risk Assessment (ERA) methods have been ussonii/ t-RFMOs (tuna
Regional Fisheries Management Organizations) to pranitieators of the
vulnerabilitysof pelagic shark species to fishing gean2012, a semi-quantitative ERA
for pelagic sharks was developed in the Indian Ocean, vierelue shark received a
medium =vuinerability ranking as they were charaadrizo be the most productive
shark species but also highly susceptible to pelagic longeae (Murua et al., 2012).
In the Atlantic; ERAs for pelagic sharks were conducted08 and 2012, and also
showed that the blue shark had an intermediate vulhéyalevel, also characterized by
high productivity within the pelagic sharks and high sptloiity to pelagic longline

fishing gear (Cortés et al., 2010, 2015).

The latest stock assessments of blue shark for the étletie carried out by ICCAT
in 2015."For.the North Atlantic stock, all scenarios indicated tte stock was not
overfished and that overfishing was not occurring, but due tbighelevels of
uncertainty=the possibility of the stock being overfished @rerfishing occurring was
not completely, ruled out (Anon., 2015b). For the South Atlantic,s¢b@arios and
models varied from predicting that the stock was not overfishatithat overfishing
was not oceurring, to less optimistic cases where the stokk bewverfished and
overfishing could be occurring. The high uncertainty ircltastimates and deficiency
of some important biological parameters, particularly for tbhattSAtlantic, were

identified as obstacles for obtaining more reliable estimatdke current stock status
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(Anon., 2015b). The latest stock assessment conducted fodthe Mcean by IOTC
also took place in 2015, and from the various model runs there suggestion that the
stock could be subject to overfishing but not yet overfished; rayévere was high
uncertainty=in‘the results and as such the stock gsetemined uncertain (Anon.,
2015c).'As in .most pelagic species, there is stil consideraimertainty in the stock

statusradvice™for blue shark currently provided both for tfent® and Indian Oceans.

To date; an oceanic-wide and fieet-combined study on thestsikgure and distribution
patterns of blue shark is lacking. However, this type ofrmiition is needed to provide
better management advice for the populations at an odeamicscale. Research efforts
have beenscarried out in recent years by scientists ibtitle Atlantic and Indian
Oceans, in collaboration with the major fishing fleets, toideowand analyze such
scientificedata in support of management advice. Thisdiesluthe provision of size-
based data for length-based, age-structured integrated st®dsment models that

have been used more recently by the t-RFMOs.

The main goal of this paper is therefore to provide a revietheodletailed size
distribution data available for the blue shark from theomageanic fieets that target
tunas and/or.swordfish in the Atlantic and Indian Oceesgecially pelagic longline
fisheries that can have relatively high catch ratelslue sharks. Additional data from
recreational-fisheries and scientific projects and garweere also used. The specific
objectives of this review are to: 1) analyze the sizeimiion and seasonal patterns of
the blue shark in the Atlantic and Indian Oceans; 2) pravde series trends of the
size distribution in each region; 3) analyze the distolubf sex ratiosat oceanic-wide
scales; 4) characterize the main areas of concentrafiparticular life stages including
juveniles/immature and adults/mature specimens; and 5) rtiwdelxpected size

distribution over oceanic-wide scales in the Atlanticd &mdian Oceans.
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M aterials and methods

Data collection

Blue shark.records and data were collected mainly by nktsmientific observers
onboardicommercial vessels. Additional data were obtained fréamitedelogbooks and
port samplersyworking on national data collection progrand,fram scientific projects
from several fishing nations in the Atlantic and Ind@oeans, mainly surveying
pelagic longline fisheries. Most of the data came fromctiamercial driting pelagic
longlines,_including shallow night setting longlinesgé&ding swordfish in both
temperate and tropical regions, deeper day setting longimgsting tropical tunas in
more tropical.regions, and deeper setting longlines in latgndes of the North
Atlantic targeting bluefin tuna (Thunnus thynnus) (ICCAT, 2@&IB.6). Additonal data
used came fram artisanal pelagic longlines in the Bagisaly, from scientific pelagic
longline surveys carried out by some nations between thes H%6101980s (Japan and
USSR),"and from tagging undertaken by angling charter Isesidreland (Green et al.
2009). A'summary of the data collected, compiled and used fosttioly is provided in
Table 1. A Imitation of this study is that the majoréy the data collected came from
fishery=dependent sources, which affected the length compesind detection of blue

sharks (see Discussion for more details).

