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Resumo

O tubardo azulPrionace glaucaé uma das espécies de tubardo mais abundantes, tendo
uma distribuicdo cosmopolita. No entanto, € muito procoinaara o comércio das suas
barbatanas e é frequentemente pescado como um produtérazesspesca com palangre
e redes. Sendo um predador de topo, este tubardo possui wehfpagamental na
regulacéo das comunidades marinhas e o estudo da sua d@tgpertamento alimentar
sédo fundamentais para obter informacdes relevantes subragcdes predador-presa, mas
também como indicadores de abundancia de outras espécigflizAcdo do indice IR1%
para descrever a generalidade da dieta do tubardo azul desterAtlantico demonstrou
uma clara dominancia dos items identificados como cefakgodContudo, a grande
variedade de items alimentares identificados, cefalépmde&o, sugere um comportamento
alimentar de natureza oportunista. A existéncia de espéeiprofundidades consideraveis
nos conteudos estomacais deste tubaréo, corrobora asdesutie varios estudos baseados
em marcacdes e reforca a hipétese de que esta espécie sgalnmesmo quando mergulha
a maiores profundidades e que é capaz de executar mergalhosais amplitude do que se
supunha. No que diz respeito a variagdo dos parametrostda aliservaram-se diferencas
entre as estacdes do ano, mas ndo se detectaram difereyuéisagivas entre sexos e
estados de maturacdo. N&o obstante das conclusdes dbathdrasdo necessarios mais
estudos para que se consigam dados mais conclusivos nospeitaea dieta do tubaréo
azul e comportamento alimentar, mas também para que se pasgmeender melhor o
impacte que a remocédo anual deste predator podera ter sotwenanidades marinhas.



Abstract

The blue sharkPrionace glaucais among the most abundant and wide ranging sharks in
the world. However, this species is highly targeted in théride market and is frequently
caught as a by-catch in the longline and gillnet fisheries. aAsp predator, it plays a
major role in the regulation of marine communities and thelgtof its diet and feeding
behaviour may disclose valuable information about itsdgygl but also about predator-
prey interactions and may serve as a good indicator of logatiss abundance. The
usage of the IRI% index to describe the overall diet of theeldbark in the northeast
Atlantic revealed a clear dominance of cephalopod preystamthe stomach contents
analyzsed. Nonetheless, the wide range of prey items fahtcephalopod or not, suggests
an opportunist feeding behaviour for this species. Thegmes of deep water species in
this shark’s stomach contents is consistent with the firelofgseveral tagging studies and
reinforces the hypothesis that the blue shark may feed wiiiag at greater depths, and
is capable of larger vertical incursions than expected. arfadysis of variability of dietary
parameters revealed that the most relevant differencesfaend between sampling seasons
and no significant variation was found between sexes or matsges. Despite these
findings, further investigation is required in order to gatimore conclusive information
about this shark’s diet and to infer the impact of the anneadaval of such a key predator
in the marine communities.
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Chapter 1

Introduction

Sharks are among the top predators in the marine environamehplay a major role in
the regulation of marine communities (Pusinetial, 2008; Stevengt al, 2000; Dulvy,
2008). Recent declines related with fishing pressure haee described for a number
of shark species (Stevees al, 2000; Dulvy, 2008; Aires-da Silvat al, 2008). Despite
an increasing interest in their conservation and managethere is still little quantitative
information on their population genetics, growth rategroeuction, diet and migratory
behaviour.

The blue shark,Prionace glauca(Linnaeus 1758) is a large carcharhinid which is
considered one of the most common and widely distributech@fichthyans, occurring
worldwide, both in temperate and tropical waters (Compad®984,; Stevens, 1990). Itis
easily identified by its deep blue dorsal coloration anddgemody, reaching four meters in
length (Compagno, 1984). Itis an oceanic pelagic shaoath it is often seen swimming
slowly near the surface for prolonged periods of time wighfitst dorsal fin and terminal
caudal lobe out of the water (Compagno, 1984; Carey & ScHad®90; Peter Klimley
et al, 2002). In the Atlantic Ocean, it is considered one of the tnadsindant species
among the pelagic sharks ranging from Newfoundland to Argann the west and from
Norway to South Africa in the east (including the Mediteean Sea) and over the entire
mid Atlantic (Compagno, 1984).

Despite being among the most productive shark species€§d002) and considered a
keystone predator in the Atlantic ocean (Pusiredral, 2008), the blue shark is highly
targeted in shark’s fin trade (Pusinet al, 2008) and is one of the shark species most
frequently caught as a by-catch in the longline and gillrgtdries (Gilmaret al,, 2008;

Mandelmanet al, 2008; Mejutoet al, 2008). According to the International Union for
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Conservation of Nature (IUCN), the reported landings okbdhark in the Atlantic ocean
reached almost 80% of the landing estimates in 2007, appairly 45,087 ton (Camhi
et al, 2007). In some fisheries, blue sharks may even exceed ttie afthe primary target
species, such as in the longline and gillnet fisheries targéhte swordfish in the North and
southwest Atlantic (Mejutet al., 2008; Hazin & Lessa, 2005; Campagizal., 2009).

Even though the blue shark is currently listed as near teneat in the IUCN Red List
(Stevens, 2009), there is a raising concern about theiagjtploitation rate and if it may
exceed maximum sustainable yield (Clamddeal, 2006). The resilience of this species,
suggested by several authors, may be a misleading coneept tiie inconsistencies in the
catch-rate trends and reports from different sources wimai vary widely among studies,
fishing gears and often within the same ocean basin over @ampanaet al., 2009). Given
the economical importance of this species and to the rolestsigic sharks in regulating
marine ecosystems, further and more extensive studiesguéeed in order to provide more
accurate information useful for the design of adequate aalistic conservation plans and
to give us some insight of the implications of the annual resmhof large numbers of key
predators on their environment and in their usual prey paiponis.

Most diet related studies focusing on this species are mtemsive and comprise small
samples. This is most probably a consequence of the fregagbehaviour of blue sharks,
and because they live in a relatively inaccessible and @imgeenvironment. The blue
shark has been described several times as a large mesaopgtadator, predominantly
diurnal (Pusineriet al., 2008), which is suggested by the remarkably regular \artic
oscillations, particularly during daylight hours, with arcreasing amplitude of the dives
and larger incursions in depth than the ones observed at (@gney & Scharold, 1990;
Queirozet al, 2005). This repetitive diving behaviour with an oscillgtoertical pattern,
moving up and down in the water column, is frequently as$ediavith feeding strategies.
These movements are limited by the characteristics andtgtauof the water column which
may also influence the spatial distribution and behavioyrey items (N. Queirozajnpub.
data, Carey & Scharold, 1990). The amplitude of these deep immssnay vary between
-200 and -400 meters, but deeper dives (e.g., -620 m) hawdbakn registered (Carey &
Scharold, 1990). In recent studies using satellite tragkiethods, the range of the dives
recorded for several specimens confirmed the broad vedotalpation of the water column
by the blue shark in the northeast Atlantic. Moreover, thegrded the deepest range to
-696 m, but additional reports suggest the occurrence of deeper vertical incursions for
this species (N. Queiromnpub. data.

The study of the diet and feeding habits through the examoimaif stomach contents is
a standard procedure in species with elusive behaviour aacie blue shark. Usage
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of this methodology may give us some insight into many aspettthe feeding habits
of several marine species and may disclose valuable intavman the structure of the
marine ecosystem, predator-prey interactions, feedihgweur, as well as the importance
of each species in the food web (Cortés, 1997; Braceinal, 2005). The diet of the
blue shark has already been described in several studibe iAttantic Ocean (Table A1,
Appendix). It consists mainly of cephalopods and pelagit. fiBetween 1993 and 1994,
Clarkeet al. (1996) described the diet of the blue shark in Azorean watéhe analysis
of 23 stomachs provided similar results to other diet relateidies on this species, with
the dominant occurrence of cephalopods in the stomach misnéspecially the following
squid speciedistioteuthis bonellandTaonius pav@and the octopo#fialiphron atlanticus
Three teleost prey items were also predomin&@apros apeyMacrorhamphosus scolapax
and Lepidopus caudatusBut the existing literature on the diet of this species atva
much broader variety of prey items in their stomach contevitéch varies according to the
sampling area, suggesting an opportunistic feeding bebavwor this species (McCord &
Campana, 2003; Cortés, 1999).

The present study aims to provide a more comprehensive aattitptive analysis of the
overall diet of the blue shark in a larger sampling area ofNbegh East Atlantic throughout
a more extensive sampling period, to describe any seasanation of the diet composition
of this species and to infer differences in the feeding behabetween sexes and maturity
condition of the specimens.
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Material and Methods

2.1 Study area

Blue shark stomachs were collected between 2005 and 2068 sharks caught as by-
catch in surface-drift longline fishery. The sampling aremprises the northeast Atlantic,
roughly between 27-2M and 7-42W (Fig. 2.1). Samples were obtained in four different
seasons: Spring (March), Summer (June-July), Autumn (@2ctdlovember), and Winter
(December-January). Each fishing trip lasted about 40 days.

b |berian
Peninsula

NORTH ATLANTIC

Figure 2.1: Longline fishery areas used as sampling sitdwiibrtheast Atlantic Ocean.

12
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2.2 Sampling

All samples were pre-processed aboard fishing vessels. tiinre sharks were measured
(total length, 7}, and fork length,F}, according to Compagno, 1984), sexed and when
possible the stage of development of the males was recoodedding to Stehnann. (2002).
All stomachs retrieved were felt by hand and whenever futamtaining prey items were
frozen for later laboratory examination. At laboratoryalestomach content and individual
prey item weight and size were determined. All food itemsaoi#d were catalogued
and then identified to the lowest possible taxonomic caiegBrey items were grouped
into several categories according to the prey type: CepbdloTeleost, Mammal. All
unidentifiable items were considered ‘Unknowns’.

All cephalopod parts and lower beaks retrieved from fooda@omg stomachs were used
for species identification by comparison with field and betgatification guides as well as
personal cephalopod lower beak reference collectionséRaal., 1984; Lu & Ickeringill,
2002; Clarke, 1986). Whenever identification through motpbical characteristics was
impossible, lower beaks were catalogued for further idieation and only used to quantify
the overall diet of blue sharks. Measures of the lower hoodjtte (LH L) and lower
rostrum length [ RL) were used to reconstruct mantle lengili;) and total massN/7)

of cephalopods, following regression equations from @&gk986) and Lu & Ickeringill
(2002). Stomachs containing only cephalopod beaks wereded from the analysis, as
the indigestibility of beaks can promote prolonged resogean the stomach and bias dietary
estimates (Braccirat al., 2005).

Whenever possible, all teleost items gathered were idedtifiom sagittal otholits and
morphological specific characteristics using referenceena and published guides (Tuset
et al, 2008).

Stomach items identified as ‘mammal’ were identified by motpgical characteristics.
When identification was impossible, molecular techniquesawsed, through the amplifi-
cation and sequentiation of the cytochrolmgene and applying specific cetacean primers
(Leducet al,, 1999). Sequences obtained were posteriorly comparedseidral databases
(Rosset al., 2003; Kumatet al.,, 2004).
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2.3 Diet analysis

In order to obtain a precise description of this speciesalvdret, it is important to assess
sample sufficiency (Cortés, 1997). To do this, the cumwativmber of randomly pooled

stomachs was plotted against the cumulative diversity efstomachs contents, using a
pooled quadrat method based in the Brillouin Index of divgi®ielou, 1966).

The overall diet composition was analysed using the indepselattive importance I(R])

as described by Pinka al. (1971) and Cortés (1997). Three quantitative measures were
obtained for every prey item: 1) the percentage of the tatadlmer of stomachs containing
a specific prey item (O%), 2) the numerical composition (N&f is the number of items
of a specific category expressed as a percentage of the totdder of prey items, and 3)
the mass composition (W%), that is the wet mass of each specdy group expressed
as a percentage of the total wet mass of all specific prey ifearsd. To minimize errors
provided by each individual parameter, and for compargiliurposes, all measures were
incorporated in a single index, the Index of relative impade (IR1%), expressed as a
percentage. Confidence intervals of the dietary param@eis: and97.5th percentiles)
of the previous estimates were computed using a bootstrapochevith 1000 replicates
(Haddon, 2001). In each replicate, individual stomachswgampled with replacement and
all dietary parameters were estimated. With 1000 replécdte/as possible to obtain the
distribution of each dietary parameter for each prey item.