Data were cellected across a wide geographical range iwthoceans. In the Atlantic,
the two hemispheres were separated at the 5°N parallecoasmended in the ICCAT
Manual for shark species (ICCAT, 20a&®16) (Figure 1). Furthermore, each
hemisphere was divided into four areas (NW, NE, SW, SE) taktiogconsideration

the ICCAT sampling areas for sharks (ICCAT, 20P®16) as well as the distribution

This article is protected by copyright. All rights reserved



232  patterns of the fleets and the characteristics of #tgbditions of sizes of blue sharks in
233  the sample. For the Indian Ocean only one blue shark stockomsslered as used by
234 the IOTC, divided into four areas (NW, NE, SW, SE) based mainly eon th

235 characteristies of the distributions of sizes of blue kshar the sample and distribution

236 of the fieets (Figure 1).

237  For captured specimens, data on size, sex, capture location tanwdedarecorded. The
238 size measurement most often taken was the fork lendth l{Bt there were some

239  exceptions @s,some of the national programs record otherreveasts (e.g., Tl total

240 length; PCL- pre-caudal length; LW live or round weight; DW- dressed weight). In
241 those casesy@l sizes and weights were converted teirgl equations avaiable at the

242  national research institute@able 2).

243

244  Dataanalyss

245  Size-frequency distributions by area and trends in mezandstributions were analyzed
246  and plotted“by year, area, sex and quarter of the year. Sizevele tested for

247 normality. with' Kolmogorov-Smirnov normality tests withetlhiliefors correction

248  (Liliefors, 1967), and for homogeneity of variances with Levéssts (Levene, 1960).

249  Specimen_sizes were compar@aong regions, sexes and quarters of the year using

250 non-parametric k-sample permutation tests (Manly, 2007).

251  Sex ratios were calculated and mapped over a 5° x 5° (lattuniegitude) grid for both
252  the Atlantic and Indian Oceans. The comparison among aeasarried out with
253  contingency tables and Pearson’s Chi-squared tests. The sex ratios were also compared

254 among seasons of the year and size classes (categorizbd 28h percenties of the

This article is protected by copyright. All rights reserved
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255 data), taking into account the various regions, using Coediantel-Haenszel (CMH)
256 Chi-squared tests. This allowed the detection of seasomatdlysize-related effects in

257 the sex ratios conditional to each of the regions arhlyze

258  The propestions of immature versus mature specimens inregion and season were
259  calculatedwinthe Atlantic, the median sizes at ntgtffL) used to define immature
260 and mature specimens were based on the ICCAT Shark Wdskagp report (Anon.,
261 2014) as follows: North Atlantic: females = 182.1 cm FL , males = 197.0 ¢r8dtlth
262 Atlantic: Jemales = 173.8 cm FL, males = 175.5 cm FL. For the IndiamrQ te

263 median sizes at maturity (FL) were defined according e¢d@irC Executive Summary
264  for blue shark produced by the IOTC Scientific Committee (An2015d) as follows:
265 females' = 194 cm FL; males = 201 cm FL. The kernel densities distnbution of
266  young juvenile (age<=1), immature (juveniles of all agsses), and adult sharks in the
267 Atlantic and Indian Oceans were calculated on a 5° x 8° §ernel densites were
268 estimated onthis grid using bivariate normal distributigWwsand, 1994). For plotting
269 the denstties of young juveniles (ages 0 and 1) theasizge definitions of Skomal &
270 Natanson (2003) were used, specifically age 0 females: 60.9 cag€l0 males: 66.1

271  cm FL; age 1females: 97.0 cm FL; and age 1 males: 97.4 cm FL.

272 A Generalized Addive Model (GAM) with a Gaussian ertoucgure and identity link
273  function: was=used to predict the expected blue shark sirbutiens as a function of
274  location (lattude and longtude) and quarter of the yeaach ocean. The predictors in
275 this model.were given by the smooth functions of latitashel longitude plus a

276  parametric ‘eemponent for the quarters. The smooth termbefdocation covariates

277  were estimated by maximum lkelihood with thin plate regoes splines (Wood, 2003).
278  The significance of the model parameters was testediiketihood ratio tests

279 comparing nested models, including the significance oihteeactions between

This article is protected by copyright. All rights reserved
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latitude, longtude and quarter of the year. Goodness-of-# asgessed with Akalse
Information Criterion (AIC; Akaike, 1973) and with the finalvidece explained A
residual analysis was carried out for model validatiore @kpected mean sizes were

mapped along the study area in each ocean and for eadr qpiate year.

The analysi=forsthis paper was carried out using the R language tdtisteal
computing version 3.2.0. (R Core Team, 2015). Additonal packages useeédndie
following libraties: “car” (Fox and Weisberg, 2011), “classInt” (Bivand, 2013),
“ggplot2’’s(Wickham, 2009), “gmodels” (Warnes et al., 2013), "KernSmooth" (Wand,
2015), “Ime4™ (Bates et al, 2013), “maps” (Becker et al, 2013), “mapplots” (Gerritsen,
2013), “maptoeols” (Bivand and Lewmn-Koh, 2013), “mgev” (Wood, 2006, 2011),
“perm” (Fay and Shaw, 2010), “plyr” (Wickham, 2011), “rgdal” (Bivand et al., 2013),

“scales” (Wiekham, 2012) and “shapefiles” (Stabler, 2013).

Results

Spatial distribution

A total of 478,220 blue sharks were recorded and used for this witk400,824 from
the Atlantic.and 77,396 from the Indian Ocean. Specimens ramgase from 36 to
394 cm'FL in the Atlantic, and from 41 to 369 cm FL in the IndiamaDgc covering
most of the_known size range of the species. A summarigeafample size (N) and
specimen size ranges by ocean and fleet is provided in Tabie the distribution map

of the sample 'in both oceans is shown in Figure 2.

Size data were not normally distributed (Liliefors té3t= 0.036, p-value < 0.001) and

the variances were heterogeneous among regions (Lessind- & 2005.2, df = 11, p-
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value < 0.001), quarters (Levene test: F = 250.8, df = 11, p-value < 0.001) and sexes
(Levene test: F = 12.584, df = 1, p-value < 0.001). Using univariate non-prdcame
statistical tests revealed that sizes significantfierdamong regions (Permutation test:
Chi-squared== 138440, df = 12, p-value < 0.001), quarters (Permutation test: Chi-
squared = 5484.8, df = 3, p-value < 0.001) and sexes (Permutation test: &tbdsqu

1358 df="1yp-value < 0.001).

Considerable ‘variability was observed in the size distoistiof both male and female
blue sharkssamong areas (Figures 1-3). However, withréi@es atructured as described
above, blue shark size distributions within each area mestly unimodal except for
slight evidenee of bimodal distributions in some areas (NATaN&E NAT-SW; Figure
3). In the Atlantic, smaller specimens tended to be captoraghrie temperate waters
(NAT-NE;"SAT-SW; Figure 3), whie larger specimens tenttede captured more
frequently in tropical waters, especially between Westafand the Caribbean
Sea(NAT-SE,;'NAT-SW, and SAT-SE; Figure 3) . Similarly,the Indian Ocean,
smaller specimens also tended to be captured in more temperiaies (I0-SE, and 10-
SW, Figure _3), while larger specimens were captured mayeently in tropical waters
(I0-NE,/and 10-NW; Figure 3). These general trends tended to beaorfor both
males and-females. However, in some areas there werenmadked differences in the
size frequency distribution of each sex with the mhlelsg noticeably smaller than the

females J@-SE; Figure 3

Annual and seasonal variability

There were differences in time series of the mea&s smong regions, with some

regions showing relatively more stable trends than otfides time series were
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relatively stable in the NAT-NE and SAT-NW (Figure 4).dontrast, higher variability

was found in the NAT-NW and NAT-SE (Figure. 4

No major trends in the time series were noticeable for msmidns. However, in some
cases, such,as th®-SW, there were relatively pronounced trends with larger blue
shark sizes=in‘the 1970s (research cruise data), folowed bipd pdth smaller sizes
between 1992 and 2006, and then another period with larger sizeseiraoent years

(Figure 4).

Seasonalty and sex also influence the size of blukssleaught. In some areas similar
trends were observed for males and females throughouwtedine For examplein the
SAT-NE,.lO-SE and I08Wboth male and female sizes tended to decrease throughout
the year(Figure 5). In contrast, in tt@-NW both male and female sizes tended to

increase along the quarters of the year (Figgte 5

Sex ratios

Of all blue“sharks with sex recorded (417,552 specimens), 352,797 ovaréhé
Atlantic and 64,755 from the Indian Ocean. In the Atlantic, 165,22%N%re (46.8%)
were females..and 187,568 (53.2%) were males, representing an seenaltio of 1.14
males for each female. In the Indian Ocean, 32,819 specimens ]3Mkrédemales
and 31,936.(49.4%) were males representing an overall sex raticloses to 1.1,

specifically 1.03 females for each male.

In the Atlantic, both spatial and seasonal variabilitysam ratios was evident when
calculated and mapped over a 5° x 5° grid for each quarter gédne, (Figure 6). In

the temperate northeast Atlantic there were more dsmal the higher latitudes (north
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of 45°N), especially evident in quarters 3 and 4. In contragtwier latitudes of
temperate north-eastern waters, between 20-40°N, therenwgeeeral more males,
especially in quarters 2 and 3. In temperate waters of thieNM there was high
variability=in=the sex ratios, whie in tropical watd@rsthe central Atlantic there was a
large concentration of females, particularly in quaBein the South Atlantic, between
0-20°S,the"sex ratios were highly variable, whie in vgaseiuth of 20°S there were in
general more males, both in the southwest and southdasticAtnd especially in
quarters Ip2'and 3. In the area of the Gulf of Guinea (northgastrant of the South
Atlantic)" there was a tendency for the presence of malesnin quarters 3 and 4. The
differences observed in the Atlantsex ratios were significant when compared among
the geographic areas as defined in Figure 1 (proportionClssquared: 3501.5, &f

7, p-value <0.001) and seasons conditonally within each area (€stHChi-squared
=1808.1, df = 3, p-value < 0.001). There were also significant differencesedetect
the sex‘ratios comparing sizes tested condtionally wineach area (CMH test: Chi-

squaned.=.1518.5, df = 4, p-value < 0.001).