The relationship between prey size and shark size was asdclilising the Spearman’s rank
correlation coefficientr(). Only the mantle length of the cephalopod prey items wad use
in this analysis since most of the other prey items were tgested to be measured and
the species’ specific linear regressions were unavailablerder to describe seasonal and
sexual variation in dietary composition, a two-way nongoaetric multivariate analysis of
variance (PERMANOVA Anderson, 2005) with equal sample sige = 5) and factors
Sex (male or female) andeason(summer, autumn and winter) was conducted, using
Bray-Curtis distances (Anderson, 2001). A similar analysas performed to evaluate the
effect of maturity condition and sexual variation in thetdd¢ the sharks collected in this
study considering as factors: sex (male, female) and sizesasrogate of maturity stage
(FL>180 cm;FL<180 cm). Due to sampling constraints, samples collectedarspring
were excluded from the analysis. If significant differeneese found in the analysig
posterioripairwise comparisons were undertaken for the significartbfa or interactions.
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Results

Of the 2,441 stomachs collected between 2005 and 2008 indttkeast Atlantic Ocean,
only 137 (6%) contained food items, of which 28% containedngle prey item. The
remnant stomachs had between two to 130 prey items. Stomethsio information
relative to size or sex were excluded in some of the analysdsimqmed in this study. A
total of 35 females were Included in the analyses, rangiomf79 cm to 223 cm (),
of which only five were considered adults. A total of 96 malarks were caught in the
longline surface drift fisheries, ranging in size from 89 @268 cm ), of which 23
were considered adults.

3.1 Overall diet

The cumulative prey diversity curve for the overall dietfrthe stomachs contents reached
a stable level at about 120 stomachs, so this sample wasdamegh to accomplish the
objectives defined for this study (Fig. 3.1).

Stomach contents analysis retrieved 58 different taxonopney item categories: 39
cephalopod species, representing 22 families, three maspeaies from two families,
and a total of 12 teleost species from 12 families were ifiedtiTable A2, Appendix).
Cephalopods were the dominant prey group in the stomaclectsnalysed, contributing
to the overall diet with the highest values of W% (77%), O%%9.LN% (89%) and with
an IR1% of 94%. The teleost contribution to the diet was veguced with an IR1% value
of 5% (W% = 10%; O% = 30%; N% = 9%), followed by mammal prey itemith an even
smaller contribution of IRI% = 1% (W% =14%; O% = 9%; N% = 2%). Aem identified
as belonging to a bird was found in one stomach but was naided in this analysis since

15
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Figure 3.1. Cumulative diversity (HZ) curve of prey itemg the overall diet of the blue
shark, in the northeast Atlantic ocean.

it was the only item in the given stomach and no species, sineight were possible to be
determined from the residual parts (mostly feathers).

Histioteuthidae was the cephalopod family most frequergfyresented in the blue shark’s
diet (IR1%=48%; N%=23%; W%=32%; O%=17%) aiptistioteuthis arcturithe predomi-
nant species in this group (IR1%=73%; N%=46%; W%=52%; O%8613Both Cranchiidae
(N% = 7%; W% = 5%; O% = 10%) and Chiroteuthidae (N%=10%; W%=39%$=9%)
families had similar importance in the diet (IR1%=6%). Thedfigoteuthidae family of
cephalopods followed with an IRI% of 5% (N%=10%; W%=0, 10%%&08%). Ony-
choteuthidae (N%=5%; W%=4%; O%=6%), Allopsidae (N%=7%; Wl¥determined;
0%=8%) and Ocythoidae (N%=4%; W%=5%; O%=7%) were also sspred in the
sampled stomach contents with an IRI% value of only 3%. Addglly, the Octopo-
teuthidae,Taningia danagwas the species which had the biggest contribution in terins
weight (N%=0.76%; W%=11%; O%=2%) despite its reduced feemy of occurrence in
the stomachs when compared with other species from Histiuitiae.

The remnant groups of cephalopod had a lighter contribubahe diet of the blue shark
in this zone of the Atlantic, being considered rare specidge unidentified prey items of
cephalopods had an important contribution to the overall di this species (IR1%=24%)
but the higher susceptibility of cephalopod flesh to digestind the damaged lower beaks
hampered the conclusive identification of the unknown ckygioal prey items. The absence
of linear regression equations in the literature for somthefcephalopod species limited
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the calculation of IR1% for the estimation of mantle lengfi/) and total massN/7) for
some of the speciesialiphron atlanticus Grimalditeuthis bonplandiHeteroteuthis dispar
Joubinoteuthis portieriLepidoteuthis grimaldjiNeoteuthisp. andvitreledonella richardi

Regarding the teleost groups identified, the major prey gemups belonged to the family
Molidae —Mola molg the ocean sunfish — with a contribution of IRI%=4% (N%=8%;
W%=15%; 0%=9%) and Alepisauridae (lancet fishes) with arfd&% (N%=10%,;
W%=14%; O%=11%) relative to the total teleost items co#ldct The unidentified
proportion of teleosts comprised 91% of the total teleoslyptems mainly due to high
levels digestion of the hard parts and flesh.

Mammal prey items contribution to the blue shark’s diet wasiéer when compared with
the other prey groups. Delphinidae was the most represemémdmal family in the blue
shark’s diet (IR1%=8%; N%=22%; W%=22%; 0%=22%), followeg Bhocidae with a
smaller contribution, with a IR1% value of 0.36% (N%=6%; W28%; 0%=6%).Stenella

coeruleoalba(Stripped dolphin) was the most frequent mammal specieseptein the

stomach contents (IR1%=95%; N%=75%; W%=98%; O%=75%),ofedd by Tursiops

truncatus (bottlenose dolphin) with a much smaller importance (IRB%; N%=25%;

W%=2%; O%=25%). The major proportion of mammal items wasgattized as unknown
(IRI1%= 91%; N%= 72%; W%=76%; O%=72%), given the advancecestigpn levels of
most items and untraceable morphological characteristics

The overall diet analysis returned considerable varigbdround the point estimates of
dietary items. Still, confidence intervals rarely exceedspbr minus 10% around each
estimate and seldom overlapped with those of items belgrtgithe same category.