Similarly;,.in_the Indian Ocean, there was also evidesiceariability in the sex ratios

when calculated and mapped over a 5° x 5° grid for each quodittes year (Figure 7).

In generalsthere were more females recorded in souk#udes both in the south-
eastern and south-western Indian Ocean, especially sbdfS. In contrast, there was

a tendeneyxfor. the presence of more males immediatelye taotith of this paralel, in
waters betweepa.40°S and 30°S, also both in the SE and SW Indian Ocean. The sex
ratios'in. southern tropical waters were more variable, mitive females in quarters 1

and 2, and more males in quarter 3, especially in the eastan. In the tropical North
Indian Ocean (north of the equator) there were in genasee males throughout the

year in most areas. The differences in the sex ratiosna@uk in the Indian Ocean were

This article is protected by copyright. All rights reserved

15



375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

significant when compared among the geographic areas mesddefi Figure 1
(proportion test: Chi-squared: 3755.9, df = 3, p-value < 0.001) and seasonseathin
area (CMH test: Chi-squared = 956.5, df = 3, p-value < 0.001). There were also
significant=differences detected in the sex ratios congpasrzes tested conditionally

within each area (CMH test: Chi-squared = 696.3, df = 4, p-value < 0.001).

Distribution.of life stages

Considerable™ variability was observed in the distributioryoohg juvenile and adult
specimens_in/both oceans when considering regions and guamténe Atlantic, more
immature blue sharks, including young-of-the-year (agen@)very small juveniles (age
1), were_eaptured in the northeast (Gulf of Biscay), aketast (Azores Islands and
waters west'of the Azores) and southwest (off southeazil Bxnd Uruguay) regions
(Figure 8), while adults were more abundant in the equatom@ tropical Eastern
Atlantic, in the Gulf of Guinea and closer to the Cabo Veashipelago (Figure 9). In
the Indian Ocean the densities of juveniles were higihehe southwest off South
Africa, and southeast off Australia (Figure 8), whie adulere distributed along wider

areas, including the eastern Indian Ocean, closer to Isido(feigure

Modelling.size distribution

There was also considerable variability in the expected distributions of blue shark
both in the Atlantic and Indian Oceans when taking edasideration the catch location
and quarter of the year. In the Atlantic, the largee ldharks were predicted to occur

mainly along the equatorial and tropical regions, partigular the Central Eastern
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Atlantic, along Equatorial waters and in the Gulf of MexiBy contrast, the smaller
specimens were predicted to occur mainly in higher lasitudeth in the northern and
southern hemispheres, especialy in the northeast aruvesttregions of the Atlantic
(Figure=10)=Similarly, in the Indian Ocean the largegamblue shark sizes were also
predicted mainly along the equatorial and tropical regionde uie smaller specimens
were 'predicted to occur in higher lattudes and more tensperaters of the Southern
Indian Ocean (Figure 11). In the Indian Ocean therealgassome variability with
longitude,=with the larger specimens predicted to occur ynainthe northwest and
medium' sizes' in the northeast regions (Figure 11). For betAtlantic and Indian
Oceans the final estimated GAMs considered the non-parametnocoth terms for
location (latitude and longitude, with interactions) andgheametric term of quarter
used as a fixed factor. The total deviance explained byndieniodels was 43.2% for
the Atlantict.and 46.5% for the Indian Ocean. The residoalysis revealed no major

trends orpatterns in the residuals that could be considerectmpatiol

Discussion

This work _provides the most comprehensive study on blue §itgrigation structure
and sizexdistribution patterns ever carried out in the Atamtnd Indian Oceans,
including_data from scientific fishery observer progranshefy-independent sampling
programs=and surveys, projects and research cruises. Stiis yrovide an important
contribttion to the study of the spatial and seasonal dgsaafithe most widely
distributed and captured pelagic shark in oceanic watetsrnis of geographical
coverage and distribution, records of blue sharks ranging 62N to 54°S in the

Atlantic and from 25°N to 48°S in the Indian Oceare provided. The previously
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reported global area of distribution of blue shark ranged fromt &5 to 50°S (Last
and Stevens, 2009). As such, this general wide latitudinage raf distributionis
confirmed, and ve also expand the previously reported values in both hemispheres

especially=for<the Atlantic.

Significant=differences were found in the length-fregay distributions, sex-ratios and
proportions of immature and mature specimens across sobsregi the Atlantic and
Indian Qceans. Of particular importance is to note the &iudinal stratification of
blue shark in@both oceans, with the larger mature specimens tendiagcur along the
equatorial and tropical regions of both oceans, and the sgiaigt immature
specimens=occurring mainly in temperate waters irehigititudes. In the Atlantic,
immature sharks occur both in the temperate north and rat@psouth, especially in
the northeastrand in the southwest Atlantidjle in the Indian Ocean immature sharks
occur in temperate southern waters, as the Northern IQan does not have a
temperate water system. This general size segregationborates the patterns
previously described by Mejuto and Garcia-Cortés (2005) fordblaek in these
oceans. However, this general latitudinal gradient is dgeptesthe patterns found in
some other pelagic shark species. One example is the ltigegber (Alopias
superciliosus): in the Atlantic Ocean, where the smallest younger sharks tend to
concentrate predominantly in the tropical regions, whielatlyger specimens seem to
prefer temperate areas of the northern and southerntiAti@ernandez-Carvalho et al.,

2015).

There are alse longitudinal gradients in size distrimutédong both oceans. In the
Atlantic, the larger specimens were predicted to occurlymainthe northwest and
southeast equatorial and tropical regions, especialy iGtifeof Guinea and in the
central and western tropical Atlantic, whie immaturerks occurred mainly in the
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northeast and southwest. Again, these results corrobogapeeatious findings from
Mejuto and Garcia-Cortés (2005). Similarly, in the Indiace&@ the larger specimens
were also predicted to occur mainly in the tropical norteteva area. In the south-
western Indian Ocean, trophic ecology studies have shawntagenic shit in the diet
of blue shark, with the larger specimens displaying mosdhart tropical foraging

habitats "(Rabehagasoa et al., 2012).

In general, the movement of sharks can be influenced bytiongraf prey (e.g., Carey
et al., 1990);water temperature (e.g., Nakano, 1994), reproductiee setatand size
segregation (e.g., Strasburg, 1958; Pratt, 1979; Kohler et al., 2002; NakaSeld,
2003; Mentealegre-Quijano and Vooren, 2010). The reasons for thecsplffiefences
detected in the blue shark distribution patterns seem tainéy melated to migratory
and habitat"segregation patterns, which are in turtedelp spatio-temporal changes in
growth and reproductive stages. Specifically for the Sotitimik, Hazin et al. (2000)
hypothesized ‘that adult blue sharks copulate off southeaBtadi from December to
February, and ovulation and fertilization take place oftheaistern Brazi three to four
months later (Hazin et al., 1994b). Pregnant females wouldntbea across the
Atlantic (to the Gulf of Guinea where early pregnan@ges are found from June to
August (Castro and Mejuto, 1995). Finally, parturition wollelyi take place in more
temperate waters off South Africa (Hazin et al., 2000, da 8ival., 2010), as
confirmedw=bysthe presence of neonate sharks with umbgicals and females with
post-parturition scars. The patterns in the size diswibuteported in our study lend
some support to this hypothesis, as the larger specimens rateirfiotiopical and
equatorial areas, especially in the Gulf of Guinea, wdn@ller specimens, including
young age 0 and 1 juveniles, occur in more temperate wateksaamibia and South

Africa in the southeast Atlantic. However, a high denskgsmaller-sized specimens in
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temperate southwest waters off southern Brazl and Byuguas also found, which is
not fully concordant with the previous hypothesis. Stillgémeral, the presence of
small juvenile blue sharks has been associated with rcalttemore productive waters
(Mejuter and=Garcia-Cortés, 2005), which would justify thisvademce of small
juveniles in the temperate and more coastal waterse afahthwest Atlantic. Based on
our study;*the*main nursery grounds for blue shark in dh#hSAtlantic would therefore
be in temperate waters of the southeast Atlantic off Safita and Namibia, and also

in the southwest Atlantic off southern Brazil and Uaygu

For the North Atlantic, Pratt (1979) suggested that matkgst place off southern New
England=in-late May and early June, and that the emlakas9-12 months to develop
and are born from April to July. Based mainly on tagging datse@te(1990) added
that adult*sharks in the northwest Atlantic could movehofe into the Gulf Stream or
south along the margins of the Gulf Stream into thebBaan. Nursery areas for the
species in the'North Atlantic have been proposed in thetdfiegiean Sea and off the
Iberian Peninsula, and in the Central North Atlantic ttedf Azores Islands (Aires-da-
Siva etal., 2008; Vandeperre et al., 2014a, 2014b). The size distributienpa
reported in our study corroborate and expand these previous Isgstiaes in the North
Atlantic the.main areas for aggregation of large maadult specimens appear to be in
the tropical Northeast, while large aggregations oflemahmature sharks were
detectedsparticularly in the temperate Northeast andraleébrth Atlantic. Areas of
particular ‘abundance for young-of-the-year and small ijegemre mainly off the
Iberian,Peninsula and in the Bay of Biscay in the Naghdétlantic, and off the Azores
Islands and west of the Azores in the Central Northn#dfa which confirms that these
areas may be the main nursery grounds for the blue shétnik North Atlantic. Our