3.2 Predator-prey size relationship

The evaluation of the predator-prey relationship was oalgwated for cephalopods since
this was the group with more extensive information concegmrey item sizes, mostly
because of the available information on the size/partsioalship in the literature. For this
analysis sharks ranging from 89 cm to 239 cm at fork lendth) (from both sexes were
considered. Blue sharks examined consumed prey items afenange of estimated sizes,
between 3.4 mm and 744.4 mm. Blue sharks analysed consurpkdlopod preys up to
55% of their F;,. A significant but very small correlation between predakgrand M,
estimated for cephalopod species was found {0.12; P < 0.05).
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Table 3.1: PERMANOVA analysis for (A) temporal and sexualathon in diet composition
and (B) variation of the overall diet given the sex and maysiage.

A B

Factor df. F P Factor df. F P
Season 2 25399 0.0010 | Sex 1 1.2247 0.2341
Sex 1 10.666 0.3696 | Size 1 14746 0.1065
SeasoxSex 2 13.035 0.1661 | Sexxsize 1 0.9212 0.5214
Residual 24 Residual 16

3.3 \Variation in dietary composition

Prey diversity for sharks collected varied between samgés@n considerably: summer
sampling season had 69% of prey diversity, followed by thetevi (66%), the autumn
(36%) and spring (29%). This numbers were corroborated bysipnificant differences
found between seasons (F = 2.5399; P < 0.05) in the PERMANOMyais (Table 3.1 A).
Despite differences between seasons no significant diitesewere found between males
and females and no interaction was found in this analysi® arfalysis betweeSexand
Size(maturity stage) revealed no differences in dietary contiposof the sharks collected
during this study (Table 3.1 B).
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Discussion

The impact of a predator on any particular trophic level mayubderstood by knowing
the amount and diversity of the prey items it consumes anstagtmach contents may be a
good indicator of the marine species abundance in a givemamd period of time. The
study of the diet of a top predator, such as the blue sharbugtr the examination of
stomach contents is hampered frequently by a high propodfi@mpty stomachs, reduced
number of items per stomach and highly digested food itemshwduggests that the items
spent prolonged periods of time in the stomach. Sharks haea bFrequently described
as intermittent feeders, with small periods of freneticvacteeding and longer periods of
time characterized by reduced predatory activity consecgi®f slow digestion rates and
different feeding behaviour at different life stages (Siemglorferet al,, 2001; Wheterbee
et al, 1990). Some authors suggest that in some species, theaptdgmale sharks cease
feeding in nursery areas to prevent feeding on their yourighisi behaviour is not well
documented (Wheterbes al., 1990). These feeding patterns may influence the number of
sharks caught with food items in their stomachs. In addittbe fishing method used to
catch the sharks might also play an important role in thecele of famine animals which
may result in a large proportion of empty stomachs, as thdaunal in this study (94%).

The sex ratio of the specimens caught in this sampling waalanbed, favouring males, in
particular juveniles. Temporal and geographic patterrsz and sexual segregation have
been described in several shark species (Ceatstd, 2005; Hulbertet al,, 2005; Mucientes

et al, 2009; Girard & Du Buit, 1999) and this has also been obsemédte blue shark
(Stevens, 1990; Queiroet al, 2005; Mucienteset al, 2009; Kohleret al, 2002; Pratt,
1979). Several studies carried out in the north and northsmtic showed considerable
sexual segregation in populations, with the females mow@@dmnt in higher latitudes than
males (Stevens, 1990; Henderstal,, 2001) and there are several reports of male clubs and

19
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kindergartens in the eastern Atlantic ocean (Litvinov,@00 he Portuguese coast has been
described as a preferential area for this species in tha+eagt Atlantic, with a population
that consists primarily of immature males and immature bradult females (Queirazt al.,
2005; Casey, 1985; Kohlet al., 1995). Adult females, frequently pregnant, were observed
near the Canary Islands and North Africa, while mature make® localized further north
off Portugal, along with juveniles and sub-adult femalegha winter (Litvinov, 2006).
Furthermore, catch rates of young-of-the-year blue shaulggest that parturition occurs in
nurseries off the Iberian Peninsula, particularly off Bgel, but also in the Bay of Biscay
(Stevens, 1990; Litvinov, 2006). Several findings sugdestthis area may be an important
spring nursery ground for juvenile blue sharks (Steven801Queirozet al,, 2005; Kohler

et al, 2002; Litvinov, 2006). According to Silvat al. (Silva et al, 1996), juvenile blue
sharks comprise approximately 80% of the population in Aaarwaters during the spring.
Additionally, there are few records of juveniles in the vegstAtlantic (Casey, 1985), and as
some authors suggest, smaller sharks remain within a colrdirea and do not participate in
the longer migrations undertaken by the adults (Koktaal,, 2002). This data corroborates
the hypothesis of Litvinov (2006), who suggests that theheast Atlantic, and in particular
the Azorean waters, as areas of kindergartens. Hence, ladaunced sex ratio of the catches
in this study is also in agreement with the former hypothesis

The usage of diversity curves to determine the sample sigairesl for a sufficient
description of the overall diet of sharks is recurrent andshsbudies reach stable levels
of diversity at 200 stomachs (Betheaal, 2004; Moratoet al., 2003). In this study, the
cumulative prey diversity curve stabilized at around 12fivgichs, suggesting that this is
an appropriate sample to describe the overall diet of blaekshin the northeast Atlantic
Ocean.

The index of relative importance (IRI1%) is a quantitativeasere often used as a diet
descriptor for comparative reasons and because it cogsigateral quantitative parameters
(W9%; N%; O%) it tends to minimize the errors associated witkirtisolated interpretation.
Yet, its usage is not consensual and several studies considie raw weight or the
frequency of the items (Cortés, 1997). However, when usimg index to infer such
parameters all variables must be taken into account siigcs, the case of the blue shark,
number, occurrence and weight of prey items revealed diftepatterns of importance.
Moreover, the mandatory usage of linear regressions tenatti mantle length M)
and total mass N/y) of cephalopods has its limitations, since for some specash
as Haliphron atlanticus Grimalditeuthis bonplandiHeteroteuthis disparJoubinoteuthis
portieri, Lepidoteuthis grimaldji Neoteuthissp. andVitreledonella richardj no such
equations exist in the literature. In such cases the relathyportance of these species
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was clearly underestimated since the total mass of the peaywas not included in the
IR1% calculation. A different problem arises in the case pédes for which regression
equations are available: estimates will always suffer frilv@ error associated to the
equations themselves plus the errors of measurement, aggatiated to poorly replicated
items.