study also pinpointed a large concentration of adult speciaspgcially large females,
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in the tropical Northeast region around the Cabo Verde Islandff West Africa, in a
region that had been previously reported by Nakano and StE@08) as an important
area of concentration for pregnant females. Litvinov (2806yested a finer-scale
heterogeneity: of the sex-specific distribution of blue kshadescribing dense
aggregations of adult males in certain slope and searaveat, where the males'
prevalence~ecould reach-880%. Litvinov (2006) hypothesized the functional role of
such male aggregations with the increasing probabililesopulate with mature

females passing on their migratory routes.

Limited work has led to few hypotheses on the large-scatebdiion of blue shark in
the Indian-©c¢ean to date, with the exception of some asalgstricted mainly to the
Indian/Atlantic confuence zone (da Siva et al., 2010).dh) flnere may be some
connectivity“between the Southeast Atlantic and Southimelign Oceans, as has been
described for other pelagic sharks (e.g., da Siva-Ferreti¢, @015, for the crocodile
shark (Pseudocarcharias kamoharai, Pseudocarchariidae). @tsrseggest that
immature sharks, including young-of the year, juvenild pre-adult sharks,
concentrate_mainly in temperate waters of the southimel&n Ocean off South Africa,
and in the southeast Indian Ocean off south-westernrafastimplying that these may
be the twe«main nursery grounds for the species in thanirOcean. Larger mature and
adult ‘blue sharks are more widely spread along the Ind@ai® including in more
tropical andsequatorial waters, but there is also a largeentration of adults in the
southwest temperate region, which combined with the presaingoung specimens,
may represent a parturition ground for the blue sharkeirirtian OcearA
predominance of females in early pregnancy stages lmabeds described for the
Northwest Indian Ocean (Gubanov and Grigor’yev, 1975), especially during the first

half of the year.
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For the Pacific Ocean, and particularly in the Northfieadlakano (1994) suggested
that mating takes place in early summer at320N, and that pregnant females then
move north to parturition grounds in more temperate waieB5-45°N. The pupping
and nursery=areas are located in these colder watensegvhere there is a larger prey
biomass for the juveniles, which can remain there fd years prior to maturity
(Nakano"and*Nagasawa, 1996). By contrast, adults occur mainly eiquatorial waters
to areas south difie nursery grounds (Nakano and Stevens, 200&se results for the
Pacific aressimilar to what is now described in this weskecially for the Atlantic, with
the adults /occurring mainly along equatorial and tropicaemsaand the small juveniles

in colder temperate waters of both hemispheres.

A limitation of our study was that the data used were Wndishery dependent,
obtainedsfrom multiple fishing fleets, with different fisbi métiers that target different
species. As a result, the size ranges and abundance reppdadh fieet for each

region may also be affected by area coverage and geaivéglge.g., hook shape and
size, bait type, use of wire leaders, targeting, day/nighindisand depth of hooks). In
terms of the set depth of the hooks, it has been showthéhatrtical catch rate patterns
of blue shark 'do not seem to cluster on particular depthsaages more commonly
observedsinstunas and billfishes (Nakano et al., 1997; Yokawa 20@6). However,

the influence of depth in the catelisize is stil not completely understood. The other
variables;=sueh as hook and bait type, use of wire leadersargeting, have been

shown to affect shark catch rates.

It is also impertant to note that most of the data usedsinnbrk come from oceanic
pelagic longlines, set in oceanic waters and targetiniglymswordfish or tunas, with
the exception of the data from the artisanal longlinetheinBay of Biscay, which
operate in a much more coastal region. As such, the redtished provide mainly a
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vision of the fraction of the blue shark population that &sent in oceanic waters and
available to, and selected by, these fishing gears. Onetéampaesult from this study is
that the capture of very small specimens (young j®nilvas in general low in
oceanic: waters. This can be due either to the very shakssoccurring mainly in more
coastal waters, i.e., not being present in high numbersemnocwaters, or possibly due
to fishing~gear selectivity, i.e, small juveniles also oaayrin oceanic waters but not
captured by these oceanic pelagic longlines. In this stl@eano and Stevens (2008)
pointed outsthat juvenile blue sharks remain in the nuraeeas and do not take part in
extensive_migrations until reaching a size of about 130Mejuto et al. (2014) noted
the presence ‘of small recruits in very coastal arett®edflortheast Atlantic (off
Northwest=Spain), suggesting that these very smalhijege may in fact prefer more
coastal and productive waters of the temperate regionsefdiger small juvenile blue
sharks may.not be present in high abundances in oceasics waaking that

component_of the population less susceptible to oceanic fsherie

Even with the limitations inherent to the fisheries-defent nature of the data, our
study provides an important improvement on the understanditite apatio-temporal
dynamic§ and population structure of blue shark populatiorise itlantic and Indian
Oceans,,Whie our study provides a general overview digidbution patterns at
oceanic-wide scales limitation is the fact that the analyses and modedsi dscus on
major large-seale, spatio-temporal effects over entrerebasin areas. There are likely
other finer-scale effects and local variability patteaffiecting distribution that are not
captured_in our large-scale models and analyses. Therefie, this study is

important as a general overview providing the general ajat rmands in the Atlantic
and Indian @ears, it is important to emphasize the need to continue comguoiore

detailed and local analyses for specific regions of thesanscBlue sharks are revealed
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to occur from temperate to tropical regions of the Atlantid adian Oceans, and this is
also the case in the Pacific Ocean (Nakano and Seki, 20083tiindi that the blue
shark is likely one of the most thriving and widely distribufestt among the highly

migratery=species.

In conclusion; “the distribution patterns presented instiidy provide a better
understanding of different aspects of the blue shark distnibuand dynamics in the
Atlantic /and Indian Oceans. The results have been protade ICCAT Shark

Species Group and the IOTC Working Party on Ecosystems yaradcB and have been
incorporated, to some extent, in the latest blue shark steeksamsents carried out by
these t-REMOsS. We expect that this and further sinalaallyses wil continue to be
used in future stock assessments of this and other gierles as they allow the use of
more adequate stock assessment models, with inclusion of bloilickil and spatial-
seasonal dynamics of the species, and utimately helpgexanadopt more informed

and efficient management and conservation measures.
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854

Tables

855 Table 1. Summary of the data compied and analyzed forttldy by fleet and gear
856 type, with information on the sample size in number ofisges (N), the size range of
857 the specimens (FL - fork length, cm) and the range obyleagach dataset.

Ocean Country / fleet

Gear

Activity Sample Size range Years range

(N) (FL, cm)

Brazil Pelagic longline Commercial 6,242 43—-320 2004- 2008
EU.Spain Pelagic longline  Commercial 99,053 41-310 1993- 2013
EU:iSpain  Artisanal longline Commercial 26,889 69— 310 1998- 2001

EU.lreland Rod and reel  Recreational 3,520 40-240 1970- 2013
EU.Portugal Pelagic longline Commercial 87,490 45-370 1997- 2013

Atlantic Japan Pelagic longline  Commercial 33,206 42-328 1997- 2014
Namibia Pelagic longlne Commercial 11,578 38-352 2004- 2013

Taiwan Pelagic longlne  Commercial 59,107 40-394 2004- 2013

Uruguay Pelagic longline  Commercial 69,157 36— 305 1998- 2012

USA Pelagic longline Commercial 2,685 41-335 1992- 2014

Venezuela  Pelagic longline Commercial 1,376 50— 355 1994- 2013
SouthwAfrica  Pelagic longline Commercial 521  107-265 2012- 2014
EWiFrance  Pelagic longlne Commercial 305 89-300 2007- 2014
EU.France  Pelagic longline Research 53 100- 270 2003- 2011
EU.Portugal Pelagic longlihne Commercial 15,276 80-299 2011- 2014

Indian Japan Pelagic longline Commercial 39,978 41-369 1992- 2014
Japan Pelagic longline Research 4,163 62-307 1967- 2002

Taiwan Pelagic longline  Commercial 10,275 51-350 2004- 2013

USSR Pelagic longline Research 2,975 57-311 1966- 1989

South Africa  Pelagic longine Commercial 4,371 70-322 2012- 2014

858

859
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870

Table 2: Morphometric relations (length-length, length-weighd weight-weight) from

unpublished data available at national institutes, used teitoend standardize the
measurements used in this study. The measurementsriakength (FL), total lenggt

(TL), pre-caudal length (PCL), Ive or round weight (LWHadressed weight (DW).
Al size data are in cm and all weight data are in kga@ame from IPMA (Portuguese
Institute (for the Ocean and Atmosphere), NRIFSF (Nati&edearch Institute of Far

Seas Fisheries)=and YugNIRO (Southern Scientific Relsdastitute of Marine

Fisheries=and=Oceanography; E. Romanov, unpubl. data).