Blue sharks have been reported to feed mainly in cephalopauish was also shown in
the present results, with a relative importance of this graround 94%, in opposition to
the smaller presence of teleosts (IR1%=5%) and mammal%{#2Pb). Histioteuthidae was
the most relevant family of cephalopods identified in theralleietary analysis of the blue
shark in the northeast Atlantic. Members of this family heeen reported as important prey
items for this species in previous studies, for the northa&tantic (Hendersoret al,, 2001)
and the northeast Pacific (Tricas, 1979). The Histiotea#hihmily is composed mainly
by weak muscled squids of moderate size, 33 cm in averagé, aviteutral buoyancy
mechanism that are distributed at considerable depthsefRzpal, 1984). The Dana
octopus squidTaningia danagthe single member of the family Octopoteuthidae identified
in this study, was present in the blue shark’s diet with a simal still considerable IRI%
of 1%. This species is considered an epi-mesopelagic saugidriong as deep as -1,030
m (Santoset al, 2001) and has been cited before by Claekeal. (1996) as one of the
predominant cephalopod species in this shark’s diet tegetith theHaliphron atlanticus
in Azores . Other deep water squids likampyroteuthis infernali§lR1%=0,11%) and
Mastigoteuthissp. (IR1%=5%) were also present in blue shark’s stomacherist The
occurrence of deep water species of cephalopods amongthadh contents of this species
suggests that blue sharks may feed at considerable depths.

When compared to other top predators (such as marine manfonaistance), blue sharks
have much lower energy requirements and are not restricteédet surface layer of the
water column, thus being able to forage on deep living anctosnergy species such as
the cephalopods and other teleosts that they may find dungig deep water incursions.
Several tagging studies, have documented this repetitwagdbehaviour, with vertical
oscillatory movements (Carey & Scharold, 1990; Queiebzal, 2005) and differences
registered between day and night diving behaviour are atsogbly associated with feeding
strategies. Given the neutral buoyancy mechanism adopgtetbbt of the pelagic and deep
water cephalopod species (Voigttt al., 1994), the energy spent by the shark is reduced
when compared with the chase of an active swimming prey itesbgbly compensating
the energy spent in the deep water incursion. The octéjaliphron atlanticus the only
representative of the family Allopsidae (IR1%=2,71%), Iscareferred in other studies as
being an important prey item for blue sharks (Hendersoal., 2001; Clarkeet al., 1996).
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This is a deep water octopus of considerable dimensionsiiggaites in the water column,
up to -3,000 m in depth (Sierra, 1992). It is worth noticingttthe weight of this particular
species in the analysis was severely underestimated dieegiisence of regression lines to
calculate their total weight. Almost 8% of the stomachs aonhg cephalopods had at least
one beak oH. atlanticus and several had 10 or more.

Another interesting finding was the identification of twoipeatagic teleost species in the
stomachs analysed in this studyrgyropelecus gigadR1%=0.05%) andChauliodus danae
(IR1%=0.03%) and the ocorrence of bethopelagic specigsisgnspecies diet like the silver
scabbardfish,.epidopus caudatudRI% = 0,04%), john doryZeus fabe(IRI% = 0,38%),
atlantic pomfret,Brama brama(lR1% = 0,35%), longnose lancetfislepisaurus ferox
(IRI% = 3,24%) wreckfishPolyprion americanuglRI% = 0,18%), and boarfisiCapros
aper (IR1% = 0,03%), which are found at greater depths. Despitelb®ing the most
representative species of the blue shark’s diet, theirem@sreinforces the hypothesis that
these sharks may feed while diving at greater depths, astegsbby Carey & Scharold
(1990) and that they are capable of broader incursions thea thought.

As reported by several tagging studies and catch records, $ilarks also exhibit great
migratory capacity with wide ranging seasonal migratiamsich regularly include trans-
Atlantic movements (up to 7176 Km long) (Queiretzal., 2005; Casey, 1985; Kohlet al.,,
1998; Stevens, 1976) and trans-equatorial movement grikoth northern and southern
hemispheres of the Atlantic Ocean. In the Northeast Attariliis species undergoes an
extensive north-south migration (Stevens, 1990; Carey Ba8id, 1990; Queiroet al,
2005; Casey, 1985; Stevens, 1976): in the early summer swiginorthward to British
and Irish waters, as stated by Hendersoml. (2001) and Stevens (1976) and a potential
southward migration in late summer in response to seasoonéihg of the surface water in
higher latitudes (N. Queirozynpub. datd According to the literature, water temperature
influences the movement pattern of the blue sharks (Nak&®4,)1and the north-southward
migration event corroborates this hypothesis (Queabal, 2005). Nonetheless, the blue
shark has a wide range of temperature tolerance occurreguéntly in relatively cool
water betweenC and 16C, despite reports of larger temperature tolerance vabretis
species (N. Queiroyynpub. datg. The resilience and dispersal capacity of this shark will
ultimately influence its feeding behaviour. Nonethelgsswide range of prey items present
in its diet, either cephalopod or not, suggests an oppaticrfeeding behaviour, as shown
for several other elasmobranchs (McCord & Campana, 2003¢§€d 999; Wheterbest al,,
1990). A fact that is supported by the presence of mammalifems which reinforces the
idea of the opportunistic feeding nature of this shark, iieg@ccording to the availability
of prey items at the actual location and moving on to the nest feeding site.
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The IR1% has also been used in the literature to determingapoeprey main interactions
and diet data is important to build ecosystem-based modekpite all problems related
with sampling bias. Differences between item’s importaimcéhe diet, often associated
with the opportunistic feeding behaviour of top predatorghtiresult in a high variability
in the diet composition, such as in this study, and consetyiaflate errors while inferring
of predator-prey interactions. Hence, the main predatotgractions and attributes of
this or other species feeding behaviour may be misleadirgugiin the unique analysis
of IRI%. Predator-prey size dependent relations were fowith a significant negative
correlation between prey size and predator size. The ebiwalvalue was, however, quite
small (~=-0.12). Therefore, such contradictory finding might beatedl with the small
number of replicas (stomachs with contents) and with thepteal and sexual segregation
already discussed in this work (Stevens, 1990; Questa. 2005; Mucientegt al., 2009;
Kohler et al, 2002; Pratt, 1979). Moreover, for some common items in tie¢ af the
blue shark (e.g.Haliphron atlanticu$ it was not possible to estimate total mass given the
absence of regression equations between mass and pan ieeliterature, rendering the
correlation analysis less powerful. This problem alsodulathe IRI% calculation. Hence,
a more robust analysis than the IRI% is required to predidtexplain variability within
dietary parameters. The most relevant differences obdarvéhe multivariate analysis
were found between seasons, which probably reflect, atteastme extent, seasonal and
spatial variability of prey items. No relevant differendasdiet composition were found
between males or females or between different maturityestad-ack of differences in
dietary composition between sexes or maturity stages carfiained by the lack of power
of statistical analysis given the low number of replicatdewever, the same findings were
already observed in other shark species (Braaiai., 2005).