Ocean

Relation Equation Source

Atlantic

Live to dressed weight DW =0.0068 + LW *0.4167 IPMA
Fork length to live weight LW =0.0000015 * FL"3.2907 IPMA
Total to fork length FL =-1.122 + TL * 0.829 NRIFSF
Total to pre-caudallength PCL=-2.505+ TL *0.762 NRIFSF

Indian

Pre-caudalto fork length  FL =0.9095 + PCL*1.0934 YugNIRO
Tetal to fork length FL =3.6291 + TL*0.8215  YugNIRO
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Figure legends

Notedo Editor on theuse of colour figures: Colour figures are provided for the

digital (online) version of the paper, and greyscale figures are provided for the

printed version of the paper.

Figure I:"Location of the study area in the Atlantic and Indiace@hs with the limits of
the size'sample distributions shaded in the light greg.drhe stock and region
nomenclature 'used and the spatial distribution of the sanapk also indicated.
Specifically, the ICCAT and IOTC stock management uaitssharks are identified as
sold black lnes (North Atlantic, South Atlantic and Indi@tean) and the four areas

(quadrants)=within each stock as defined for this studydantified with dashed lines.

Figure 2::Loeation and size distribution of samples (FL, cm) of Blrk (Prionace
glauca) reeerded for this study in the Atlantic and Indiecedds. The categorization of
size classeswas carried out using the 0.2 quantiles dathgvalues in the legend
represent the lower and upper limits of each size cld$g).ICCAT and IOTC stock
managementyunits for sharks are identified as sold blaek [North Atlantic, South
Atlantic and Indian Ocean). The four areas (quadrant$jnweach stock as defined for

this study,are.identified with dashed lines.

Figure 3=Siefrequency distributions of male and female blue sharko(faige glauca
caught in the different regions of the Atlantic and Ind@ceans. NAT=North Atlantic,
SAT="Seuth Atlantic and IO=Indian Ocean. Within each majea there are four
quadrants as defined for this study (NW, NE, SW and SE, see HiyuiThe vertical
ines represent median size at maturity in each re@olid lines = males, dashed lines

= females).
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Figure 4. Time series of the mean size of blue shark (Prionace glédycsex caught in
the different regions of the Atlantic and Indian Ocear&TaNorth Atlantic, SAT=
South Atlantic and 10=Indian Ocean. Within each majoa dinere are four quadrants
as defined=for this work (NW, NE, SW and SE, see Figure 1). Tbe lwars are 95%

confidence intervals.

Figure 5. Mean size of male and female blue shark (Prionace glaucsexiand
quarter of the year caught in several regions of tlentt and Indian Oceans.
NAT=NorthAtlantic, SAT= South Atlantic and IO=Indian Oce&Mithin each major
area there are four quadrants as defined for this work (NW, WErsl SE, see Figure
1). The error.bars are 95% confidence intervals. The horizémesl represent median

size at maturity in each region (sold lines = males, ethdhes = females).

Figure 6. Blue shark (Prionace glauca) sex ratios recorded in 5°x5Uéatiu
longitude)=squares during this study in each quartereofdar (a=quarter 1, b=quarter
2, ¢ = quarter 3, d = quarter 4) for the Atlantic Ocean. Circls size fixed and not

proportional to sample size within each 5°x5° square.

Figure 7.Blue shark (Prionace glauca) sex ratios recorded in 5°x5%éatku
longitude)“squares during this study in each quartereofeéar (a=quarter 1, b=quarter
2, ¢ = quarter 3, d = quarter 4), for the Indian Ocean. Circle sieefixeat and not

proportional to sample size within each 5°x5° square.

Figure 8.'"Kernel density distributions for young-of-the-year and Isjuaéniles (age
classes,0 and 1, see taxtMethods for definitions) in the Atlantic (a) and Indian
Ocears (c); and juveniles of all age classes of blue sharloriBce glauca) in the

Atlantic (b) and Indian Ceas (d).
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918  Figure 9. Kernel density distributions for adult male (a,c) and fenal,d) blue shark

919  (Prionace glauca) in the Atlantic (a,b) and Indian Ocea. (

920 Figure 10. Prediction of the size distribution of blue shark (Prionaaea) caught in
921 the Atlantic_Ocean by quarter of the year (a=quarter 1, btequarc=quarter 3,
922 d=quarten4); from a Generalized Additive Model (GAM). The s@age considered

923 was 3610 394 cm FL and the sexes are modelled together.

924  Figure 11. Prediction of the size distribution of blue shark (Prionaaea) caught in
925 the Indian Ocean by quarter of the year (a=quarter 1, b=g@artequarter 3,
926 d=quarter4)yfrom a Generalized Additve Model (GAM). The smage considered

927 was 41 to 369 cm FL and the sexes are modelled together.

928

929
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