Overall, the findings of the present work suggest the opptie feeding behaviour of this
species, at least for the northeast Atlantic. Despite thesealts, further investigation of
the diet of the blue shark is required and, given the highatelity observed in prey items,
larger samples are mandatory for a better understandingso$pecies feeding habits.
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Supplementary Material

Table A.1: Comparison of literature on the diet of the bluarkh

Area Prey Type Prey Item Source
Azores Teleost Caprossp.
Cephalopod Haliphronsp. /Taningiasp. Clarkeet al. (1996)
Bay de Biscay Teleost -
Cephalopod Cranchiidae Clarke & Stevens (19f4)
English Channel Teleost -
Cephalopod Sepiidae Clarke & Stevens (1974)
Southwest Atlantici  Teleost Alepisaurussp.
Cephalopod - Clarke & Stevens (1974)
California Teleost Engraulissp.
Cephalopod Loligo sp. Hazin & Lessa (2005)
California Teleost Engraulissp.
Cephalopod Histioteuthissp. /Loligo sp. Harvey (1989)
Gulf of Alaska Teleost Salmon
Cephalopod - Tricas (1979)
Northeast Atlantic|  Teleost Thunnussp.
Cephalopod Histioteuthissp./Haliphron sp. Le Brasseur (1964)
Canada Teleost
Cephalopod Scombesp. Hendersort al. (2001)
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0.2188-0.4651

0.0000-0.0000

0.2250-0.4545

APPENDIX A. SUPPLEMENTARY MATERIAL
Table A.2: IRI% table with confidence intervals at 95% for
every prey category
N% W% 0% IR1%
Cephalopod 89.18% 76.62% 60.89% 93.55%
0.8394-0.9282 0.6549-0.8564 0.5598-0.6615 0.8900-0.9633
Onychoteuthidae 5.06% 3.75% 5.80% 2.54%
0.0280-0.0829 0.0201-0.0638 0.0380-0.0781 0.0097-0.0507
Ancistrocheirus lesueuri 5.00% 11.50% 9.09% 1.16%
0.0000-0.1364 0.0000-0.3382 0.0000-0.2222 0.0000-0.0958
Moroteuthis aequatorialis 10.00% 0.16% 18.18% 1.43%
0.0227-0.2143 0.0003-0.0038 0.0455-0.3529 0.0007-0.0789
Onychoteuthis banskii 85.00% 88.34% 72.73% 97.41%
0.7059-0.9516 0.6604-0.9989 0.5500-0.8947 0.8678-0.9970
Cranchiidae 7.33% 5.23% 9.57% 5.98%
0.0485-0.1093 0.0326-0.0833 0.0720-0.1199 0.0315-0.0993
Bathotauma lyromma 1.72% 0.00% 2.56% 0.03%
0.0000-0.0545 0.0000-0.0004 0.0000-0.0833 0.0000-0.0038
Cranchia scabra 1.72% 0.30% 2.56% 0.04%
0.0000-0.0600 0.0000-0.0108 0.0000-0.0857 0.0000-0.0052
Liocranchia reinhardtii 10.34% 0.13% 15.38% 1.24%
0.0323-0.1818 0.0004-0.0025 0.0541-0.2619 0.0011-0.0412
Phasmotopsis cymoctypus 5.17% 3.50% 7.69% 0.52%
0.0000-0.1129 0.0000-0.0815 0.0000-0.1538 0.0000-0.0262
Taonius pavo 81.03% 96.07% 71.79% 98.17%
0.7091-0.8958 0.9130-0.9960 0.5952-0.8333 0.9420-0.9942
Chiroteuthidae 9.61% 3.28% 8.70% 5.58%
0.0690-0.1302 0.0208-0.0513 0.0668-0.1067 0.0285-0.0904
Chiroteuthisspl 2.63% 12.13% 4.88% 1.06%
0.0000-0.07446 0.0000-0.3073 0.0000-0.1250 0.0000-0.0791
Chiroteuthissp. 15.79% 16.56% 19.51% 9.29%
0.0652-0.2667 0.0627-0.2866 0.0938-0.3030 0.0155-0.2493
Chiroteuthis veranyi 47.37% 71.31% 41.46% 72.45%
0.3488-0.6000 0.5283-0.8832 0.3000-0.5429 0.4897-0.8670
Valbyteuthissp. 34.21% 0% 34.15% 17.20%

0.0622-0.3268

Continued on next page
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Table A.2: IRI% table with confidence intervals at 95% for
every prey category
N% W% 0% IRI%
Ctenopterygidae 0.38% 0.03% 0.29% 0.01%
0.0000-0.0095 0.0000-0.0008 0.0000-0.0091 0.0000-0.0006
Ctenopteryx_sicula 100% 100% 100% 100%
0.0000-1.0000 0.0000-1.0000 0.0000-1.0000 0.0000-1.000Q
Cycloteuthidae 0.76% 4.48% 1.74% 0.45%
0.0023-0.0159 0.0096-0.0932 0.0058-0.0319 0.0003-0.0158
Cycloteuthis akimushkini 83.33% 100.00% 83.33% 98.21%
0.5000-1.0000 1.0000-1.0000 0.5000-1.0000 0.7500-1.000Q
Discoteuthis laciniosa 16.67% 0% 16.67% 1.79%
0.0000-0.5000 0.0000-0.0000 0.0000-0.5000 0.0000-0.2500
Gonatidae 6.19% 11.08% 1.45% 1.25%
0.0034-0.1372 0.0060-0.2418 0.0033-0.0262 0.0001-0.0504
Gonatus steenstrupi 100% 100% 100% 100%
1.0000-1.0000 1.0000-1.0000 1.0000-1.0000 1.0000-1.0000
Grimalditeuthidae 0.13% 0% 0.29% 0.00%
0.0000-0.0036 0.0000-0.0000 0.0000-0.0089 0.0000-0.0001
Grimalditeuthis bonplandi 100% 0% 100% 100%
0.0000-1.0000 0.0000-0.0000 0.0000-1.0000 0.0000-1.0000
Allopsidae 6.95% 0% 7.83% 2.71%
0.0371-0.1067 0.0000-0.0000 0.0534-0.1067 0.0109-0.0494
Haliphron atlanticus 100% 0% 100% 100%
1.0000-1.0000 0.0000-0.0000 1.0000-1.0000 1.0000-1.0000
Sepiolidae 0.63% 0% 0.58% 0.02%
0.0000-0.0181 0.0000-0.0000 0.0000-0.0145 0.0000-0.0013
Heteroteuthis dispar 100% 0% 100% 100%
0.0000-1.0000 0.0000-0.0000 0.0000-1.0000 0.0000-1.000Q
Histioteuthidae 23.26% 31.92% 17.39% 47.78%
0.1638-0.3185 0.2035-0.4656 0.1454-0.2061 0.3256-0.6034
Histioteuthissp. A 16.85% 21.70% 27.50% 18.58%
0.0854-0.3158 0.1124-0.3815 0.1739-0.3816 0.0577-0.4095
Histioteuthis arcturi 45.65% 51.66% 42.50% 72.50%
0.3721-0.5648 0.3970-0.6226 0.3375-0.5263 0.5202-0.8486
Histioteuthis bonnellii 3.80% 13.84% 5.00% 1.55%

Continued on next page
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Table A.2: IRI% table with confidence intervals at 95% for
every prey category
N% W% 0% IR1%
0.0063-0.0667 0.0136-0.2305 0.0119-0.0978 0.0005-0.0507
Histioteuthis corona 0.54% 0.90% 1.25% 0.03%
0.0000-0.0222 0.0000-0.0351 0.0000-0.0429 0.0000-0.0043
Histioteuthis meleanogroteuthis  9.24% 5.55% 13.75% 3.56%
0.0447-0.1712 0.0190-0.1209 0.0694-0.2027 0.0075-0.0939
Histioteuthis reversa 22.83% 5.13% 7.50% 3.68%
0.0288-0.3458 0.0086-0.0865 0.0274-0.1268 0.0022-0.0898
Histioteuthissp. 1.09% 1.22% 2.50% 0.10%
0.0000-0.0315 0.0000-0.0353 0.0000-0.0588 0.0000-0.0069
Ommastrephidae 0.25% 1.53% 0.58% 0.05%
0.0000-0.0061 0.0000-0.0495 0.0000-0.0142 0.0000-0.0032
lllex coindeti 50% 2.78% 50% 26.39%
0.0000-1.0000 0.0000-1.00040 0.0000-1.0000 0.0000-1.0000
Ommastrephes bartramii 50% 97.22% 50% 73.61%
0.0000-1.000Q0 0.0000-1.0000 0.0000-1.0000 0.0000-1.0000
Joubiniteuthidae 0.38% 0% 0.87% 0.02%
0.0000-0.0090 0.0000-0.0000 0.0000-0.0195 0.0000-0.0008
Joubinoteuthis portieri 100% 0% 100% 100%
0.0000-1.000Q0 0.0000-0.0000 0.0000-1.0000 0.0000-1.0000
Lepidoteuthidae 0.25% 0% 0.58% 0.01%
0.0000-0.0062 0.0000-0.0000 0.0000-0.0142 0.0000-0.0004
Lepidoteuthis grimaldii 100% 0% 100% 100%
0.0000-1.000Q0 0.0000-0.0000 0.0000-1.0000 0.0000-1.0000
Mastigoteuthidae 9.86% 0.10% 8.99% 4.46%
0.0628-0.1498 0.0006-0.0016 0.0690-0.1106 0.0245-0.0716
Mastigoteuthissp. 100% 100% 100% 100%
1.0000-1.000¢0 1.0000-1.0000 1.0000-1.0000 1.0000-1.0000Q
Neoteuthidae 1.52% 0% 2.03% 0.15%
0.0038-0.0318 0.0000-0.0000 0.0066-0.0344 0.0002-0.0047
Neoteuthissp. 100% 0% 100% 100%
1.0000-1.000¢ 0.0000-0.0000 1.0000-1.0000 1.0000-1.0000Q
Ocythoidae 3.79% 5.32% 6.67% 3.03%
0.0242-0.0569 0.0232-0.0835 0.0445-0.0904 0.0113-0.0603
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Table A.2: IRI% table with confidence intervals at 95% for
every prey category
N% W% 0% IR1%
Ocythoe tuberculata 100% 100% 100% 100%
1.0000-1.000¢ 1.0000-1.0000 1.0000-1.0000 1.0000-1.0000Q
Pholidoteuthidae 0.13% 0.74% 0.29% 0.01%
0.0000-0.00446 0.0000-0.0268 0.0000-0.0098 0.0000-0.0015
Pholidoteuthis adami 100% 100% 100% 100%
0.0000-1.000Q0 0.0000-1.0000 0.0000-1.0000 0.0000-1.0000
Octopoteuthidae 0.76% 10.96% 1.74% 1.01%
0.0026-0.0149 0.0113-0.2501 0.0058-0.0307 0.0005-0.0358
Taningia danae 100% 100% 100% 100%
1.0000-1.000¢0 1.0000-1.0000 1.0000-1.0000 1.0000-1.0000Q
Teuthoidea 7.46% 4.29% 1.16% 0.68%
0.0014-0.1649 0.0001-0.0961 0.0026-0.0231 0.0000-0.0317
Teuthoidea 1.69% 0.13% 25% 0.31%
0.0000-1.000Q0 0.0000-1.0000 0.0000-1.0000 0.0000-1.0000
Teuthowenia megalops 98.31% 99.87% 75% 99.69%
0.0000-1.0000 0.0000-1.00040 0.0000-1.0000 0.0000-1.0000
Thysanoteuthidae 0.13% 4.29% 0.29% 0.06%
0.0000-0.0042 0.0000-0.1316 0.0000-0.0090 0.0000-0.0062
Thysanoteuthis rhombus 100% 100% 100% 100%
0.0000-1.0000 0.0000-1.00040 0.0000-1.0000 0.0000-1.0000
Vampyroteuthidae 0.51% 2.03% 0.87% 0.11%
0.0000-0.0132 0.0000-0.0534 0.0000-0.0201 0.0000-0.0064
Vampyroteuthis infernalis 100% 100% 100% 100%
0.0000-1.0000 0.0000-1.00040 0.0000-1.0000 0.0000-1.0000
Vitreledonellidae 1.64% 0% 2.32% 0.19%
0.0047-0.0348 0.0000-0.0000 0.0090-0.0401 0.0002-0.0063
Vitreledonella richardi 100% 0% 100% 100%
1.0000-1.000¢ 0.0000-0.0000 1.0000-1.0000 1.0000-1.0000Q
Unknown cephalopod 13.02% 10.98% 20% 23.90%
0.0825-0.1970 0.0562-0.1951 0.1671-0.2350 0.1433-0.3665
Mammal 2.03% 13.80% 8.91% 1.31%
0.0110-0.0330 0.0606-0.2271 0.0526-0.1298 0.0038-0.0316
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Table A.2: IRI% table with confidence intervals at 95% for
every prey category
N% W% 0% IR1%
Phocidae 5.56% 2.03% 5.56% 0.36%
0.0000-0.200Q0 0.0000-0.0869 0.0000-0.2000 0.0000-0.0659
Pagophilus groenlandicus 100% 100% 100% 100%
0.0000-1.0000 0.0000-1.00040 0.0000-1.0000 0.0000-1.0000
Delphinidae 22.22% 22.03% 22.22% 8.39%
0.0476-0.4284 0.0029-0.5404 0.0476-0.428G 0.0016-0.4120
Stenella coeruleoalba 75% 97.81% 75% 95.02%
0.0000-1.0000 0.0000-1.00040 0.0000-1.0000 0.0000-1.0000
Tursiops truncatus 25% 2.19% 25% 4.98%
0.0000-1.000Q0 0.0000-1.0000 0.0000-1.0000 0.0000-1.0000
Unknown mammal 72.22% 75.94% 72.22% 91.25%

Teleost

Alepisauridae

Alepisaurus ferox

Sternoptychinae

Argyropelecus gigas

Belonidae

Belone belone

Bramidae

Brama brama

Caproidae

0.5000-0.9286

8.79%
0.0568-0.1327
7.69%
0.0235-0.1429
100%
1.0000-1.0000
1.28%
0.0000-0.0411
100%
0.0000-1.0000¢
3.85%
0.0000-0.0875
100%
0.0000-1.0000¢
2.56%
0.0000-0.0690
100%
0.0000-1.0000¢
1.28%
0.0000-0.0455

0.4256-0.9916

9.58%
0.0546-0.1608
15.13%
0.0246-0.3291

100%
1.0000-1.0000
0.82%
0.0000-0.0304
100%
0.0000-1.0000
0.64%
0.0000-0.0175
100%
0.0000-1.0000
4.83%
0.0000-0.1479
100%
0.0000-1.0000
0.02%
0.0000-0.0007

0.5000-0.9286

30.20%
0.2462-0.3487
8.96%
0.0282-0.1613
100%
1.0000-1.0000
1.49%
0.0000-0.0469
100%
0.0000-1.0000¢
4.48%
0.0000-0.1017
100%
0.0000-1.0000¢
2.99%
0.0000-0.0781
100%
0.0000-1.0000¢
1.49%
0.0000-0.0500

0.5540-0.9962

5.14%
0.0265-0.0929
3.24%
0.0020-0.1180
100%
1.0000-1.0000
0.05%
0.0000-0.0058
100%
0.0000-1.0000
0.32%
0.0000-0.0176
100%
0.0000-1.0000
0.35%
0.0000-0.0243
100%
0.0000-1.0000
0.03%
0.0000-0.0041
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Table A.2: IRI% table with confidence intervals at 95% for
every prey category
N% W% 0% IRI%
Capros aper 100% 100% 100% 100%
0.0000-1.0000 0.0000-1.0000 0.0000-1.0000 0.0000-1.0000
Stomiidae 1.28% 0.18% 1.49% 0.03%
0.0000-0.0411 0.0000-0.0067] 0.0000-0.0469 0.0000-0.0041
Chauliodus danae 100% 100% 100% 100%
0.0000-1.0000 0.0000-1.0000 0.0000-1.0000 0.0000-1.0000
Trichiuridae 1.28% 0.61% 1.49% 0.04%
0.0000-0.0500 0.0000-0.0255 0.0000-0.0580 0.0000-0.0075
Lepidopus caudatus 100% 100% 100% 100%
0.0000-1.0000 0.0000-1.0000 0.0000-1.0000 0.0000-1.0000
Zeidae 2.56% 5.40% 2.99% 0.38%
0.0000-0.0674 0.0000-0.1537 0.0000-0.0769 0.0000-0.0263
Zeus faber 100% 100% 100% 100%
0.0000-1.0000 0.0000-1.0000 0.0000-1.0000 0.0000-1.0000
Molidae 14.21% 10.45% 4.06%
0.0333-0.1884 0.0420-0.2757 0.0357-0.1844 0.0043-0.139§
Mola mola 100% 100% 100% 100%
1.0000-1.0000 1.0000-1.0000 1.0000-1.0000 1.0000-1.0000
Ophidiidae 1.28% 16.03% 1.49% 0.41%
0.0000-0.0460 0.0000-0.4187 0.0000-0.0526 0.0000-0.0419
Polyprionidae 1.28% 6.25% 1.49% 0.18%
0.0000-0.0429 0.0000-0.2053 0.0000-0.0492 0.0000-0.0199
Polyprion americanus 100% 100% 100% 100%
0.0000-1.0000 0.0000-1.0000 0.0000-1.0000 0.0000-1.000Q
Carangidae 1.28% 4.20% 1.49% 0.13%
0.0000-0.0455 0.0000-0.1445 0.0000-0.0500 0.0000-0.0167
Tranchurussp. 100% 100% 100% 100%
0.0000-1.0000 0.0000-1.0000 0.0000-1.0000 0.0000-1.0000
Unknown teleost 64.10% 31.67% 59.70% 90.77%
0.5128-0.7561 0.1734-0.5236 0.4844-0.7121 0.7646-0.9585




